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PREFACE 

The Eighth International Symposium on Autologous Marrow and B l o o d 
Transplantation held in Arl ington, Texas served once again as a venue for over 90 
leading investigators to present and discuss current and prospective studies in the 
field. The Symposium presentations underscored the considerable energy, impetus 
and advances in this area of cl inical practice. High-dose therapy and autologous 
transplantation has matured over the last five years, as demonstrated by the presen
tation of numerous prospective randomized trials for a number of diseases 
including leukemia, lymphoma, and breast cancer. However, innovative new 
approaches continue to be supported in the transplant community as highlighted by 
developments in mobilization of blood cells, ex v ivo expansion of hematopoietic 
progenitors, and post-transplant immune modulation and eradication of minimal 
residual disease. Indications for intensive therapy and autologous transplants 
continue to be refined, but also extended, possibly to include severe auto-immune 
connective tissue disorders. 

A highlight of the Symposium was the presentation of the C M O M C Award . 
C M O M C is an acronym for "cel l meeting our morphological criteria," the 
candidate hematopoietic stem cell described back in 1971 by van B e k k u m and his 
colleagues. The award is in the form of a C M O M C molded i n gold. Drs. Derek van 
Bekkum and M a l c o l m A . S . Moore were the first recipients for their outstanding 
contributions to bone marrow transplantation and experimental hematology. 

In the future, this award w i l l be named the "van B e k k u m Stem C e l l A w a r d " in 
tribute to Derek van Bekkum for his pioneering work in bone marrow transplan
tation and as founder and director o f the Radiobiological Institute in Rijswijk, The 
Netherlands, which was for so many years an international center for the study of 
experimental hematology. Hi s visionary leadership is an inspiration to so many of 
us and his impact on the careers of numerous laboratory and cl inical researchers 
has been considerable. 

Karel A. Dicke 
Arlington Cancer Center 
Arlington, Texas 

Armand Keating 
The Toronto and Princess Margaret Hospitals 
University of Toronto 
Toronto, Ontario 
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RANDOMIZED PHASE III STUDY OF INDUCTION 
(ICE VERSUS MICE VERSUS DCE) AND INTENSIVE 

CONSOLIDATION (IDIA VERSUS NOVIA VERSUS DIA), 
FOLLOWED BY STEM CELL TRANSPLANTATION IN 

AML: PRESENTATION AND PRELIMINARY RESULTS OF 
THE ONGOING AML10 EORTC-LCG/GIMEMA STUDY 

P. Muus, R.A. Zittoun, F. MandelH, T. de Witte, R. Willemze, 
L Resegolti, P. Rossi Ferrini, V. Liso, M. Hayat, S. Keating, 

S. Amadori, M. Dardenne, Ml. Vegna, M.C. Petti, G. Solbu, S. Suciu, 
for the Leukemia Cooperative Group of the European Organization 
for Research and Treatment of Cancer (EORTC-LCG) and the Gruppo 

Italiano Malattie Ematologiche Maligne dell' Adulto (GIMEMA) 

Nijmegen University Hospital, Nijmegen, the Netherlands (P.M. and T.W.), Hotel 
Dieu, Paris, France (R.Z.), Universitd La Sapienza, Roma, Italy (F.M. and M.P.), 
Leiden University Hospital, Leiden, The Netherlands (R.W.), Ospedale Maggiore 

SG Battista, Turin, Italy (L.R.), Universitd di Firenze, Firenze, Italy (P.R), 
Universitd di Bari, Bari, Italy (V.L.), Institut Gustave Roussy, Villejuif, France 
(M.H.), University Tor Vergata, Roma, Italy (S.A.), EORTC Data Center (M.D., 

G.S. and S.S.) and the GIMEMA Data Center (M.V.) 

ABSTRACT 

The A M L 10 p ro toco l is the first study to p rospec t ive ly compare 
daunorubicin, mitoxantrone and idarubic in i n remiss ion induct ion and consol 
idat ion therapy o f previously untreated acute m y e l o i d leukemia ( A M L ) . A l l 
patients subsequently undergo allogeneic or autologous stem ce l l transplan
tation ( a l l o B M T and a u t o B M T , respectively). M a i n end-points o f the study are 
remission rate, overal l survival , disease-free surv iva l ( D F S ) and toxic i ty . 
Patients aged 15-60 years wi th previously untreated A M L are randomized to 
receive remission induct ion therapy wi th either o f the fo l l owing three anthra-
c y c l i n e s : i d a r u b i c i n 10 m g / m 2 / d a y , mi toxant rone 12 m g / m 2 / d a y or 
daunorubicin 50 mg/m 2 /day I V days 1, 3 and 5 plus etoposide 100 mg/m 2 /day 
I V days 1-5 and A r a - C 25 m g / m 2 I V as a bolus injection on day 1, fo l lowed 
by A r a - C 100 mg/m 2 /day I V as a continuous infus ion on days 1-10. 
Consol ida t ion therapy consists o f intermediate dose A r a - C (500 m g / m 2 I V q l 2 
hours for 6 days) plus the same randomized anthracycline on days 4 - 6 (6+3 

3 
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regimen), and as postconsolidation therapy a stem ce l l transplantation i n a l l 
patients us ing bone marrow stem cel ls . 

Between December 1993 and June 1996 a total of 1009 patients have been 
included in the study. Overall results of remission induction are available in 859 
patients. Six hundred and thirteen patients (71.4%) entered a complete remission 
(CR) , 567 (66%) after one course. Five hundred and eleven (83.4%) received 
consolidation treatment. The main known reasons patients in C R did not receive 
consolidation treatment were toxicity (38 patients) and early relapse (11 patients). 
A l l o B M T was performed in 69% of 146 patients who received the consolidation 
course and had a family donor. A n autograft was performed in at least 144 of 358 
patients without a donor; in 41 patients the information was not yet available. M a i n 
known reasons an autograft was not performed were toxicity (72 patients) and 
relapse (56). Delayed marrow recovery after consolidation and poor quality of the 
bone marrow stem cell harvest were major reasons for delaying or canceling the 
planned autograft. 

In conclusion: In comparison with the earlier E O R T C - L C G / G I M E M A A M L 8 A 
study in which a 3+7 regimen was used, the C R rate in the present 3+5+10 regimen 
is higher. More often one course suffices to achieve C R . Compliance with a l l o B M T 
is better than with au toBMT. The protocol is now amended to mobilize and harvest 
peripheral stem cells (PSC) in all patients without a donor and to randomly assign 
them to autologous transplantation with bone marrow (au toBMT) or peripheral 
stem cells (PSCT) . In patients allocated to au toBMT, cryopreserved P S C may be 
used for rescue in case of bone marrow failure or for transplantation in C R 2 . 

INTRODUCTION 

In the previous A M L 8 A study of the E O R T C and the G I M E M A (1986-1993) 
for untreated acute myeloid leukemia ( A M L ) in adults, remission induction 
consisted of daunorubicin and conventional dose cytarabine (Ara-C) in a 3+7 
regimen. The first consolidation course was composed of intermediate dose A r a - C 
and amsacrine (6+3). Patients who had an HLA- iden t i ca l family donor were 
assigned to an allogeneic stem cell transplantation ( a l l o B M T ) , those without donor 
were randomly assigned to autologous bone marrow stem cell transplantation 
(autoBMT) or a second course of intensive chemotherapy with high dose A r a - C 
and daunorubicin (4+3). Only patients younger than 45-55 years were eligible for 
transplantation. A complete remission (CR) was achieved in 66% (in 54% after one 
course). 1 The number of courses required to achieve C R was an important 
prognostic factor for the long-term outcome of a l l o B M T . 2 A u t o B M T resulted in 
longer disease-free survival (DFS) than intensive chemotherapy. 1 A t 5 years 
follow-up the D F S in patients i n the a l l o B M T , a u t o B M T and second intensive 
chemotherapy arms are 55, 42 and 30%, respectively (unpublished data). 
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Therefore, in the present A M L 1 0 study an a l l o B M T or a u t o B M T was planned for 
all eligible patients as post-consolidation therapy. 

Bishop et a l . 3 conducted a prospective randomized trial in patients with 
previously untreated A M L , comparing A r a - C , daunorubicin and 7 days of 
etoposide 75 mg/m 2/day with A r a - C and daunorubicin alone. The C R rate was not 
different in the two groups, but remission duration was longer with etoposide than 
without. The A M L 10 study o f the Medica l Research Counc i l ( M R C ) combined i n 
one arm 3 days of daunorubicin (days 1, 3 and 5), 5 days of etoposide (days 1-5) 
and 10 days of A r a - C (days 1-10) and has an overall C R rate of 82% in younger 
adults. 4 It was therefore decided to add etoposide to the E O R T C - L C G / G I M E M A 
A M L 10 regimen. 

A n additional way to improve the C R rate i n A M L could be to replace 
daunorubicin by one of the more recently developed cytostatic drugs, idarubicin (4-
demethoxydaunorubicin) or mitoxantrone. A randomized study in adult patients 
with A M L , comparing idarubicin and daunorubicin, each in combination with A r a -
C , demonstrated a higher overall C R rate and a higher % C R after one course i n the 
idarubicin arm. 5 In a group of 21 patients who had failed remission induction in the 
above indicated A M L 8 protocol and who thus represented a poor prognosis group, 
11 patients entered C R after one (8) or two (3) courses of A r a - C 500 mg/m 2 , q l 2 h 
for 7 days and idarubicin 12 mg/m 2 /d on days 1, 3 and 5. 6 Carella et a l . 7 reported a 
C R rate o f 83.6% i n 67 untreated A M L patients using idarubicin, etoposide and 
A r a - C in a 3+3+5 regimen. 

Mitoxantrone might be less cardiotoxic than daunorubicin, and more effective 
for remission induc t ion . 8 , 9 Mitoxantrone 12 mg/m 2 /d i n combination with 
intermediate dose A r a - C for 3 days, followed by a chemotherapy-free interval of 4 
days, and 3 days of etoposide 200 mg/m 2 /d in combination with A r a - C , i n patients 
with secondary, relapsed or refractory A M L rendered a complete remission 
percentage of 6 1 % . 1 0 A n E O R T C - H O V O N study in elderly patients with newly 
diagnosed A M L (the A M L 9 study) confirmed that the combinat ion o f 
mitoxantrone and A r a - C results in a higher C R rate than daunorubicin and A r a - C , 
in the context o f equivalent toxicity (Lôwenberg et al. , to be published). 

In the present A M L 10 study the Leukemia Cooperative Group of the European 
Organization for Research in the Treatment of Cancer ( E O R T C - L C G ) and the 
Gruppo Italiano Malattie Ematologiche Mal igne del l ' Adul to ( G I M E M A ) compare 
the three anthracycline/anthracene derivatives. Patients receive the same randomly 
assigned anthracycline/anthracene during remission induction and consolidation. 
Final ly each patient in first C R , also i n the age group of 46-60 years, is planned for 
autologous stem cel l transplantation. The study is ongoing and the present report 
represents an interim analysis of 859 of 1009 patients, who were randomized 
between December 1993 and M a r c h 1996 and who were évaluable for response to 
induction. Fol low-up was until June 1996. 
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METHODS 

Patients 
Patients aged 15-60 years with previously untreated A M L are eligible. 

Diagnosis and response cytology are being reviewed by an independent cytology 
committee. A M L M 3 , as classified according to the French American Bri t ish 
( F A B ) criteria, 1 1 is excluded. A l s o patients with A M L secondary to myelodys-
plastic syndrome ( M D S ) of more than 6 months' duration and patients with 
myeloproliferative diseases are excluded. Informed consent is obtained according 
to the rules o f each participating institution. A t diagnosis and complete remission 
bone marrow samples are evaluated for the presence of cytogenetic abnormalities. 
The abnormalities are grouped according to risk, as described by Kea t ing . 1 2 

Treatment protocol 
A l l eligible patients receive remission induction treatment with cytarabine (Ara-

C) 25 mg/m 2 I V as a bolus injection on day 1, followed immediately by A r a - C 100 
mg/m 2 /d I V as a continuous infusion on days 1-10, etoposide 100 mg/m 2 /d in a 1-
hour I V infusion on days 1-5, and randomly assigned one of the fol lowing three 
anthracyclines: idarubicin 10 mg/m 2 /d ( ICE), mitoxantrone 12 mg/m 2 /d ( M I C E ) or 
daunorubicin 50 mg/m 2 /d ( D C E ) v ia a short I V infusion on days 1, 3 and 5. If a 
partial remission is obtained, the same course is repeated. In the case of resistant 
disease salvage treatment is recommended. Patients in C R undergo consolidation 
treatment consisting of intermediate dose A r a - C , 500 m g / m 2 v ia a 2-hour I V 
infusion every 12 hours on days 1-6, and the same randomly assigned anthra-
cycline, idarubicin 10 mg/m 2 /d ( IDIA), mitoxantrone 12 mg/m 2 /d ( N O V I A ) or 
daunorubicin 50 mg/m 2 /d (DIA) , v ia a short I V infusion on days 4 -6 . Patients in 
confirmed complete remission who have an HLA- iden t i ca l family donor are 
assigned to a l l o B M T . Patients in C R who do not have a related HLA- iden t i ca l 
donor are assigned to undergo a bone marrow stem cell harvest. After confirming 
the C R status of the patient and checking quantity and quality of the harvest, an 
a u t o B M T is performed. Because of a delayed and sometimes poor harvest of bone 
marrow stem cells, after a pilot phase the protocol was amended to include 
peripheral stem cell mobilization in patients without a donor and a second random
ization between autologous peripheral stem cell transplantation and autologous 
bone marrow stem cell transplantation. 

Definitions and statistics 
Complete response (CR) and partial response (PR) are defined according to the 

criteria o f the N C I sponsored workshop. 1 3 Complete remission requires the 
presence of peripheral blood neutrophils of > 1 . 5 X 1 0 9 / L , platelets of > 1 0 0 X 1 0 9 / L 
and normal cellularity of the bone marrow with less than 5% blast cells. Auer rods 
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should not be present. Extramedullary leukemia, such as central neural system 
involvement or leukemic infiltration of the skin or other sites, should not be 
present. A partial remission is characterized by al l criteria o f C R except the 
presence of 5-20% blasts in the bone marrow or <5% blasts with Auer rods. A n 
untreated C R lasting shorter than one month is only a P R . Failures are resistant 
disease or death during the induction phase. Resistant disease is considered as 
patients who survive for at least 4 weeks after the beginning of the first remission 
induction course without having reached P R or C R , and those surviving after two 
induction courses without C R . Early death is defined as occurring during days 1-10 
of the remission induction course; death occurring after completion of the 
remission induction course and before repopulation is called hypoplastic death. 
Relapse fol lowing C R is defined as the recurrence of blasts i n the blood and/or the 
finding of more than 5% blasts in the bone marrow after documentation of C R . 

Disease-free interval is defined as the time from first C R to relapse; D F S , as the 
time from C R to the first relapse or to death. Duration of survival was calculated 
from the time of diagnosis. The probability of survival was calculated according to 
the Kaplan-Meier method. 1 4 Tests of statistical significance for difference in 
survival curves were performed using the two-tailed logrank test. 1 5 

RESULTS 

Characteristics of the patients and their AML 
The median age of the 859 randomized évaluable patients was 43 (15-60) years. 

The most frequent F A B types were M 2 (34%), M 5 (21%), M 4 (20%) and M l 
(17%). F A B types M O (4%), M 6 (3%) and M 7 ( l % ) were rare. Fourteen percent o f 
316 patients of whom the cytogenetics have been reviewed had good prognostic 
karyotypes (t(8;21) or inversion 16), 48% had a normal karyotype in a l l examined 
cells or - Y and were considered intermediate risk patients. Eight percent had l l q 
abnormalities or trisomy 8, and 9% had monosomy or partial deletion of 
chromosomes 5 or 7 or complex abnormalities. Twenty-one percent had other 
single karyotypic abnormalities. Thus 38% were considered to be in the poor 
prognosis cytogenetic category. 

Response 
In June 1996 a total of 859 randomized patients were évaluable for response to 

induction. The results are indicated in Table 1. A complete remission was achieved 
in 613 patients (71.4%) and in 567 patients (66%) after a single course. T w o hundred 
and fifty-two patients were treated in centers that had also participated in the pilot 
study before initiation of the A M L 10 study and 607 were treated in nonpilot centers. 
The C R rates in the two groups were 75 and 70%, respectively (NS). 
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Table 1. Results of induction 

Response n*(%) 
CR (after 1 or 2 courses) 613 (71.4) 
resistant 131 (15.2) 
death 115(13.4) 

*n= number of patients 

Resistance occurred in 131 patients. One hundred and fifteen patients (13.4%) 
died during the induction period: 2.7% died early (during the ten days of induction 
therapy) and 10.7% died during the hypoplastic phase. 

O f the 613 patients who entered a C R , 511 (83.4%) received the consolidation 
course. The main reasons for not receiving the consolidation course after 
achievement of C R , excluding induction deaths, were toxicity in 38, early relapse 
in 11, refusal in 3 and other in 6 patients. In 44 patients the reasons were not yet 
known. Twenty-seven (5%) patients died within two months after day one of the 
consolidation course. O f 511 patients who received the consolidation course, 146 
had an HLA- iden t i ca l sibling and 358 did not. In 7 patients the availability of a 
donor was not yet known. A l l o B M T was performed in 101 patients (69%) with a 
donor. Reasons for not performing the a l l o B M T were mainly relapse (20 patients), 
toxicity (10) and refusal (6). A m o n g patients without a donor, stem cells were 
harvested in 162 patients (bone marrow in 132, peripheral stem cells in 19 and both 
bone marrow and peripheral stem cells in 11 patients). A n autologous transplan
tation was performed in 144 patients, using bone marrow stem cells (125 patients), 
peripheral stem cells (14) or both bone marrow and peripheral stem cells (5). The 
main reasons for not performing the autograft were toxicity (72 patients), relapse 
(56) and refusal (31). For 41 patients the results were not yet known. The present 
estimated rate of performing an autograft therefore is between 40 and 45%. 

W i t h a median follow-up of 15 months the overall survival at 1.5 years was 
40%. Survival i n patients younger than 46 was longer than in patients 46-60 years 
old (p=0.04). There was a significant difference in survival between patients 
treated in pilot and nonpilot centers (p=0.003). A m o n g the most frequently 
occurring F A B types (1, 2 , 4 and 5) survival was longest i n patients wi th types M 4 
and M 2 and shortest with type M 5 . 

The probabil i ty o f D F S from the time of C R at 15 months was 42%, the r isk 
of relapse was 45%. Transplant-related mortality was approximately 20%: 30% 
i n the a l l o B M T and 13% i n the a u t o B M T group. D F S was longest in patients 
wi th good r isk cytogenetics (70% at 14 months) and shortest i n patients wi th 
monosomy 5, 5q-, monosomy 7, 7q-, l l q 2 3 abnormalities, tr isomy 8 or 
complex cytogenetic abnormalities. D F S was longest for patients wi th F A B 
types A M L M 2 and shortest for A M L M 5 . 



AML 9 

Table 2. Types and incidence of grade 3 and 4 toxicity in the remission induction and 
consolidation phase 

Toxicities Remission Consolidation 
grade 3-4 induction (%) (%) 
infection 41 23 
diarrhea 23 5 
oral 16 3 
hemorrhage 14 3 
nausea 14 10 
liver 11 3 

pain 10 5 
pulmonary 6 2 

renal 1 1 
central neural system 2 2 
allergy 1 1 

cutaneous 2 3 
constipation 3 <1 

heart 3 6 

Toxicity 
The types and incidence of grade 3 and 4 toxicity according to the W H O criteria 

i n the remission induction and consolidation phase are indicated in Table 2. Grade 
3 and 4 extramedullary toxicity was more frequent in the induction than i n the 
consolidation phase. Infection was the most frequently observed type of toxicity i n 
both phases. Severe gastrointestinal toxicity was more often associated with the 
remission induction than with the consolidation course. 

The time to bone marrow recovery after the remission induction course was 
acceptable as is shown in Table 3. In a few patients recovery was extremely slow. 

The time to recovery o f hypoplasia after the consolidat ion course is 
demonstrated in Table 4. After the consolidation course, recovery of the bone 
marrow was slow in more patients than after remission induction. 

Autologous bone marrow stem cells were harvested at a median of 10 weeks 
following day 1 of the consolidation course. Twenty-three percent of the stem cel l 
harvests were delayed until 3-6 months following day 1 of the consolidation course. 
Reasons for delaying the bone marrow harvest were, among others: insufficient in 
vitro growth o f the myeloid progenitor cells ( C F U - G M ) and hypoplasia o f the bone 
marrow. Twelve percent of evaluable harvests (both early and delayed) were 
insufficient as determined by the amount of C F U - G M per kg body weight. In those 
cases au toBMT could not take place. Eighty-two percent of patients harvested 
within the first 3 months following day 1 of the consolidation course completed the 
full protocol, versus 61% of those harvested later than 3 months. 
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Table 3. Recovery of blood platelets and polymorphonuclear cells (PMN) from day 1 of 
remission induction treatment 

Median/range 
(weeks) 

No recovery at 
2 months (%) 

platelets >20X109/L 3.5 (2-30) 4 
platelets > 100 X109/L 4 (3-30) 7 
PMN>0.5X109/L 4(2-9) 10 
PMN>1.5X109/L 4 (2-12) 10 

DISCUSSION 

In the ongoing A M L 10 study of the E O R T C - L C G and the G I M E M A , 1009 
patients were enrolled in 2.5 years. This interim analysis shows an overall C R rate 
of 71.4%. More patients than in the previous A M L 8 A study required only one 
course to enter C R , instead of two. It is too early to see the implications of this with 
regard to the D F S after completion of the protocol. 

The percentage o f completion of the full protocol was higher in a l l o B M T 
patients than i n those who were assigned to au toBMT. The consolidation course 
was associated with an acceptable fatality rate but a relatively prolonged time to 
marrow recovery. This implied a delayed or insufficient bone marrow harvest in a 
significant number of patients who were otherwise eligible for a u t o B M T . A 
delayed harvest was more often associated with failure to complete the full protocol 
because of relapse or toxicity. 

A l so , after a u t o B M T hematologic recovery was sometimes slow (data not 
shown). A u t o B M T was associated with a considerable transplant-related mortality 
(13%). 

Table 4. Recovery of blood platelets and polymorphonuclear cells (PMN) from day 1 of 
consolidation treatment 

Median/range 
(weeks)* 

No recovery at 
2 months (%)* 

platelets> 20X109/L 3.5 (2-18) 11 
platelets>100xl09/L 4 (2-30) 28 
PMN>0.5X109/L 4(2-13) 13 
PMN>1.5X109/L 4.5 (3-20) 18 

*A few patients received recombinant human glycosylated granulocyte colony stimulating 
factor (rHuG-CSF) from day 20 on, to mobilize peripheral stem cells, in the context of the 
pilot study before the amendment of the protocol. 
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Recovery of neutrophils after a u t o B M T i n A M L was reported to be faster when 

peripheral stem cells were u s e d . 1 6 1 7 Recovery o f platelets was more variable. 

Preliminary cl inical data from nonrandomized studies indicate a similar relapse 

rate and D F S after a u t o B M T and peripheral stem cell transplantation (PSCT) in 

A M L . 1 6 , 1 7 

Therefore after a pilot phase, the A M L 1 0 protocol was amended i n June 1996 

to include peripheral stem cel l collection i n the recovery phase of the consol i 

dation course i n a l l patients without a donor. Recombinant human glycosylated 

granulocyte colony stimulating factor ( r H u G - C S F ) is being administered (150 

ug/m 2 /d , s.c.) from day 20 after the beginning of the consolidation course to 

mobi l ize stem cells. Irrespective of the harvest, patients without a donor are then 

randomized between a u t o B M T and P S C T . Bone marrow is harvested and 

a u t o B M T performed only in patients randomized to undergo a u t o B M T . The 

peripheral stem cells o f these patients remain stored i n l iqu id nitrogen and can be 

used for rescue only i f the neutrophil count has not reached 0 . 2 X 1 0 9 / L on day 28 

after the day of bone marrow infusion or i f the patient is st i l l platelet dependent 

on day 90 after marrow infusion. If the collection at recovery from the consol i

dation course is not sufficient, a second or even third attempt to mobi l ize can be 

undertaken. Since the meaning of the delayed recovery after the consolidation 

treatment i n terms of the chance of relapse is not yet known, it was decided to 

abstain from further treatment i f the harvest o f bone marrow in patients i n the 

a u t o B M T arm or peripheral stem cells i n the P S C T arm is insufficient. 

The amendment of the protocol is expected to improve the percentage of 

completion of autologous transplantation, to decrease the mortality associated with 

autologous transplantation and to resolve whether recovery after P S C T i n A M L is 

faster and D F S indeed comparable to au toBMT. 

APPENDIX 

The fo l lowing centers and investigators from the E O R T C L e u k e m i a 

Cooperative Group participated in this study: Austria: Innsbruck, Innsbruck 

Un ive r s i t ä t sk l in ik (G.Gast l ) ; B e l g i u m : Antwerpen, Algemeen Ziekenhuis 

Middelhe im (R. D e Bock) and University Hospital of Antwerpen (Z. Berneman); 

Brugge, Academisch Ziekenhuis St. Jan (D. Selleslag); Brussels, H ô p i t a l 

Universitaire Erasme (W. Feremans), Hôpi ta l Universitaire St. Pierre ( A . Efira) 

and Institut Jules Bordet (L . Debusscher); Liège , Centre Hospitalier Regional de la 

Citadelle (F. Andrien) and C H U Sart-Tilman ( G . Fi l le t ) ; Verviers, Centre 

Hospitalier Peltzer-La Tourelle (J. Andrien); Croatia: Zagreb, C l in i ca l Hospital 

Rebro (B. Labar) and O Novosel Med ica l School - University of Zagreb (B. 

Jaksic); Czech Republic: Olomouc, University Hospital ( K . Indrak); Prague, 

Institute of Hematology and B l o o d Transfusion (J. Cermak); France: L y o n , Hôpi ta l 
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Edouard Herriot (E. Archimbaud); Nice , Centre Antoine Lacassagne (A . Thyss); 
Paris, Hôpi ta l Cochin (F. Dreyfus), Hôte l -Dieu de Paris (R. Zittoun) and Hôpi ta l 
Necker (P. Bourquelot) ; Suresnes, Centre Med ico -Ch i ru rg i ca l F o c h (E . 
Baumelou); Vi l le jui f , Institut Gustave Roussy (J. Bourhis); Germany: M ü n c h e n , 
K l i n i k u m Grosshadern, Ludwig-Maximi l ians Un iv . ( U . Jehn); The Netherlands: 
Amsterdam, Onze Lieve Vrouw Gasthuis (K . Roozendaal); Eindhoven, Camarina 
Ziekenhuis (W. Peters); Enschede, Medisch Spectrum Twente ( M . Schaafsma); 
s 'Hertogenbosch, Groot Ziekengasthuis ( H . Sinnige); Le iden , Academisch 
Ziekenhuis Leiden (R. Wil lemze) ; Nijmegen, St. Radboud University Hospital (T. 
de Witte, P. Muus) ; Veldhoven, St. Josef Ziekenhuis (G. Vreugdenhil); Portugal: 
Coimbra , Hospitais da Universidade de Coimbra (I. Sousa); Porto, Hospital Escolar 
San Joao ( M . Ribeiro); Turkey: Ankara, Ibni Sina Hospital ( M . Beksac). 

The following centers and investigators from the G I M E M A group participated in 
this study: Italy: Alessandria, Ospedale Civ i le (A. Lewis); Ancona, Ospedale Tórrete 
University Ancona (P. Leoni); Avel l ino, Ospedale Civ i le Avel l ino (E. Volpe); 
Aviano, Centro d i Riferimento Oncológico (S. Monfardini); Bar i , Université degli 
Studi di Bar i - Policlinico (V. Liso); Brindisi , Ospedale Regionale A . di Summa (G. 
Quarta); Cagliari, Ospedale Oncológico A . Businco (G. Broccia); Catania, Ospedale 
Ferrarotto (E. Cacciola); Catanzaro, Ospedale Regionale A . Pugliese (A. Alberti); 
Cremona, Centro Trapianto Mido l lo Osseo (A. Porcellini); Cuneo, Ospedale Santa 
Croce (E. Gallo); Firenze, Università degli Studi di Firenze-Policlin. di Careggi (P. 
Rossi Ferrini); Foggia, Ospedali Riuniti Foggia ( M . Monaco); Gallarate-Varese, 
Ospedale S. Antonio Abate (R. Mozzana); Genova, Ospedale San Martino (A . 
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INTRODUCTION 

Post-remission therapy remains a critical issue in acute myeloblastic leukemia 
( A M L ) . 1 ' 2 During the past ten years, aggressive postremission strategies have been 
proposed for younger patients i n complete remission ( C R ) after induction 
treatment. These options include allogeneic bone marrow transplantation 
( a l l o B M T ) , autologous hematopoietic stem cel l support and intensive consoli
dation chemotherapy ( ICC). Because of selection bias in published pilot series, 
large randomized studies comparing these strategies were mandatory. The first 
large randomized trial comparing a l l o B M T , autologous bone marrow transplan
tation (autoBMT) and I C C was recently published by the E O R T C and G I M E M A 
groups. 3 In this study, a l l o B M T and a u t o B M T resulted in significantly better 
disease-free survival (DFS) than I C C with high dose cytarabine ( H D Ara -C) . W e 
herein report the final analysis of a multicenter randomized study conducted by the 
G O E L A M group also comparing a u t o B M T and I C C . In this study no significant 
difference between the two approaches could be demonstrated. 

PATIENTS AND METHODS 

Inclusion criteria 
Patients aged 15 to 55 with previously untreated A M L were el igible for entry 

into the trial . The diagnosis was made by a bone marrow aspirate showing at 
least 30% blast cells or, i n case of myelofibrosis, by a bone marrow biopsy. 
Each case was classified according to the French-American-Bri t i sh ( F A B ) 
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system. Patients wi th a previously diagnosed myelodysplasia for more than 3 
months were excluded, but patients wi th an antecedent o f unexplained cytopenia 
could be included. A l s o excluded were patients wi th a myeloproliferative 
disorder in blast crisis , patients who had previously received cytotoxic 
chemotherapy or radiotherapy (or both), patients wi th c l in ica l or electrocardio
graphic signs of heart failure or coronary disease and patients wi th hepatic or 
renal disturbances (hepatic enzymes levels over four times the normal values, 
creatinine level over 130 micromoles per liter). 

Karyotypic abnormalities were classified as favorable (t[8;21], t[15;17] or 
inv[16]), unfavorable (-5, 5q-, -7 or multiple abnormalities) or intermediate (all 
other abnormalities). 

Study design 
The induction treatment consisted of a continuous infusion of A r a - C (200 

mg/m 2/day) on days 1 through 7 with either Idarubicin ( IDR) given intravenously 
on days 1 through 5 at a daily dose of 8 mg/m 2 or Rubidazone ( R B Z ) given 
intravenously on days 1 through 4 at a daily dose of 200 mg/m 2 . 

A bone marrow aspiration was performed on day 17. If the marrow was 
hypoplastic and nonblastic, no further treatment was administered. If the marrow 
was hypoplastic and contained less than 50% blasts, a second induction course was 
administered with a combination of three days of A r a - C and two days of the anthra-
cycline init ially allocated. If the marrow was normocellular and blastic or 
contained more than 50% blasts, the treatment was considered a failure and the 
patient was withdrawn from the study and treated with a salvage regimen. A l l 
patients in C R after one or two courses of induction treatment were scheduled to 
receive intensive consolidation therapy. A n a l l o B M T was offered to all patients 
aged 40 and younger and with an HLA- iden t i ca l sibling. The chemotherapy 
between C R achievement and B M T , the conditioning regimen, the prophylaxis and 
treatment of graft-versus-host disease were administered according to the protocols 
of each transplant center. 

A l l other patients aged 50 and younger were assigned to receive a first course 
of I C C consisting of H D A r a - C (3 g/m 2) given as a 3 hour infusion every 12 hours 
on days 1 through 4 (total dose 24 g/m 2), combined with either I D R given 
intravenously on days 5 and 6 at a daily dose of 10 mg/m 2 or R B Z given 
intravenously on days 5 and 6 at a daily dose of 200 mg/m 2 . 

The first course of I C C was to be given as soon as possible after C R 
achievement and no later than 75 days after initiation of induction treatment. Bone 
marrow was harvested after the first course of I C C without any in vitro manipu
lation. A l l patients still in C R were randomly assigned to receive a second course 
of I C C or an a u t o B M T i f the collected marrow contained at least 2 .10 s mononu-
cleated cells/kg. The second course of I C C consisted of m-Amsa given as a one 
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hour infusion on days 1 through 5 at a daily dose of 150 m g / m 2 and etoposide given 
as a two hour infusion on days 1 through 5 at a daily dose of 100 mg/m 2 . 

The conditioning regimen consisted of busulfan given orally at a daily dose of 
4mg/kg for 4 consecutive days and cyclophosphamide given intravenously at a 
daily dose of 50mg/kg for 4 consecutive days. 

Response criteria and statistical analysis 
C R was defined as a norrnocellular bone marrow containing less than 5% blasts 

and more than 1 X 1 0 9 granulocytes/L and more than 1 0 0 X 1 0 9 platelets/L. 

Comparison between the different treatment groups was performed with chi-
square test for binary variables and Kruskal -Wal l i s for continuous variables. D F S 
was calculated from the date of C R until the date of first relapse or the date of death 
from any cause. Overall survival was defined as the time from first randomization 
to the time of death. Patients who did not receive the induction treatment as 
indicated by the protocol were excluded for the calculation of D F S but data were 
collected on these patients for the analysis o f overall survival. Actuarial curves 
were plotted fol lowing the Kaplan-Meier method and differences between the 
curves were analyzed with the logrank test. 

RESULTS 

Between November 1987 and M a y 1994, 535 patients were included into the 
study by 16 institutions. Eighteen patients were considered ineligible. The 
median age of the 517 eligible patients (256 male, 261 female) was 36 years. The 
F A B classification was M 0 31, Ml 111, M 2 154, M 3 44, M 4 69, M 5 88, M 6 9, M 7 

6, undetermined 9. A karyotype was performed i n 337 cases and was éva luab le 
i n 309 cases. Karyotype abnormalities were found i n 176 cases and were 
classified as favorable (47), intermediate (93) or unfavorable (36). Fourteen 
patients were unevaluable for the induction treatment: four because they died 
before receiving the first day of treatment, five because of a major protocol 
violat ion, four because of a wrong randomization and one because of missing 
data. There was no significant difference between the two groups ( IDR or R B Z ) 
regarding the ini t ia l characteristics. 

Induction treatment 

O f the 503 patients évaluable for induction treatment, 366 (73%) achieved a 
C R , including 338 patients treated with only one course of chemotherapy (92% of 
the C R ) . There were nine early deaths, 22 deaths during aplasia (4%) and 106 
(21%) patients with persisting leukemia. The outcome was not significantly 
different between the two induction treatment arms ( IDR or R B Z ) . 
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Feasibility of intensive postremission therapy 
O f the 366 patients i n C R , 28 could not undergo any k ind of intensive postrem

ission therapy ( a l l o B M T or I C C ) . Fourteen patients underwent a l l o B M T but should 
have received I C C . Eighty-seven patients under the age of 41 who had an H L A -
identical sibling were scheduled to receive a l l o B M T but 15 could not actually be 
transplanted in first C R . Thus, 72 patients underwent an a l l o B M T according to the 
protocol. 

T w o hundred and thirty-seven patients underwent the first I C C , but only 228 
patients are fully évaluable for this step of the procedure. The median duration of 
neutropenia (less than 0 . 5 X 1 0 9 / L ) after the first course of intensification was 18 
days (range 9-59 days). The median duration of thrombocytopenia (less than 
3 0 X 1 0 9 / L ) was 16 days (range 5-48 days). The median length of hospitalization 
was 30 days in both arms. S ix toxic deaths were recorded (2.5%). 

O f the 228 évaluable patients, 64 could not be randomized between au toBMT and 
a second course of I C C , and only 164 patients were randomized according to the 
protocol (86 autoBMT, 78 ICC) . Eleven of the 86 patients randomly assigned to 
au toBMT and 7 of the 78 patients randomly assigned to I C C did not actually receive 
the scheduled treatment. Therefore, 218 patients actually received the intensive postre
mission treatment as scheduled in the protocol (59% of the patients achieving C R and 
40% of the total number of included patients): 72 a l l o B M T , 75 autoBMT, 71 I C C . The 
reasons for not completing the protocol at each step are shown in Table 1. 

Overall results of postremission therapy 
W i t h a median follow-up of 4 years, the 4-year actuarial D F S of the 366 patients 

who achieved C R was 39% (±3%) , with no significant difference between the two 
induction treatment arms. 

The median overall survival of the 517 eligible patients was 21 months and the 
4-year actuarial survival was 39% ( ± 2 % ) , with no significant difference between 
the two induction treatment arms. 

AlloBMT 
The median interval between C R achievement and a l l o B M T was 68 days. O f 

the 72 patients who underwent the scheduled a l l o B M T , 20 have relapsed, 31 
patients have died: 16 from procedure-related toxicity and 15 after relapse. Four-
year actuarial D F S was 47% (±6%) and the 4-year actuarial overall survival was 
54% (±6%) . The actuarial risk of relapse at 4 years was 37% (±7%) . 

W e compared the outcome of the 87 patients for whom the intention was to 
perform an a l l o B M T with the 134 patients up to the age of 40 without an H L A -
identical sibling for whom the intention was to perform another type of intensive 
consolidation therapy. There was no significant difference i n the distribution of 
init ial c l inical characteristics between the two groups, except for age and karyotype 
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Figure 1. Comparison (on an intention to treat basis) of 87patients assigned to under
go alloBMT with 134 patients in the same age category without an HLA-identical sib
ling assigned to receive the first course of intensive consolidation chemotherapy (DFS). 

analysis (Table 2). The 4-year D F S was 42% (±6%) for a l l o B M T and 40% (±3%) 
for intensive consolidation (p=0.54) (Figure 1). 

The 4-year overall survival was 51% (±6%) for a l l o B M T and 52.5% (±3.5%) 
for intensive consolidation (p=0.63). 

Comparison of intensive consolidation chemotherapy and autoBMT 
O f the 74 patients who actually underwent a u t o B M T according to the protocol, 

31 have relapsed. F ive patients (6.7%) have died from procedure-related toxicity 
and 24 after relapse. The 4-year D F S and overall survival were 46.5% (±6%) and 
51.5% ( ± 7 % ) , respectively. O f the 71 patients who underwent the second course of 
I C C as assigned, 37 have relapsed. T w o patients (2.8%) have died from procedure-
related toxicity and 23 after relapse. The 4-year D F S and overall survival were 40% 
(±6%) and 58.5 (±6 .5%) , respectively. 
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Figure 2. Comparison (on an intention to treat basis) of 86 patients randomly assigned 
to undergo autoBMT with 78 patients randomly assigned to receive a second course of 
intensive consolidation chemotherapy (DFS). 

The comparison between the two groups was performed according to the 
intention to treat principle. There was no significant difference between the 86 
patients randomly assigned to a u t o B M T and the 78 patients randomly assigned to 
I C C in regard to ini t ial c l inical characteristics (Table 2). The median interval 
between the achievement of C R and the completion of the last intensive postrem-
ission therapy as assigned by the randomization was 85 days for a u t o B M T and 72 
days for I C C (p=0.0001). 

The 4-year actuarial D F S was 4 2 % ( ± 6 % ) for a u t o B M T and 38% ( ± 6 % ) for 
I C C (p=0.46) (Figure 2). The 4-year actuarial survival was 48% ( ± 6 % ) for 
a u t o B M T and 56.5% ( ± 6 % ) for I C C (p=0.51). The median duration of 
neutropenia (less than 0 . 5 X 1 0 9 / L ) was 25 days after a u t o B M T and 24 days 
after I C C (p=0.48). The median duration of thrombocytopenia (less than 
3 0 X 1 0 9 / L ) was 109.5 days after a u t o B M T (range 10-2000+ days) and 18.5 
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days after the second course of I C C (range 1-50 days) (p=0.0001). The median 

duration of hospitalization was 39 days after a u t o B M T (15-99) and 32 days 

after the second course o f I C C (22-52) (p=0.006). 

DISCUSSION 

The main objective of the G O E L A M 1 study was to compare different strategies of 
intensive postremission therapy. In our hands, a l l o B M T , au toBMT and I C C yielded 
comparable 4-year D F S rates. Unpurged au toBMT and I C C were randomly assigned 
and administered after a first course of H D A r a - C containing I C C . Wi th this approach, 
we failed to demonstrate any superiority of au toBMT since, when analyzed on an 
intention to treat basis, the 4-year D F S and overall survival were, respectively, 42% 
and 48% for autoBMT; 38% and 56.5% for I C C . Although these results are 
comparable with those achieved in a pediatric study, 4 they differ from other 
randomized studies showing longer D F S for adult patients randomized to 
au toBMT. 3 ' 5 " 7 However, in two of these studies au toBMT was compared with conven
tional chemotherapy. 5 , 6 The large trial conducted by the C A L G B demonstrated that for 
patients up to the age of 60, the 4-year D F S is significantly longer with high doses of 
Ara -C than with low or intermediate doses.8 The British M R C also conducted a large 
randomized trial testing the impact of autoBMT; however, in this study, au toBMT was 
performed later and was compared with a no treatment arm. 7 

The design of our study was quite comparable wi th that o f the 
E O R T C / G I M E M A trial, which showed a better 4-year D F S for au toBMT (48%) 
compared with I C C (30%). 3 Our results differ in that the 4-year D F S is slightly 
lower after au toBMT (42%) and slightly higher after I C C (38%), making the 
difference not significant. The differences in outcome after au toBMT are not 
explained by a higher toxic death rate (6.7% death rate in our study versus 10.4% in 
the E O R T C / G I M E M A trial). The difference may be related to the preparative 
regimen since all our patients were prepared by a combination of busulfan-
cyclophosphamide while 45% of the patients in the E O R T C / G I M E M A trial were 
prepared with total body irradiation. However, the superiority of total body 
irradiation over the Baltimore regimen has never been demonstrated. The apparently 
better results of our I C C may be explained by the higher doses of A r a - C given 
during the first cycle o f I C C and by the use o f m-Amsa and V P - 1 6 in the second 
course. Our results with 2 courses of I C C are similar to those published by the 
C A L G B with 4 courses of H D A r a - C . 8 W e can therefore assume that the I C C arm 
of the E O R T C / G I M E M A was not optimal. 

Since overall survival is better after I C C than after a u t o B M T due to better 
salvage o f relapsed patients, 3 and because o f longer thrombocytopenia after 
au toBMT, we believe that in future trials I C C should be the standard treatment that 
is compared with innovative approaches. 
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INTRODUCTION 

In patients wi th acute myelogenous leukemia ( A M L ) , most induct ion 

chemotherapy regimens include a combination of cytosine arabinoside (Ara-C) 

and an anthracycline such as daunorubicin ( D N R ) or, more recently, idarubicin or 

mitoxantrone. 1 These regimens bring about complete remission ( C R ) rates ranging 

from 50 to 80%, depending on the age of patients or the degree of cytogenetic 

abnormalities. 1 Once C R is achieved, the treatment to be administered to maintain 

C R (or prevent leukemic relapse) is st i l l controversial. Three therapeutic strategies 

can be proposed: allogeneic ( a l l o B M T ) or autologous stem cel l transplantation 

(autoSCT) and chemotherapy. In most prospective randomized studies, a l l o B M T 

seems to be superior to other forms of treatment (although not significantly i n 

some of these studies); autoSCT has been reported to be superior to chemotherapy 

in the E O R T C study, 2 but this has not been confirmed i n some others . 3 4 

Since 1984, the B G M T Group has conducted three consecutive studies ( B G M 

84, B G M T 87, B G M T 91) i n the younger A M L patient to compare prospectively, 

these postremission treatments. The main results are summarized herein. 

MATERIALS AND METHODS 
Inclusion and exclusion criteria 

A l l patients wi th a diagnosis of A M L according to the F A B criteria were 

included when their age was between 15 and 55 years (50 years i n the B G M 84 

study) and there was no evidence of preleukemic phase. 
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Induction and consolidation chemotherapy regimens 
In the three studies, a l l patients were given induction chemotherapy consisting 

of A r a - C (100 mg/m 2 /day, continuous infusion, 10 days) and D N R (60 
mg/m 2 /day, bolus, 3 days). The patients who were not in C R after this 
chemotherapy received a second course of induction chemotherapy (at the same 
doses). The patients who were not in C R after this second course were excluded. 
The C R patients (after one or two cycles) were given consolidation with D N R (2 
days) and A r a - C (7 days) at the same daily dose as induction. 

AlloBMT 
The patients who were st i l l in C R after consolidation were planned to undergo 

a l l o B M T when they fulfil led the fol lowing criteria: age less than 46 years, 
presence of an H L A - i d e n t i c a l sibling donor, no contraindication for a l l o B M T . For 
a l l o B M T , the conditioning regimen consisted of the standard combination of 
cyclophosphamide and total body irradiation (TBI) (10-13 Grays) although some 
patients o f the B G M T 87 study received a combination of busulfan and cyclophos
phamide as part of the G E G M O study published by Blaise et a l . 5 Mos t patients 
received cyclosporine and methotrexate as graft-versus-host disease prophylaxis. 

BGM 84 stud/ 
The C R patients who did not fulf i l l the inclusion criteria for a l l o B M T were 

randomized to receive either autoSCT or intensive sequential chemotherapy (ISC). 
autoSCT consisted of a double transplant of unpurged marrow with high dose 
melphalan ( H D M ) (140 mg/m 2 ) as myeloablative treatment before each transplant. 
ISC consisted of four monthly regimens of chemotherapy with rotating drugs. 

BGMT 87 study6 

The patients who were not assigned to receive a l l o B M T were given intensive 
chemotherapy consisting of high dose A r a - C (3 g / m 2 / 1 2 h X 8 doses) and D N R (45 
mg/m 2 /day, 3 days) before being randomized to receive either autoSCT or 
maintenance chemotherapy. Before autoSCT, the patients were given busulfan 
(16 mg/kg) and H D M as preparative regimen. Unmodi f ied bone marrow or 
peripheral blood progenitor cells ( P B P C ) collected after high dose A r a - C and 
D N R were used to reconstitute hematopoiesis. Maintenance chemotherapy 
consisted of five cycles of D N R + A r a - C with oral administration of 6-mercap-
topurine and methotrexate between the cycles then subsequently for a total period 
of two years after C R . 

BGMT 91 study 
The patients excluded from a l l o B M T underwent a bone marrow harvest before 

receiving an intermediate dose of A r a - C (500 m g / m 2 / 1 2 h X 8 doses) and D N R (45 
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Figure 1. Leukemia-free survival (LFS), relapse incidence (RI) and survival of patients 
enrolled in the BGMT studies according to the type of treatment they were intended to 
receive (Group I: allogeneic bone marrow transplantation; Group II : autologous stem 
cell transplantation or chemotherapy). 
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Table 1. 

BGM84 BGMT87 BGMT91 Total 
n=85 n=204 n=281 n=570 

age (years)* 35.3 (16-55) 39.8 (15-55) 40.3 (15-55) 38.9 (15-55) 
sex (male/female) 40/45 113/91 159/122 312/258 
FAB morphology 49/36 116/88 142/139 307/263 

(Ml M2 M3/Others) 
initial leukocytosis 15.8 (0.6-340) 15.7 (0.5-309) 16.6 (0.5-720) 16(0.5-720) 

(giga/L) 
cytogenetics 10/4/4/67 32/74/24/74 51/121/46/63 93/199/74/204 

(low/intermediate/high risk/not done)** 
*p<0.006 
**p<0.03 

mg/m 2 /day, 3 days). Thirty to 45 days after completion of chemotherapy, the 
patients underwent au toSCT after the standard cyclophosphamide + T B I 
conditioning regimen. When hematopoietic recovery was achieved, the patients 
who were st i l l in C R were randomly assigned to receive or not to receive 
interleukin-2 (IL-2) (12 mi l l ion U /m 2 /day, continuous infusion) for five cycles 
given every other week (first cycle = 5 days, cycles 2=>5 = 2 days) ( B G M T 91 
Study). When I L - 2 became unavailable, the patients received autoSCT according 
to the same modalities as in the B G M T 87 Study. However, G - C S F was given 
after high dose A r a - C and D N R to reduce the toxicity o f chemotherapy and 
increase the y ie ld o f P B P C to be collected ( B G M T 91 b Study). 

Statistical evaluation 
The Kaplan-Meier method was used to calculate the leukemia-free survival 

( L F S ) , relapse incidence (RI) and survival of patients from C R to death ± relapse. 
The curves were compared using the logrank test.7 The comparisons were done 
according to the intention to treat. 8 

RESULTS 

Induction and consolidation chemotherapy 
A total o f 570 patients were given induction chemotherapy ( B G M 84=85; 

B G M T 87=204; B G M T 91=281). The main characteristics are summarized in 
Table 1. The overall C R rate was 77%; (44lAio) and similar in each of the three 
studies. Three hundred ninety of these C R patients (study population) were st i l l 
in C R after consolidation treatment approximately 60 days after diagnosis. 
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Figure 2. Meta analysis of BGMT studies. Comparison of autologous stem cell trans
plantation (autoSCT) versus chemotherapy. Analysis according to the intention to treat 
(ITT). 

Comparison of different therapeutic modalities 
One hundred thirteen patients under the age of 46 years had an H L A - i d e n t i c a l 

sibling donor and were allocated to receive a l l o B M T (Group I patients); 100 of the 
Group I patients actually underwent a l l o B M T . The main characteristics (sex, F A B 
morphology, init ial leukocytosis, cytogenetics) of these patients d id not differ 
significantly from those who could not undergo a l l o B M T (Group II). However, 
Group I patients were younger than Group II patients (p<0.0001). The 3-year 
cumulative incidence of Group I patients who relapsed (RI) or survived without 
disease ( L F S ) was 24 ± 9 % and 58 ± 9%, respectively (Figure 1). The 3-year 
survival was 63 ± 9%. For Group II patients, the 3-year L F S , R I and survival were 
37 ± 6%, 60 ± 6%, and 46 ± 6%, respectively (Figure 1). The difference between 
Group I and Group II was statistically significant for L F S (p<0.004), R I 
(p<0.0001) and survival (p<0.0001). Multivariate analysis confirmed that Group I 
patients had a significantly better outcome than Group II patients. 

A m o n g the 289 Group II patients included i n B G M 84 and B G M T 87 studies, 
112 were randomized to receive autoSCT (n=54) or chemotherapy (n=58). A s 
shown in Figure 2, there was no statistically significant difference between 
autoSCT and chemotherapy, although the results o f au toSCT looked better. 
A m o n g patients undergoing autoSCT, there was no significant difference 
between patients undergoing either P B P C transplantation or autologous bone 
marrow transplantation. 
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Comparison of the three different studies 
Some characteristics of patients enrolled in B G M 84, B G M T 87 and B G M T 

91 studies were similar (Table 1). However, the B G M 84 patients were signif i
cantly younger (p<0.006) and had a higher proportion of favorable cytogenetic 
abnormalities. In these consecutive studies, the results of a l l o B M T and autoSCT 
were equivalent (Figure 3). In B G M T 87 study, the results of chemotherapy were 
significantly better than those obtained in the B G M 84 study (Figure 3), perhaps 
because of the introduction of high dose A r a - C in the chemotherapeutic protocol 
of B G M T 87 study. The toxicity of intensification treatment was less in the 
B G M T 91 study where the mortality rate was only 0.5% (M42) compared with 7% 
(%3) observed in the B G M T 87 study (p<0.05). This could be due to the adminis
tration of G - C S F after chemotherapy or to the use of a lower dose of A r a - C (or 
both) in the B G M T 91 study. 

DISCUSSION 

M o s t of the results observed in these studies are similar to those reported in 
the literature. 1 Us ing a standard "3+10" induction chemotherapy, a C R rate of 
77% was obtained, a result that compares favorably with the C R study reported 
elsewhere in young adult patients treated with a combination of A r a - C and 
anthracycline. 1 A s mentioned by Zit toun et a l . , 2 some C R patients could not be 
included in the subsequent comparison of a l l o B M T versus autoSCT versus 
chemotherapy for various reasons such as early relapse, l iver abnormalities, 
persisting infection, pulmonary or renal insufficiency; however, the "drop-out" 
was lower in the B G M T studies than in the other repor ts . 2 9 

The results o f a l l o B M T observed in the three B G M T studies were equivalent 
and are comparable to those observed in most single center studies; they look 
superior to those reported from international registries (see review in [10]). A t 
least three factors could explain these favorable results: first, the patients were 
transplanted in major transplant centers and it has been reported that the center 
size influences the outcome of transplanted patients 1 1; second, a l l o B M T was 
performed very early after only two courses of chemotherapy (induction + 
consolidation) possibly contributing to a decrease in the extrahematological 
toxicity o f a l l o B M T ; third, a very high proportion o f patients fu l f i l l ing the 
inclusion criteria for a l l o B M T were able subsequently to undergo a l l o B M T , so 
the results of the patients assigned to a l l o B M T were not jeopardized by the usual 
poor prognosis of excluded patients. 

The results o f autoSCT that we have observed i n our consecutive studies are 
similar to those reported elsewhere. 1 2 Interestingly, they were not superior in 
B G M T 87 and B G M T 91 studies—in which patients received an additional 
course of intensive chemotherapy before autoSCT and a truly myeloablative 
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Figure 3. Leukemia-free survival of patients intended to receive allogeneic bone mar
row transplantation (alloBMT) (A), autologous stem cell transplantation (autoSCT) (B) 
or chemotherapy (C) in BGM 84, BGMT87 and BGMT91 studies. 
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preparative regimen—when compared with those of the B G M 84 study in which 
the patients were less heavily treated. However, as the number of patients 
included in the B G M 84 study was very low, this finding must be interpreted very 
cautiously. The results of autoSCT in B G M T 87 and B G M T 91 studies were 
equivalent, indicat ing that the introduct ion of G - C S F (after intensive 
chemotherapy and before stem ce l l collection) does not increase the relapse 
incidence. They are also similar to those of B G M T 91, a study in which 
autologous stem cells were collected before intensification, suggesting that i n 
v ivo purging of stem cells to be transplanted does not decrease the relapse 
incidence. F ina l ly , the analysis of the patients undergoing autoSCT showed that 
there were no statistically significant differences in L F S , R I or survival o f 
patients treated with either bone marrow transplantation or P B P C . ' 3 

The results o f chemotherapy were significantly inferior in the B G M 84 study 
when compared to B G M T 87 and B G M T 91 studies. This is in line wi th many 
other reports showing that intensification of chemotherapy (with high dose A r a -
C in most cases) decreases the relapse rate and prolongs s u r v i v a l . 1 4 , 1 5 

Our studies indicate (but do not prove conclusively) that a l l o B M T produces 
results superior to those of other therapeutic modalities. Taken together wi th the 
many similar findings of others (see review in [10]), it can be stated that 
although a l l o B M T has not yet been shown to be clearly superior to au toSCT or 
chemotherapy, conversely autoSCT or chemotherapy have not been shown to be 
equivalent to a l l o B M T . Therefore, we continue to recommend a l l o B M T for 
patients under the age of 45 years having an H L A - i d e n t i c a l s ibl ing donor. Some 
authors who do not share this opinion have proposed restricting a l l o B M T to 
patients who present wi th bad prognostic factors (high risk cytogenetic 
abnormalities, more than one course of chemotherapy to induce C R ) or to 
restrict a l l o B M T for patients who relapse. This latter proposit ion is mainly 
based upon the results o f the Seattle study of a l l o B M T for A M L patients in early 
relapse 1 6 but these results have not yet been reproduced elsewhere. 

Few studies have compared autoSCT with a l l o B M T . A s in the B G M T 91 
study, they usually show that a l l o B M T is significantly better than autoSCT for 
preventing leukemic relapse, but due to the higher transplant-related mortality 
rate observed after a l l o B M T , the proportion of long-term survivors without 
recurrent l eukemia is not s tat is t ical ly different i n most studies. M a n y 
cooperative randomized studies have prospectively compared autoSCT and 
chemotherapy. The E O R T C study is the only one showing au toSCT to be signif
icantly better than chemotherapy to prevent relapse and prolong surv iva l . 2 This 
result needs to be confirmed as the statistical significance observed i n this latter 
study cou ld have been due not to the superiority o f autoSCT, but to the 
unexpectedly poor results in the chemotherapy arm. Further studies are also 
needed to better define the optimal protocol for au toSCT (such as source of stem 
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cells, in v ivo or in vitro purging and condit ioning regimens). The current B G M T 

95 Study addresses one of these questions. 
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More than 1900 patients receiving autotransplants for A M L since 1989 have 
now been reported to the A B M T R - N A . These transplants were performed by 138 
teams predominantly in the United States and Canada but also South Amer ica and 
a small number of overseas countries. Patient characteristics and early mortality 
from 1989 to 1995 are shown in Table 1. 

Table 1 shows that since 1989 there has been a significant increase in the use of 
P B S C as hemopoietic support and a significant decrease of in vitro treatment of 
grafts. 100-day mortality has also significantly improved (p=0.01). Three year 
probabilities of survival (95% confidence interval) for patients transplanted i n first 
and second complete remission (CR) are 53 (49-57)% and 36 (31^11)%, respec
tively. Three year probabilities of leukemia-free survival are 50 (46-54)% and 36 
(31-41)% for first and second C R , respectively. 

Results w i l l soon be available from detailed A B M T R analyses comparing 
allogeneic versus autologous transplants and purged versus unpurged transplants 
for patients with A M L in first and second remission. 

Table 1. 
1989-90 1991-2 1993^1 7995 

average number of patients 218 302 308 260 
transplanted per year 

median age, years (range) 32 33 36 36 
(1-66) (1-75) (1-69) (1-71) 

disease stage at transplant 
first CR (%) 48 50 53 60 
second CR (%) 30 26 25 19 
other (%) 22 24 22 21 
graft type 
bone marrow (%) 97 92 70 50 
peripheral blood stem cell (%) <1 1 19 38 
BM + PBSC (%) 3 7 11 12 
in vitro treatment of graft (%) 70 62 44 20 
100-day mortality (%) 18 16 13 8 
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ABSTRACT 

W e conducted a randomized study of autologous bone marrow transplantation 
(autoBMT) versus intensive chemotherapy (ICT) in the treatment of newly diagnosed 
acute myeloid leukemia ( A M L ) in patients under 21 years of age. A l l patients received 
remission induction with one course of daunorubicin (D), cytarabine (A), and 
thioguanine (T) and one course of high-dose cytarabine (HdA; 3 g/m 2 q l 2 h X 3 d), and 
consolidation with one course of etoposide (VP) and azacytidine (AZ) . Patients in 
remission after H d A were offered allogeneic B M T (al loBMT) i f they had matched sib 
donors or were eligible for randomization to either ICT (sequential courses of D / H d A , 
D A T , V P / A Z , H d A , D A T , and V P / A Z ) or autoBMT (busulfan 16 mg/kg and 
cyclophosphamide 200 mg/kg followed by infusion of 4-hydroperoxycyclophos-
phamide [4HC; 100 g/mL]-treated marrow). O f 649 évaluable patients, 552 (85%) 
attained C R ; of these, 89 (16%) underwent a l l o B M T and 42 (8%) were ineligible for 
randomization (18 institutional nonprotocol autoBMT, 5 secondary A M L , 11 relapses or 
deaths before randomization, 8 other reasons). O f 421 patients in C R eligible for 
randomization, 189 (45%) were nonrandomly assigned to ICT (111 parental refusal, 64 
insufficient funds, 14 lack of available B M T beds); 232 (55%) were randomized to ICT 
(117) or autoBMT (115). For the entire group, the 3-year event-free survival (EFS) from 
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randomization was 34 ± 2.5%. Intention-to-treat analysis showed similar E F S after ICT 

(36 ± 5.8%) or autoBMT (38 ± 6.4%) (p=0.20). On the basis of actual treatment 

received, E F S was greater after autoBMT (53%) than ICT (38%) (p=0.39; Mantel-Byar 

test). The E F S after a l l o B M T was 52 ± 8% (p=0.06 and p=0.01 versus ICT and 

autoBMT, respectively). The lower relapse rate after autoBMT (31 versus 58% after 

ICT) was offset by higher treatment-related mortality ( T R M ; 15 versus 2.7%). N o 

relapses occurred in the autoBMT group beyond 18 months post-randomization but 

occurred as late as 40 months after ICT. These findings support continued evaluation of 

intensive therapies for A M L and strategies to reduce autoBMT-associated T R M . 

INTRODUCTION 

Despite advances in chemotherapeutic regimens, including the use of intensive 
postremission chemotherapy, the event-free survival in childhood acute myeloid 
leukemia ( A M L ) remains 30 to 4 0 % . 1 - 5 In contrast, the event-free survival in children 
who receive allogeneic bone marrow transplants ( B M T s ) from HLA-matched siblings 
exceeds 50%. 6 ' 7 Although encouraging results have been reported after autologous 
B M T (autoBMT) with chemopurged 8 , 9 or unpurged 9 - 1 2 marrow in adults and children 
with first-remission A M L , no previous studies have compared chemopurged 
au toBMT with intensive combination chemotherapy for childhood A M L as a 
multicenter prospective randomized trial. We report a randomized prospective study 
from the Pediatric Oncology Group (POG) that evaluated au toBMT with 4-hydroper-
oxycyclophosphamide (4HC)-purged marrow versus intensive chemotherapy (ICT) in 
newly diagnosed childhood A M L . W e also compared the results of allogeneic B M T 
(a l loBMT) from HLA-matched siblings to those of au toBMT or ICT. 

PATIENTS AND METHODS 

Patients 21 years of age and under with newly diagnosed A M L were eligible for 
this study. A l l patients received standard remission induction therapy with 
daunorubicin (45 mg/m 2/day X 3 days), cytarabine (100 mg/m 2/day X 7 days as a 
continuous infusion), and thioguanine (100 mg/m 2/day X 7 days), followed by high-
dose cytarabine (3 g /m 2 q l 2 hr X 6 doses). Patients who entered remission were 
then eligible for randomization to au toBMT or ICT. Patients were not eligible for 
randomization i f they had secondary A M L , D o w n syndrome, or isolated chloroma, 
or i f they were eligible to receive a l l o B M T from an HLA-matched sibling. After 
randomization, a l l patients on study received one course of consolidation 
chemotherapy with etoposide (250 mg/m 2/day X 3 days) and azacytidine (300 
mg/m 2/day X 2 days). Those who were randomized or assigned to the I C T regimen 
then received six additional courses of chemotherapy, administered at three-week 
intervals i f tolerated: daunorubicin (45 mg/m 2 ) plus high-dose cytarabine; 
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649 évaluable patients with 
newly diagnosed A M L 

552 (85%) attained remission 

131 (24%) not eligible for randomization: 
89 alio BMT 
18 non-protocol ABMT 
5 secondary A M L 

11 relapsed or died before 
randomization 

8 other 

421 (76%) eligible for randomization 

232 (55%) randomized 

189 (45%) non-randomly 
assigned to ChemoRx: 

111 parental refusal 
64 no funds 
14 no BMT beds 

117 randomized to 
ChemoRx: 

113 ChemoRx 
4 alio BMT 

115 randomized to ABMT: 
71 ABMT 
21 relapsed before ABMT 

5 alio BMT 
17 chemoRx 

1 other Rx 

Figure 1. Treatment assignments and randomizations of pediatric patients with first-
remission AML. 

daunorubicin (45 mg/m 2 X 2 days), cytarabine (100 mg/m 2/day X 5 days as a 
continuous infusion), and thioguanine (100 mg/m 2/day X 5 days); etoposide and 
azacytidine, as described above; high-dose cytarabine; daunorubicin (2 days) plus 
cytarabine and thioguanine (5 days each); and etoposide and azacytidine. 

Patients who were randomized to au toBMT underwent marrow collection six to 12 
weeks after etoposide-azacytidine consolidation. A n attempt was made to collect at 
least 3 X 1 0 8 nucleated marrow cells per kilogram. The marrow buffy coat was 
incubated ex vivo for 30 minutes with 100 g/mL of 4 H C at an incubation hematocrit 
of 5 to 10%, as described previously, 8 and cryopreserved in the vapor phase of a l iquid 
nitrogen freezer. The pre-transplant conditioning regimen consisted of oral busulfan (1 
mg/kg/dose q 6 hr X 16 doses) and intravenous cyclophosphamide (50 mg/kg/day X 
4 days). 8 There was no dose adjustment of busulfan on the basis of body surface area 
or individual patient busulfan pharmacokinetics profi l ing. 1 3 Forty-eight hours after the 
last dose of cyclophosphamide, the autologous marrow cells were thawed and infused 
through a central venous catheter at a rate of 10 mL/min to 15 rnlVmin. 

RESULTS 

Between June 1988 and March 1993, 649 patients were enrolled on this study; 
a summary of patient assignments and randomizations is shown i n Figure 1. F ive 
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Table 1. Summary of pediatric patients receiving autoBMT for AML 

number assigned to autoBMT 115 
number actually given autoBMT 71 
interval from: 

randomization to marrow collection 49 days (range, 21-106) 
marrow collection to autoBMT 17 days (range, 9-39) 

marrow cell dose (X 108/kg) 2.4 (range, 0.9-5.0) 
time to ANC >0.5 X109/L and 43 days (range, 11̂ 145) 

platelets >50X109/L 

hundred fifty-two (85%) of those enrolled on study attained remission. One 
hundred and thirty-one patients (24%) of those who attained remission were not 
eligible for randomization: 89 underwent a l l o B M T from HLA-matched siblings; 
18 received au toBMTs on institutional non-POG protocols; five patients had 
secondary A M L ; 11 patients relapsed or died before randomization; and eight 
patients were removed from study for other reasons. 

Even though 421 of the 552 patients in remission were eligible for remission, 
only 232 (55%) actually were randomized to a u t o B M T or I C T . One hundred 
eighty-nine (45%) of otherwise eligible patients were nonrandomly assigned to 
I C T because of parental refusal to randomization (111 patients), insufficient funds 
for the a u t o B M T procedure (64 patients), or lack of available B M T beds (14 
patients). O f the 232 patients who proceeded to randomization, 115 were 
randomized to a u t o B M T and 117 to I C T . Details of the a u t o B M T patient group are 
shown in Table 1. 

When evaluated on an intention-to-treat basis, the three-year event-free survival 
for the entire patient group was 34% ± 2.5%. The event-free survival was 38% ± 
6.4% for the a u t o B M T group and 36% ± 5.8% for the I C T group (p=0.20). In 
contrast, the event-free survival after a l l o B M T was 52% ± 8% (p=0.01 versus 
a u t o B M T and p=0.06 versus ICT) (Figure 2). The actuarial relapse rates for the 
three groups were 31% after au toBMT, 58% after I C T , and 20% after a l l o B M T . 
The difference in relapse rates between a u t o B M T and I C T was statistically 
significant (p<0.001). Although relapses were observed as late as 40 months in the 
I C T group, no patients in either the a u t o B M T or a l l o B M T group have relapsed later 
than 18 months post-transplant. 

Only 71 (62%) of the 115 patients randomized to a u t o B M T actually received 
that treatment. The other 44 patients did not undergo a u t o B M T because of pre-
transplant relapse (21 patients), proceeding to a l l o B M T (five patients), decision to 
receive I C T instead (17 patients), or undergoing other therapy (one patient). 
However, 113 (97%) of the 117 patients randomized to I C T actually remained on 
that treatment arm; only four patients went on to a l l o B M T . The treatment-related 
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Figure 2. Intention-to-treat analysis of event-free survival of pediatric AML patients 
treated with alloBMT (n=89), ICT(n=117), or autoBMTwith 4HC-purged marrow 
(n=115). 

mortality in the actual treatment groups was significantly different (p=0.005). 

Eleven of the 71 a u t o B M T patients (15%) died with sepsis (eight patients), hepatic 

veno-occlusive disease (one patient), or hemorrhage (two patients); in contrast, 

three of 113 I C T patients (2.7%) died from sepsis (two patients) or hemorrhage 

(one patient). When analyzed on the basis of actual treatment received, the event-

free survival was 52.5% in the a u t o B M T group and 38% in the I C T group. Us ing 

the Mantel-Byar test to assess the prognostic significance of au toBMT, these 

differences are not statistically significant (p=0.39). 

DISCUSSION 

This randomized study d id not show any benefit o f a u t o B M T wi th 

chemopurged marrow in children with first-remission A M L . The intention-to-treat 

analysis showed similar event-free survival after either a u t o B M T or I C T ; the 

significantly lower relapse rate after a u t o B M T was contrasted with a significantly 

greater post-autoBMT mortality. These observations suggest that methods to 

decrease the procedure-related mortality might ultimately lead to a superior event-

free survival after au toBMT compared with chemotherapeutic regimens. Our 

results are also superior to those reported after either chemotherapy or a u t o B M T 

with unpurged marrow, where event-free survival was 27% after chemotherapy and 

21% after a u t o B M T . 1 4 The significantly greater event-free survival that we 

observed in children who received a l l o B M T from histocompatible siblings is i n 

contrast to a Children's Cancer Group ( C C G ) study, which showed no difference 

between a l l o B M T and au toBMT for first-remission childhood A M L , 1 5 and the 
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United Kingdom Medica l Research Counci l A M L 10 trial, which showed no 
benefit of either a l l o B M T or a u t o B M T in increasing relapse-free survival after four 
courses of intensive chemotherapy. 1 6 

The outcomes of a u t o B M T and I C T , when analyzed on the basis of actual 
treatment received, showed a difference, albeit not statistically significant, in 
event-free survival. The event-free survival (52.5%) in those who actually received 
a u t o B M T is similar to that o f a l l o B M T in our series and to those reported i n the 
C C G study. 1 5 Although these analyses must be interpreted with caution, because 
they are not based on intention to treat, they nevertheless emphasize the potential 
utility of a u t o B M T in first-remission childhood A M L . A n alternative strategy, for 
which there are encouraging preliminary results in a single-institution study, 1 7 

entails collection of autologous marrow in first remission A M L , to be used for 
transplantation in the event of relapse. A new P O G study is addressing this 
approach in childhood A M L . 

This study demonstrates the difficulties inherent in randomized multicenter 
trials comparing au toBMT and I C T for A M L . Only 55% (232 of 421) eligible 
patients actually were randomized, and only 62% (71 of 115) of those randomized 
to the a u t o B M T arm actually received au toBMT. Similar problems in random
ization and proceeding with a u t o B M T after randomization have been reported in a 
European adult A M L t r i a l 1 2 and in the M R C A M L 10 trial in chi ldren. 1 6 

Nevertheless, we stress the value and importance of the randomized prospective 
cl inical trial, despite these logistical challenges, to compare the therapeutic 
effectiveness of a u t o B M T and chemotherapeutic regimens in A M L . Future studies 
must also address the cost-benefit issues in randomized cl inical trials of transplan
tation versus chemotherapy for first-remission A M L . 
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ABSTRACT 

W e report on 131 patients with acute myeloid leukemia ( A M L ) who underwent 
autologous bone marrow transplantation (autoBMT) with monoclonal antibody 
(mAb)-purged marrow between August 25,1984 and M a y 16,1996. One-hundred-
and-eight patients were i n complete remission ( C R ) ( C R T : 24; C R 2 / 3 : 84) and 23 
were in first relapse at the time of au toBMT. In the case of transplants performed 
at first relapse ( R l ) , marrow was previously harvested and purged in first C R . 
Marrow was purged with complement and two m A b (PM-81 , ant i -CD 15 and 
A M L - 2 - 2 3 , anti-CD14) before February 20, 1995, and, subsequently, with one 
m A b (PM-81) , and cryopreserved. Preparative regimens included busulfan (16 
mg/kg) and cyclophosphamide ( C Y ) (120 mg/kg) (n=72), C Y (120 mg/kg over two 
days) with total body irradiation (TBI) (1200 c G y in six fractions) (n=36), and 
busulfan (16 mg/kg) plus etoposide (60 mg/kg) ( n = l l ) . Median age of a l l patients 
was 38 years (range 2-59). The current status of each patient was verified. 

W e examined outcomes in groups of patients by remission status at the time of 
au toBMT and by preparative regimen. For patients i n C R 1 (n=21) two-year 
disease-free survival (DFS) and overall survival (OS) were both 52% (95% 
confidence interval [CI] of 35-79%). Two-year D F S for patients in C R 2 / 3 treated 
with C Y / T B I (n=27) was 26% (CI: 14-^9%) and O S was 30% (CI: 17-53%). D F S 
for patients in C R 2/3 treated with B U / C Y (n=43) was 4 1 % (CI: 29-59%) and O S 
was 50% (CI: 36-68%). Two-year D F S and O S for patients in R l (n=23) was 26% 
(13-52%) and 38% (22-65%), respectively. 

The effect of cytogenetic subgroup, history of extramedullary disease, or history 
of either myelodysplastic syndrome or therapy-related A M L was analyzed for 
patients i n C R 2 / 3 to determine impact on survival. W e found no statistically 
significant difference in D F S or O S i n patient groups with respect to selected 
cytogenetic findings nor i n the potentially prognostic subgroups. 
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The effect o f m A b purging on C D 3 4 + ce l l collection and transplantation was 
studied in 48 patients. The number of C D 3 4 + cells collected in C R 1 was similar to 
the number collected in C R 2 (1 .8Xl0 6 /kg versus 1.2X10 6/kg respectively) 
(p=0.67). N o significant difference was noted in the number of C D 3 4 + cells 
harvested in patients with and without cytogenetic abnormalities (1 .7X10 6 versus 
1.2X10 6) (p=0.55). Patients with t(15;17) had fewer C D 3 4 + cells (p=0.02). N o 
significant difference was noted between the number of C D 3 4 + cells harvested in 
those patients with primary and secondary A M L . Patients with extramedullary 
disease had increased C D 3 4 + cel l yields (p=0.006). 

A u t o B M T performed in C R or R l results in excellent 2-year D F S and O S . 
Remissions are durable as only three relapses (of 37 pts at risk) have occurred later 
than two years fol lowing au toBMT. Whi le a u t o B M T with mAb-purge marrow 
performed either at relapse or in remission can be a curative therapy, the value of 
purging w i l l be addressed in a randomized cl inical trial comparing a u t o B M T with 
purged and unpurged marrow. 

INTRODUCTION 

Autologous bone marrow transplantation (autoBMT) is an effective therapy for 
patients with A M L . The results of several randomized and nonrandomized studies 
have shown that substantial proportions of patients who undergo a u t o B M T in 
complete remission (CR) remain disease-free for many years and are, therefore, 
probably cured of their disease. The relative value of a u t o B M T compared with 
allogeneic B M T ( a l l o B M T ) and to intensive consolidation chemotherapy (without 
B M T ) is still somewhat uncertain since overall survival has been found to be 
similar with all three therapies, al lowing for salvage therapy of patients who did not 
undergo B M T in first remission. 1 Another issue is the role of marrow purging in 
au toBMT. Gor in et al. report that purged marrow is superior to unpurged marrow 
in patients in C R T , but not in C R 2 . 2 T w o ongoing studies in the United States with 
purged marrow. 3 , 4 In this report we update our 12-year experience with monoclonal 
antibody (mAb)-purged marrow in patients with A M L in remission or in first 
relapse ( R l ) . 

PATIENTS AND METHODS 

Patients 
Patients less than 65 years of age with a Karnofsky performance status of 

80-100%, and an expected survival of greater than 2 months were eligible for this 
protocol. Patients had the diagnosis of A M L and were either in first C R (CR1) , 
second or third C R (CR2/3) , or in R l . A l l patients met previously published 
eligibil i ty criteria for major organ functions. 3 Leukemia blast cells obtained at 
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Table 1. Clinical characteristics of patients 

FAB subclass* 
CR N Median age M/F M1/M2 M3 M4/5 M6/7 
1st 24 45 15/9 12 3 6 1 
2nd/3rd 84 36 47/37 36 13 31 1 
IstRel. 23 34 12/11 10 1 10 1 
Totals 131 38 74/57 58 17 47 3 

*FAB subclass was unavailable for six patients. 

diagnosis or at relapse were required to express the antigens reactive with P M - 8 1 
and/or A M L - 2 - 2 3 on >20% of cells. The study was approved by the Institutional 
Review Board of the respective institutions and a signed informed consent was 
obtained from each patient before study entry. 

This study included 131 A M L patients ranging in age from 2 to 59 who were i n 
first, second or third C R or R l at the time of transplant between August 25, 1984, 
and M a y 16, 1996 (Table 1). T w o patients underwent two transplants with m A b -
purged marrow. A l l but 13 patients had de novo A M L at the time of init ial 
diagnosis. Eight patients had a myelodysplastic syndrome before the diagnosis of 
A M L , and five had secondary A M L . Four patients were transplanted at the Scripps 
C l i n i c , three patients at University of Alabama, three patients at Children's 
Hospital of Pittsburgh, one patient at Children's Hospital of Orange County, 59 
patients at the Dartmouth-Hitchcock Medica l Center, 12 patients at Bowman-Gray 
School of Medicine, one patient at Shadyside Hospital (Pittsburgh), three patients 
at Shands Hospital Cancer Center (Gainesville, F L ) , two patients at St. Jude's 
Hospital (Memphis, T N ) , four patients at the Medica l Center of Delaware, four 
patients at the University of Iowa Hospitals, four patients at M i a m i Children's 
Hospital, ten patients at Stanford University Medica l Center, two patients from 
Harris Methodist Hospital (Fort Worth), and 19 patients at the University of 
Pittsburgh Medica l Center. The F A B subclasses of the cases were as follows: 
M 1 / M 2 , 58; M 3 , 17; M 4 / M 5 , 47; M 6 / M 7 , 3; Unknown, 6. 

Marrow harvesting and purging 
Bone marrow was harvested and purged as previously described. 3 Purging was 

performed on the Haemonetics cel l processor for patients treated after M a y 1987 at 
the Dartmouth-Hitchcock Medica l Center ( D H M C , Hanover, N H ) , Bowman Gray 
Medica l Center (Winston-Salem, N C ) , and at the University of Pittsburgh. Before 
that date purging was performed at the D H M C , Scripps C l in i c (La Jolla, C A ) and 
Children's Hospitals (San Diego, C A ) , and the Medica l Center of Delaware 
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(Newark, D E ) the marrow cells were treated in plastic or Teflon vessels (Savillex, 
Minni tonka , M N ) with gentle shaking. For these treatments, two separate 
incubations with m A b and C were performed as described previously. 5 Effective 
February 20,1995, the m A b A M L - 2 - 2 3 was discontinued from the purging method 
after a study revealed no added benefit over P M - 8 1 alone. Fo l lowing treatment, the 
cells were cryopreserved as described. 3 Samples of untreated and mAb-treated 
marrow cells from each patient were analyzed for colony forming units as 
previously described 3 and C D 3 4 + cel l numbers by flow cytometry. 

Preparative regimens 
Thirty-six patients were treated with the fol lowing preparative regimen: C y -

(60 mg/kg I V for 2 days) (days -5 to -3) and f T B I - (200 c G y twice daily for 3 days, 
total dose of 1,200 cGy) (days -2 to 0). In 1988, the preparative regimen changed 
from C y / f T B I to B u / C y 2 . Seventy-two patients were treated with B u (4 mg/kg/day 
orally for 4 days (days -8 to -5) and C y 2 (60 mg/kg/day intravenously for 2 days) 
(days -4 and -3). Eleven patients were treated with B u (16 mg/kg/day) and V P - 1 6 
(60 mg/kg/day). 

Statistical methods 
W e estimated rates of relapse, overall survival and disease-free survival (DFS) 

fol lowing a u t o B M T using the Kaplan-Meier method in patients transplanted before 
M a r c h 20, 1996 with follow-up to August 1, 1996. 

RESULTS 

Timing of bone marrow harvest and transplant 
The median time between documentation of C R 1 and bone marrow harvest was 

97 days (with a range of 6 days-12 months) followed by the median time of 126 
days (with a range of 24-420 days) between the harvest and the au toBMT. The 
median time between documentation of CR2/3 and bone marrow harvest was 60 
days (with a range of 1-510 days) followed by the median time of 53 days (with a 
range of 33-391 days) from harvest to au toBMT. 

CD34+ cell counts 
The effect of m A b purging on C D 3 4 + cel l collection and transplantation in 

patients with A M L was studied in 48 patients undergoing au toBMT. The number 
of C D 3 4 + cells collected in C R 1 was similar to the number collected in C R 2 
(1 .8X10 6 / kg versus 1.2X10 6 /kg, respectively) (p=0.67). Neuraminidase signifi
cantly reduced the number of C D 3 4 + cells available for transplantation by one-and-
a-half logs. The mean number of C D 3 4 + cells harvested in C R 1 in 20 patients was 
2 . 9 x l 0 6 / k g . Fo l lowing neuraminidase treatment and m A b purge, the number of 
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C D 3 4 + cells remaining for transplantation was 0 .6Xl0 6 /kg. In the group of patients 
harvested in C R 1 whose marrow was not exposed to neuraminidase (9 patients), a 
mean of 3 .6X 10 6 C D 3 4 + cells/kg were harvested and post m A b purge 2 .4X 10 6/kg 
C D 3 4 + cells were transplanted. Similar findings were noted in patients transplanted 
in C R 2 . A total of 19 patients had cytogenetic abnormalities. N o significant 
difference was noted in the number of C D 3 4 + cells harvested in the patients with 
and without cytogenetic abnormalities (1 .7X10 6 versus 1.2 X10 6) (p=0.55). 
Patients with t(15;17) had fewer C D 3 4 + cells (p=0.02). Eight patients were 
diagnosed as having either therapy-related A M L or a history of myelodysplastic 
syndrome ( M D S ) . N o significant difference was noted between the number of 
C D 3 4 + cells harvested in patients with primary versus secondary A M L . Patients 
with extramedullary disease had increased C D 3 4 + ce l l yields (p=0.006). 

Engraflment 
Median observed recovery times for neutrophils to 0.5 X 1 0 9 / L were 32, 37 and 

41 days for the C R 1 , C R 2 / 3 and R l patients, respectively. Median times to reach 
platelet counts of greater than 2 0 X 1 0 9 / L and greater than 5 0 X 1 0 9 / L independent 
of platelet transfusions were 67 and 178 days (CR1) , 105 and 242 days (CR2/3) and 
163 and 222 days ( R l ) . Median times in days to reach a hemoglobin concentration 
of greater than 10 grn/deciliter independent of red cell transfusions were 122, 105 
and 191 for C R 1 , C R 2 / 3 and R l patients, respectively. 

Toxicity 
Seventeen patients died within 100 days of a u t o B M T from nonrelapse-related 

causes. Thirteen were in C R 2 / 3 at time of transplant; nine were prepared with the 
C y / T B I regimen and four were prepared with the B u / C y regimen. Four patients 
were in R l and prepared with the B u / C y regimen. 

Relapse 
Eleven of 21 patients in C R 1 relapsed at a median of 172 days post-autoBMT. 

Thirty-two of 70 CR2/3 patients relapsed at a median time of 136 days. Eleven 
patients transplanted in R l relapsed at a median of 257 days. 

Survival 
Although this report is based on a subject number of 131, recent follow-up at 

this time was unavailable on six patients. Thus, the survival data are based on 125 
patients with confirmed recent status updates. The two- and three-year D F S figures 
for the C R 1 group are both 52% (95% C I : 0.35-0.79). The two and three year D F S 
figures for the C R 2 / 3 group are 34% (CI: 25^16%) and 30% (CI: 21-43%). 
Analysis of C R 2 / 3 patients by preparative regimen (Bu/Cy2 versus Cy / fTBI ) is 
demonstrated in Figure 1. Patients receiving the B u / C y 2 regimen have a three-year 
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Table 2. Summary of survival of 125 patients undergoing autoBMT with mAb-purged marrow 

CR N Prep. reg. DFS* OS* 
1 21 Cy/TBI or Bu/VP 52 (35-79) 52 (35-79) 
2/3 43 BU/CY 41 (29-59) 50(36-68) 

27 CY/TBI 26(14-49) 30(17-53) 
Rl 23 Bu/Cy or Cy/TBI 26 (13-52) 38(22-65) 

*Percent at two years 

D F S of 38% (CI: 26-56%). Those receiving the C y / T B I regimen have a three year 
D F S of 22% (CI: 1 1 ^ 5 % ) . Overall survival at three for the B u / C y 2 group is 47% 
(CI: 33-65%), while that o f the C y / T B I group is 25% (CI: 1 3 ^ 9 % ) . 

Six of the 23 patients transplanted in R l remain disease-free with a median 
relapse-free survival post-autoBMT of 44 months (range 16-84 months). The two-
and three-year actuarial D F S is 26% (CI: 13-52%). 

Effect of cytogenetics on survival 
W e examined outcomes i n groups o f patients defined by cytogenetic 

abnormalities in their A M L cells at diagnosis. Patients with favorable cytogenetics 
were defined as those with t(15;7), t(8;21), and abnormality o f chromosome 16 
(e.g., inversion 16). Patients with intermediate cytogenetics were those with normal 
karyotypes. Patients with unfavorable cytogenetics were defined as those with 
losses of chromosomes 5 or 7, trisomy 8 and abnormal 1 lq23 . A trend to improved 
D F S for patients with favorable cytogenetics was seen when patients in these three 
groups were compared (Figure 2). 

DISCUSSION 

B M T after high-dose chemotherapy and/or radiation therapy offers the potential 
for complete elimination of occult leukemia cells during C R , and is probably the 
only curative treatment for patients with A M L after first relapse. Encouraging 
results have been reported with a l l o B M T , but the majority of patients with A M L 
cannot undergo this therapy due to lack o f an HLA-matched donor and/or age over 
55. This updated report continues to show that a u t o B M T is a viable alternative. 

Due to the possibility that reinfused marrow may be contaminated with residual 
malignant cells after au toBMT, we are studying ex vivo purging to eliminate 
residual neoplastic cells from the graft. Although no randomized studies directly 
comparing a u t o B M T with and without marrow purging have been reported, long-
term survival for A M L patients after a u t o B M T using various methods for 
removing occult leukemia cells has been documented. 6 - 8 A recent analysis of 
European data has shown a benefit of mafosfamide purging for patients 
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Time to Death or Relapse by Preparative Regimen in CR2/3 Patients 

60 80 

Months Post ABMT 

Figure 1. DFS of patients transplanted in CR2/3 according to preparative regimen. 

transplanted in first C R within six months of attaining C R . 6 Chao et a l . 7 published 
a phase II trial showing that patients who received purged bone marrow ( 4 - M C 
and/or etoposide) had an actuarial D F S of 57% compared with a D F S of 32% i n 
patients who received unpurged bone marrow. Yeager et a l . 4 have reported 
favorable results similar to a l l o B M T with 4 - H C marrow purging in patients with 
A M L who underwent au toBMT. M i l l e r et a l . 8 compared purged versus nonpurged 
a u t o B M T outcomes using data from the Autologous Bone Marrow Transplant 
Registry ( A B M T R ) and found a benefit for purging in both C R 1 and C R 2 . 

Data from Brenner et a l . 9 using the neomycin-resistance gene as a marker for 
A M L relapse suggests that autologous marrow harvested from leukemia patients in 
cl inical remission may harbor malignant cells capable of contributing to relapse. 
This evidence suggests that effective marrow purging may be essential for 
improving the outcome of a u t o B M T for A M L . 

This report updates our ongoing study of a u t o B M T in A M L with m A b and C -
mediated purging. The trend toward long-term D F S is evident for those patients 
transplanted in CR2/3 who were conditioned with B u / C y 2 . These improved results 
with B u / C y 2 compared to C y / f T B I are due both to a decreased relapse rate with 
this regimen B u / C y 2 and a decreased number of toxic deaths. However, other 
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Time to Death or Relapse by Cytogenetic Group in CR2/3 Patients 

60 80 
Months Post ABMT 
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Figure 2. DFS of patients transplanted in CR2/3 according to cytogenetically-defined 
subgroups. Good risk was defined as those with t(l5;17), t(8;21) or inversion 16. 
Intermediate was defined as normal or other cytogenetics. Poor risk was defined as those 
with -5, -7, +8 or abnormal llq23. 

factors including improved supportive care may have contributed. 
This brief report does not focus on issues of engraftment times and quality. 

However, we have recently examined the value of C D 3 4 + ce l l enumeration i n 
predicting engraftment outcomes. This study demonstrates that the c l in ical 
remission status at time of harvest, presence of cytogenetic abnormalities and pré
existence of M D S or other malignancy did not significantly influence the numbers 
of C D 3 4 + cells that could be harvested from the B M in this group of patients with 
A M L . The predictive value of C D 3 4 + ce l l counts for engraftment is under 
evaluation. 

These data compare wel l to alternative approaches to a u t o B M T in A M L such as 
the use of 4 - H C and to a l l o B M T for patients at similar risk for relapse. 1 0 M a n y 
patients have been i n remission for a longer time since a u t o B M T than the length of 
their previous remissions. In addition, relapse two years after a u t o B M T is 
uncommon . 3 6 ' 8 The precise role of marrow purging w i l l be tested in a Phase III 
study comparing the outcomes of a u t o B M T using purged and unpurged marrow. 
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ABSTRACT 

Gene-marking has been used to determine i f harvested marrow i n patients 
wi th acute myelo id leukemia receiving autologous transplantation is contam
inated wi th malignant cells and whether attempts to remove such cel ls have been 
successful. In first generation studies, four o f twelve patients who received 
marked marrow relapsed and marked leukemic cells were found i n three cases, 
demonstrating that residual malignant cells i n infused marrow can contribute to 
disease recurrence. In fol low-up studies, double-marking with distinguishable 
retroviral vectors al lows intrapatient comparison of two purging methodologies. 
Fifteen patients wi th acute myelo id leukemia in first remission have received 
autografts o f marrow purged wi th 4 H C and either I L 2 or C D 15 antibodies. One 
patient has relapsed and marker genes were not detected i n malignant cells at the 
time o f relapse, so information is not yet available on the efficacy o f purging. 
However , these double-marking studies have provided information on the 
effects o f these purging methods on long-term engraftment. 

INTRODUCTION 

A number of studies suggest that autologous bone marrow transplantation 
( au toBMT) appears to result in an improvement i n survival i n patients wi th 
acute myelo id leukemia ( A M L ) transplanted in first remission, wi th relapse 
remaining the major cause o f treatment failure. 1 - 2 The possibi l i ty that reinfused 
leukemic cells may contribute to relapse has led to extensive evaluation of 
techniques for purging marrow to eliminate residual malignant c e l l s , 3 4 although 
it has been unclear whether these procedures are necessary. One means of 
resolving this issue is to mark the marrow at the time of harvest wi th genetic 
markers. If the recipient o f such marrow should subsequently relapse, detection 
of marked cells provides unequivocal evidence that the residual malignant cells 
i n marrow are a source of leukemic recurrence. 
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FIRST GENERATION MARKING STUDIES 

The ini t ia l study to address this question i n patients wi th A M L began at St. 

Jude Chi ldren ' s Research Hospi ta l in September 1991, and closed in M a r c h 

1993. Nucleated bone marrow ( > 1 . 5 X 1 0 8 ce l ls /kg of body weight) was taken 

from the posterior i l iac crest and two-thirds were cryopreserved immediately. 

The remaining th i rd was separated on a F i c o l l gradient to produce a 

mononuclear ce l l fraction that was transduced with either the L N L 6 or the 

closely related G I N retroviral vector for 6 hours in the absence of growth 

factors. 5 Bo th these vectors encode the neomycin resistance gene, which can 

subsequently be detected in transduced cells either genotypically by P C R or 

phenotypically because the transferred gene confers resistance to the neomycin 

analogue G418 . A t the time of marrow reinfusion, both transduced and 

unmanipulated marrow cells were thawed and reinfused through the patient's 

central venous l ine. To assess the efficiency of gene transfer and expression in 

marrow progenitor cells both pre- and post-transplantation, we obtained 

mononuclear cells from peripheral b lood or bone marrow, and cultured them in 

methylcellulose as previously described with or without G 4 1 8 6 . P C R was used 

to detect the transferred N e o R gene i n indiv idual colonies or in bulk populations 

as previously described. 6 

T w e l v e patients were enrol led on this study and fo l low-up ranged f rom 

4 4 - 6 0 months. Four patients have relapsed. T o def ini t ively prove that the 

marker gene is i n leukemia cel ls , it is necessary to have a collateral leukemia-

specific marker so that both this marker and the marker gene can be shown i n 

the same ce l l . Fo r example, in one of the A M L patients who relapsed the 

malignant blasts co-expressed C D 3 4 and C D 5 6 , a combinat ion not found on 

normal hemopoietic cel ls , and had a complex t ( l :8 :21) translocation resulting 

in generation o f an A M L 1 / E T O fusion transcript that cou ld be identif ied by 

R T - P C R . W e were therefore able to sort blasts expressing C D 3 4 and C D 5 6 

and show co-expression i n this bulk populat ion and in G418-resistant colonies 

derived from sorted cells o f both a leukemia-specif ic marker (the A M L : E T O 

fusion protein) and the transferred N e o R gene. 7 In three patients, the malignant 

cells have contained the marker gene, whi le the fourth patient was uninfor-

mat ive . 8 A l t h o u g h the N e o R gene cou ld be detected by P C R i n his marrow 

mononuclear cel ls , his blasts d id not have a leukemia-specif ic marker, so it 

was not possible to determine i f the P C R signal emanated from normal or 

malignant cel ls . 

These data show definitively that marrow harvested in apparent cl inical 

remission may contain residual tumorigenic cells that may contribute to relapse of 

leukemia. One implication of these observations is that effective purging of 

harvested marrow is one component for improving the outcome of au toBMT. 
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Because this genetic marking technique also marks normal progenitors, it 

provides an opportunity to evaluate the kinetics o f reconstitution post transplant 

and determine the relative contribution of the engrafting marrow to short- and 

long-term hemopoietic and immune reconstitution. 6 The marker gene has 

continued to be detected and expressed for up to five years i n both marrow 

clonogenic cells and their mature progeny, including peripheral b lood T and B 

cells and neutrophils. The level of transfer varied and was highest i n marrow 

clonogenic hemopoietic progenitors. In peripheral b lood cells, expression was 

variable between the different lineages and was higher by an order o f magnitude 

in mye lo id cells than i n T lymphocytes, wi th the lowest level of transfer i n B 

lymphocytes. These observations suggest that autologous marrow makes a 

substantial contribution to long-term reconstitution fo l l owing autologous 

transplantation. 

SECOND GENERATION MARKING STUDIES 

W e have begun second generation studies i n patients receiving a u t o B M T for 
A M L using two gene markers to compare two different purging techniques. 9 

The two retroviral vectors used differ i n 3 ' noncoding sequence, so it is 
possible to design primers which w i l l amplify fragments wh ich can be d i sc r im
inated by size. In this study, one-third of the marrow is frozen unpurged as a 
safety backup. The remaining marrow is split into two aliquots wh ich are 
marked wi th G I N a or L N L 6 and then randomly assigned to two purging 
techniques. W e in i t ia l ly purged one aliquot wi th 4 H C and one aliquot wi th 
I L 2 1 0 (in collaboration wi th D r . H . Kl ingemann) . Recently, C D 15 ant ibodies 1 1 

(provided by D r . E . B a l l ) have been substituted for I L 2 i n the second purging 
arm. A t the time of transplant both purged aliquots are reinfused. If the patient 
should subsequently relapse, detection of one or both marker genes i n 
malignant cells w i l l a l low us to learn i f either o f these purging techniques is 
effective. 

Fifteen patients have been treated on this protocol as o f September 1996. F i v e 
patients have received transplants wi th both 4 H C and I L 2 purged aliquots and 
three with both 4 H C and C D 15 purged aliquots. Seven patients received marrow 
purged with 4 H C alone, due to either insufficient number of cells harvested or 
unavailabili ty of one c l in ica l grade retroviral vector. Fo l low-up currently ranges 
from 1-35 months wi th a median of 24 months. O n l y one patient has relapsed so 
far and was noninformative as marked malignant cells were not detected. 
Transfer has been seen into normal progenitors, albeit at a lower level than in the 
studies using unpurged marrow. The double-marking component has a l lowed 
comparison of reconstitution of normal progenitors after the two purging 
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procedures. In peripheral blood the signal from the 4 H C purged fraction has been 
consistently stronger and longer l ived than that from the I L 2 purged fraction, 
imply ing that the 4 H C purged fraction is making a greater contribution to 
hemopoietic reconstitution. A s a consequence, the second purging technique has 
been changed to use C D 15 antibodies. 

SAFETY OF GENE-MARKING 

A s the marking procedure confers no benefit to individual patients, safety is 
an important consideration. Patient fol low-up i n the two gene-marking studies is 
now over 600 patient months and no adverse effects attributable to gene-marking 
have occurred. T o determine i f there was any difference in leukemia-free survival 
i n recipients o f marked and unmarked marrow, we compared survival curves of 
patients with A M L i n first remission enrolled in marking studies with patients 
treated on the same chemotherapy and a u t o B M T protocol who received 
unmarked marrow due to unavailabili ty o f c l in ica l grade supernatant or refusal o f 
marking component. The comparison of survival curves was undertaken using 
the logrank test, and Kaplan-Meier plots are provided in Figure 1. There is no 
significant difference in leukemia-free survival between recipients o f marked 
marrow (64% at 3 years) or unmarked marrow (49% at 3 years). S imi la r ly , when 
the cumulative incidence of relapse was estimated, 1 2 there was no significant 
difference between the risk in recipients o f marked marrow (18% at 3 years) and 
unmarked marrow (50% at 3 years) (p=0.06). 

DISCUSSION 

Genetic marking of autologous marrow has unequivocally shown that residual 
malignant cells may be one source of subsequent relapse after autograft for A M L . 
S imi lar observations have been made in a study of adult patients wi th chronic 
myelo id l eukemia , 1 3 where marked cells co-expressing BCR-ABL and N e o R were 
found at the time of relapse. In contrast, marked malignant cells were not found 
at relapse i n a study of adult patients receiving a u t o B M T for acute mye lo id or 
lymphoid l eukemia . 1 4 Failure to detect marked leukemic cells may reflect a 
difference between adult and pediatric patients, or it may be because only 10% 
of marrow was marked and the efficiency of marking was low. 

In the purging study there are no data as yet on whether purging is efficacious 
in removing cells that may contribute to relapse. A potential problem with this 
study is that only a positive result is definitive so that a relapse with marked 
leukemic cells would indicate that the purging technique employed was not 
successful in removing all clonogenic blasts. Moreover, as the number of residual 
malignant cells in harvested marrow becomes smaller the efficiency of marking 
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Figure 1. Leukemia-free survival in AML autografts. Leukemia-free survival was esti
mated using the logrank test and Kaplan-Meier plots. Patients with AML in first remis
sion who received an autoBMT with marked marrow were compared with control 
patients who received unmanipulated marrow after the same chemotherapy and trans
plant regimen. There is no significant difference in leukemia-free survival between recip
ients of marked marrow (64% at 3 years) or unmarked marrow (49% at 3 years). 

may become l imit ing. Rather than indicating the true efficacy of purging, a 
negative result may therefore reflect either a low number of residual leukemic cells 
in marrow that were not marked or a relatively small contribution to relapse from 
the infused marrow. This problem could be overcome by use of more efficient 
marking techniques. Al though this double-marking study has not yet produced data 
on the efficacy of purging, it has allowed us to compare hemopoietic reconstitution 
by the two fractions and to demonstrate that the contribution from the 4 - H C purged 
fraction is consistently greater than that from the I L 2 purged fraction. Similar 
double-marking studies may allow comparison of different sources of hemopoietic 
stem cells to determine the optimum source for transplantation. 
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Pretransplant conditioning with B u / C y is becoming popular. Unfortunately, 
its use is l imited by serious normal organ toxicity, most importantly l iver 
toxicity, due to unpredictable intestinal drug absorption. A parenteral B u 
formulation should standardize the drug's b ioavai labi l i ty and, hopefully, 
improve the toxicity profile with increased safety o f the Bu-based conditioning 
regimens. W e solubil ized B u for parenteral use in a combination of dimethylac-
etamide and P E G 4 0 0 . This formulation was very hypertonic; administration 
through a central venous catheter would be mandatory to achieve the di lut ion that 
would make parenteral administration safe. B u dissolved i n this vehicle retained 
full in vitro cytotoxic activity. Precl inical pharmacokinetic and toxicology 
studies i n beagles d id not reveal any serious extrahematopoietic organ toxicity at 
dose levels up to 1.0 mg/kg i n a multiple dose study (16 doses given over 2 hours 
every 6 hours). The parenteral B u was then used i n a c l in ica l phase I study 
(0.08-0.8 mg/kg); B u was given I V over two hours by pump (one dose), fol lowed 
by 15 oral doses at 1 mg/kg every 6 hours, after which C y was administered (60 
mg/kg daily for two days) fol lowed by marrow or peripheral stem cel l support. 
The parenteral B u has so far been tolerated without acute toxicity. The pharma
cokinetic studies show cytocidal B u concentrations in the blood for four hours 
fo l lowing infusion at the lowest dose level , and for 6 hours at higher levels. A 
kinetic analysis suggests that the pharmacokinetics o f parenteral B u can be best 
fitted to an open two-compartment model. The data further suggest that the 
bioavailabil i ty of oral high-dose B u is l imited to approximately 60%, based on a 
comparison of the pharmacokinetics o f the oral 1 mg/kg dose to that o f two 
higher dose levels o f the parenteral formulation (0.4 and 0.8 mg/kg, respec
tively). Based on our findings, we suggest that I V B u w i l l become an important 
alternative to oral B u for pretransplant conditioning therapy. 
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ABSTRACT 

Since 1987, 62 patients wi th acute myelogenous leukemia ( A M L ) i n C R 2 
have undergone autologous bone marrow transplant ( au toBMT) at the Johns 
Hopkins Oncology Center wi th marrows purged wi th 4-hydroperoxycyclophos-
phamide ( 4 H C ) . A l l patients received busulfan (4 mg/kg/day for 4 days) and 
cyclophosphamide (50 mg/kg/day for 4 days) as the preparative regimen. 
Mononuclear cells collected from F ico l l ed marrow were treated wi th 60 ug /mL 
of 4 H C . M a r r o w was collected i n second remission i n a l l patients. Actuar ia l 
disease-free survival ( D F S ) at 8 years is 37% (median fol low-up of 50 months) 
wi th relapse being the major cause of failure (relapse rate 58%). Durat ion of 
neutropenia was prolonged with a median day to absolute neutrophil count 
>500/mm 3 o f 42 days (range 20 to 272); however, only two patients wi th 
neutropenia greater than 40 days died of aplasia-related causes. Overa l l 
transplant-related mortality was 13%. A u t o B M T with marrow purged wi th 4 H C 
i n patients wi th A M L in complete remission (CR)2 is effective. However , many 
patients are unable to achieve a second C R . Therefore, h igh r isk patients should 
be transplanted i n first C R . Standard and good r isk patients should be 
considered for B M T as part o f a c l in i ca l tr ial or have marrow harvested and 
purged i n first C R for use i n subsequent relapse. 

INTRODUCTION 

W h i l e conventional chemotherapy offers the potential for cure i n patients 
wi th newly diagnosed acute mye lo id leukemia ( A M L ) , 1 , 2 cure is rare wi th 
convent ional dose chemotherapy alone i n patients who have relapsed. 
Al logene ic bone marrow transplantation ( a l l o B M T ) has been the treatment of 
choice i n patients wi th relapsed A M L i f a suitable matched s ib l ing donor is 
a v a i l a b l e . 3 4 A l l o B M T offers the advantage that a second remission need not be 
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obtained, 5 as w e l l as the potential benefit of the graft-versus-leukemia ( G V L ) 
effect. 6 However , many patients do not have a suitable s ib l ing donor or are too 
o ld to undergo a l l o B M T ; autologous B M T ( a u t o B M T ) is an option for these 
pa t i en t s . 7 - 1 3 

Potent ia l drawbacks o f autologous B M T are contaminat ion o f the 
autologous marrow graft wi th occul t l eukemia and the absence o f the 
immunologic G V L effect associated wi th a l l o B M T . 6 Gene-marking studies 
have shown that tumor in the graft contributes to relapse. 1 4 Different strategies 
have been used to decrease leukemia contamination of marrow g r a f t . 1 5 - 1 9 W e 
have used 4-hydroperoxycyc lophosphamide ( 4 H C ) , a cyc lophosphamide 
congener, to purge marrows i n patients wi th acute myelogenous leukemia i n 
second remission. 

PATIENTS AND METHODS 

Since 1987, 62 patients wi th A M L in second complete remission have been 
treated with 4 H C purged autologous B M T . Before 1988, mononuclear cells 
collected from a buffy coat preparation of marrow at a concentration of 20 
m i l l i o n cells per m L were incubated wi th 100 micrograms/mL of 4 H C for 30 
minutes at 3 7 ° C . The red ce l l concentration of the buffy coat preparation varied 
greatly; this produced great variabil i ty in 4 H C activity during purging since red 
cells contain aldehyde dehydrogenase, which inactivates 4 H C . 2 0 The purging 
procedure was modif ied i n 1988 to min imize the variabil i ty i n 4 H C activity. Red 
blood cells were removed from the autologous marrow graft by density centrifu-
gation, before purging with 4 H C . The dose of 4 H C had to be decreased to 60 
micrograms/mL when a l l the red cells were removed to approximate the average 
4 H C activity seen wi th 100 g / m L i n the presence of red b lood cells . 

The characteristics of the 62 patients are shown in Table 1. Thi r ty percent 
of the patients were considered high r isk as defined by having at least one of 
the fo l lowing characteristics: chromosomal abnormalities other than t(8:21), 
t(15:17), or inverted 16; white b lood count greater than 100,000/mm 3 at presen
tation; presence of extramedullary disease at diagnosis; secondary A M L or 
preexisting myelodysplast ic syndrome; or failure to achieve a complete 
remission wi th the first cycle of chemotherapy. The remaining patients were 
standard or good risk patients at diagnosis. M e d i a n age was 28 years (range 
2-62) and median duration of C R 1 was 18 months (range 2-60) . After 
achieving a second remission, forty percent o f the patients were consolidated 
before harvest. In a l l cases, marrow was harvested during second remission and 
mye lo id growth factors were not used routinely. A l l patients were prepared 
wi th busulfan (4 mg per k i logram per day oral ly for four days), fo l lowed by 
cyclophosphamide (50 mg per k i logram I V daily for 4 days). 
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Table 1. Patient characteristics 
age 

median 26 years 
range 2-62 years 

high risk at presentation 
yes 30% 
no 70% 

CR2 to BMT 
median 3 months 
range 1-9 months 

consolidation 
yes 40% 
no 60% 

duration of CR1 
median 18 months 
range 2-60 months 

RESULTS 

Actuarial disease-free survival (DFS) and risk of relapse for a l l patients at 5 
years are shown in figures 1 and 2. Median followup is 50 months. Actuarial D F S 
at 5 years is 37% with an estimated relapse risk of 58%. Median time to relapse was 
6 months with two late relapses at 36 and 72 months. Survival after relapse was 
short; however, two patients are in long chemotherapy-induced third remissions at 
2 and 5 years without a repeat B M T . Three relapsed patients underwent unrelated 
B M T . T w o died early of transplant-related complications, and one patient is alive 
4 months after unrelated transplantation. 

The D F S of patients i n second remission treated with autologous transplants 
was similar to several remission patients treated with allogeneic transplant from an 
HLA- iden t i ca l sibling during the same time period (Figure 3). R i sk of relapse was 
significantly higher in the autologous patients (Figure 4); however, the transplant-
related mortality (mainly graft-versus-host disease) was higher i n the allogeneic 
transplant recipients. 

The nonrelapse mortality was 13% i n the autologous transplant patients. The 
median day of transplant-related death was 40 days (range 6-272). S ix patients 
died of preparative regimen toxicity (veno-occlusive disease of the l iver and 
interstitial pneumonitis) and two patients died of infection (one early in aplasia and 
one on day 272 related to failure to engraft). 

Patients required a median of 42 days (range 20 to greater than 272) to achieve 
a neutrophil count greater than 500/mm 3 . The period of neutropenia did not 
contribute to excess mortality as only one of the patients with neutropenia lasting 
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Figure 1. DFS in 62 patients with AML in CR2 autotransplanted with 4HC purged 
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Figure 2. Relapse-free survival in 62 patients with AML in CR2 autotransplanted with 
4HC purged marrow. 
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Figure 3. DFS in patients receiving autologous transplants for AML in CR2 (—) com
pared with allogeneic transplants for AML in CR2 (—). 
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Figure 4, Relapse-free survival in patients receiving autologous transplants for AML 
in CR2 (—) compared with allogeneic transplants for AML in CR2(—). 
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more than 50 days died of nonrelapse mortality (sepsis related to failure to engraft 
on day 272). Platelet recovery was prolonged with only 30% of the patients 
recovering platelet independence before day 50. Median duration of platelet 
support was greater than 3 months. Despite prolonged thrombocytopenia, 
hemorrhage was not the primary cause of death in any patient. 

DISCUSSION 

In summary, a u t o B M T with 4 H C purged marrow cures approximately 37% of 
patients autografted in C R 2 using our current protocol. These results are 
comparable with a l l o B M T . A u t o B M T requires that marrow be harvested in 
remission. A s 50% of patients who relapse fail to achieve a second remission, lack 
of a suitable source of stem cells may prevent patients from proceeding to 
potentially curative therapy. Therefore, we recommend that patients with A M L 
who do not have a sibling donor, are not candidates for, or refuse B M T in first 
complete remission have marrow harvested and purged with 4 H C in first 
remission. Autologous B M T could then be performed in first early relapse. 
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CHOICES OF MARROW TRANSPLANTATION FOR ALL: 
TIMING, TOXICITY AND OUTCOME 

Daniel Weisdorf 

University of Minnesota Medical School, Minneapolis, MN 

Patients wi th acute lymphoblastic leukemia ( A L L ) showing high-risk charac
teristics or fo l lowing one or more relapses are unl ike ly to be cured wi th ongoing 
conventional chemotherapy. 1 - 5 W h i l e histocompatible related donor, usually 
s ibl ing, transplantation has proved curative for 30 -50% of patients and has been 
shown superior to chemotherapy i n comparative ana lyses , 6 - 1 1 those lacking a 
matched s ibl ing donor must seek other forms of treatment. Autologous bone 
marrow transplantation ( au toBMT) using remission marrow, cryopreserved wi th 
or without purging, has been reportedly successful for 2 0 - 4 0 % of pa t i en t s . 1 2 - 2 0 

A u t o B M T is accompanied by relatively l o w (approximately 10%) transplant-
related mortality but is fo l lowed by post-transplant relapse (40-70%) as the 
most frequent cause of treatment failure. Alternat ively, allogeneic unrelated 
donor transplantation can be performed for 35 -50% of patients for w h o m a 
suitable histocompatible donor can be identified before disease progression and 
subsequent relapse has o c c u r r e d . 2 1 - 2 3 Unrelated donor ( U R D ) transplantation 
yields more frequent post-transplant toxici ty due to increased risks of rejection, 
graft-versus-host disease and post-transplant immunodeficiency complicated by 
opportunistic i n f e c t i o n . 2 4 - 2 6 Conversely, U R D transplantation yields a s ignif i 
cantly superior protection against relapse, potentially due to the allogeneic 
graft-versus-leukemia effect accompanying the a l l o g r a f t . 2 3 2 7 Several factors 
impact the feasibility and efficacy of these two transplantation choices. C l i n i c a l 
decision-making must account for the comparative delays, toxici ty and anti
leukemic effectiveness of these two transplant therapies to offer optimal choices 
to patients i n different risk groups. Factors relevant to these c l in i ca l choices 
must a l l be considered i n order to improve the results of overal l therapy for 
patients wi th A L L . 

TIMING OF TRANSPLANTATION 
Autologous transplantation ostensibly offers little delay as a barrier to 

therapy for patients wi th A L L . Patients wi th suitable remission marrow, cel lular 
enough for aspiration harvest, can undergo autografting prompt ly after 
achieving r e m i s s i o n . 1 2 1 3 1 7 1 8 However , the consolidation and maintenance 
therapy usually applied to achieve and extend remission i n A L L patients 
frequently results i n marrow hypocellulari ty, wh ich confounds satisfactory 
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marrow harvest shortly after achieving complete remission ( C R ) . Wi thho ld ing 
maintenance therapy, whi le facili tating marrow recovery and thus a l lowing 
harvest, may conversely increase the risk of c l in ica l or subcl inical relapse and 
thus potentially increase the leukemia burden i n the graft and in the patient 
receiving the a u t o B M T . Previous analyses have identified the leukemia burden 
pretransplant measured either by leukemia precursor assays ' 9 or by molecular 
analyses as the strongest predictor of post-transplant relapse risk, again 
highlighting the importance of min imal residual disease as a cr i t ical factor 
predicting outcome post-autotransplantation for patients wi th A L L . 

Unrelated donor ( U R D ) allogeneic transplantation cannot be applied 
immediately upon achieving remission. Time for donor search, histocompatibility 
testing, third-party prior authorization approval for the costs of search and transplan
tation, as wel l as logistic arrangements for marrow harvest and transport al l must be 
secured before the U R D transplant can be effected. 2 8 , 2 9 Current experience in 
transplants facilitated by the National Marrow Donor Program ( N M D P ) reveal 
intervals of 1-26 months (median 3-6 months, 75% within 4.9 months) elapsed 
between initiation of a donor search and transplantation for patients with A L L . 
Because of short remission durations—especially for patients with relapsed A L L — 
this delay, even i f a histocompatible donor is identified, sometimes results in a 
subsequent relapse before the unrelated transplant can take place. 

A t the University of Minnesota, we undertook a prospective strategic approach 
to facilitate identification of an U R D and to expedite a l l phases of the search for 
patients wi th A L L . 2 8 Because of the expected greater anti-leukemic efficacy, we 
indicated U R D allografts as first choice for all patients and allowed four months 
from initiation of the search for identification and arranging the U R D transplant. 
Referring centers were encouraged to initiate referral and U R D search at the time 
of relapse and administrative procedures were abbreviated and organized to 
expedite prior authorization approval and all steps in the search process. 
Consecutive referrals over 2 years (n=l 15) of patients with A L L were analyzed to 
assess the feasibility of this comparative U R D versus a u t o B M T approach. For the 
patients referred, 40 had a histocompatible sibling available and 30 related donor 
transplants took place at a median of 9 weeks (4 to 19) fol lowing initial referral. 
For those lacking a related donor, 58 U R D searches were initiated and 22 donors 
identified after a median of 10 weeks (range 1 to 33 weeks). Seven patients became 
unavailable for U R D transplant during the search process even though they had 
donors identified. Patients were unavailable because of progressive leukemia, 
patient choice or alternative transplant elsewhere. Fifteen U R D transplants took 
place at a median of 17 weeks (range 2 to 29) fol lowing init ial referral. Nineteen 
percent of patients (38% of those searched) were unable to receive either graft 
alternative because of disease progression whi le search and transplant 
arrangements were underway. Therefore, despite this aggressive administrative and 
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organizational effort to improve the application of either a u t o B M T or U R D 
allotransplants for patients with A L L , only 55 of the original 115 patients had 
transplants at our center: 15 unrelated, 10 autologous and 30 related donor 
allogeneic. 2 8 

OUTCOMES FOLLOWING AUTOLOGOUS VERSUS 
URD TRANSPLANTS FOR ALL 

T o evaluate the differential toxici ty , protection against relapse and disease-
free surv iva l f o l l o w i n g these two alternative transplant approaches, we 
analyzed the results o f six years o f consecutive autologous transplants f rom the 
Univers i ty o f Minnesota and the Dana Farber Cancer Institute (n=214) 
compared to the first six years o f U R D allogeneic transplants facilitated by the 
N M D P (n=337). A l l transplants were performed between September 1987 and 
August 1993 wi th a m i n i m u m of 18 months fo l low-up for a l l patients. The data 
sets were merged and analysis performed i n the Biostat is t ical Fac i l i ty o f the 
Univers i ty o f Minneso ta Bone M a r r o w Transplant Database. Univar ia te 
K a p l a n - M e i e r estimates o f three endpoints (relapse, transplant-related 
mortality [ T R M ] and disease-free survival [DFS]) were compared using 
logrank test statistics. C o x model mult ivariable analysis was performed to 
assess the impact o f c l i n i ca l prognostic factors (age, remission number, gender 
and type of transplant) on overal l outcome. 

Patients undergoing autografts were younger (75% <18 years) compared with 
U R D recipients (64% <18). Addit ional ly, the autologous transplants were more 
frequently performed in C R 1 and C R 2 (70%) compared with U R D grafts where 
only 38% were C R 1 and C R 2 , 28% C R 3 or C R 4 and 25% underwent U R D 
transplantation in relapse. Over 60% of patients i n both cohorts were male. 

Transplant-related mortality was significantly more frequent in recipients o f 
U R D grafts (50% U R D versus 16% autologous). Mult ivariate analysis identified 
younger age and transplantation in C R 1 or C R 2 as associated with lesser risks of 
T R M across both the autologous and U R D cohorts. Surprisingly, however, T R M 
after either U R D or autotransplantation (in C R 2 as an example) were similar i n 
adults and children ( U R D : >18, 48% T R M versus <18, 44%; autologous: >18, 
9% versus <18, 15%). 

Despite this higher transplant-associated mortali ty, U R D transplantation led 
to significantly greater protection against relapse i n a l l cohorts d iv ided by age 
or remission status. Overa l l , 2 1 % of U R D recipients relapsed compared wi th 
59% of the autologous recipients. Mul t ivar ia te analysis identified lower relapse 
r isk i n males and patients transplanted i n C R 1 and C R 2 compared wi th later 
remission or to relapse. 

These discordant results between the two transplantation options combined to yield 
distinctive chances of D F S after transplant in A L L patient cohorts identified by 
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different clinical characteristics. For patients transplanted in C R I , autotransplantation 
was somewhat superior with 42% surviving disease-free compared with 32% for those 
undergoing U R D transplantation. Conversely, a notably higher risk of post-transplant 
relapse in the autologous recipients transplanted in C R 2 reversed this difference 
yielding 42% D F S for U R D recipients in C R 2 compared with only 20% D F S after 
autotransplantation. Results were similar using both transplant techniques in patients 
transplanted in later remission or in relapse, though the pattern of greater toxicity with 
the allograft and greater relapse after the autograft remained. Multivariate analysis of 
factors influencing disease-free survival identified superior D F S for recipients of U R D 
transplantation, children, males and those transplanted in C R 1 or C R 2 . 

DISCUSSION 

These cr i t ical , yet practical, factors—delay before transplantation, age, 
remission status, anti-leukemic efficacy and transplant-related mortality—that 
differ in meaningful ways between autologous and U R D allogeneic transplantation 
must a l l be considered carefully in making cl inical decisions regarding the 
superiority of one transplant technique or the other. 3 0 Previous series may have 
allocated patients with expected higher relapse risk and thus less able to tolerate 
delay to the autologous treatment, thus selecting poorer risk patients for this 
inherently less potent anti-leukemic therapy. Since some reports have highlighted 
leukemia-associated factors such as lower leukocyte count at diagnosis and longer 
in i t ia l remission duration as important predictors of post-autotransplant 
ou tcome , 1 4 , 1 7 , 1 8 these selection factors may underestimate the true value of 
autologous transplant therapy for patients with A L L . 

In contrast, c l inical factors expected to amplify the known higher transplant-
related mortality of U R D transplantation (age, pr ior infectious history, 
compromised organ function) might discourage application of U R D transplantation 
for cl inical ly high-risk patient groups. A t the same time, the several month delay 
involved i n identifying a donor selects out of U R D series all patients with brief 
remissions and thus preferentially includes patients with longer remissions able to 
be sustained until a donor is identified. Thus, some component of the superior anti
leukemic therapy observed after U R D transplantation might be attributable to this 
favorable selection factor as wel l . 

Whi l e the logistics and limited availability of U R D s may make a formal 
randomized trial unfeasible, additional focused analyses of these comparative 
techniques may further amplify issues relevant to the choice of transplantation 
therapy and improve application of these two promising techniques. Advances in 
the efficacy and safety of both techniques may also yie ld superior treatment options 
for the broad population of patients with A L L . 
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THE ROLE OF BONE MARROW TRANSPLANTATION IN 
THE MANAGEMENT OF PH-POSITIVE ACUTE 

LYMPHOBLASTIC LEUKEMIA IN ADULTS 

D. Hoelzer 

Department of Internal Medicine III, 
Johann-Wolfgang-Goethe University, Frankfurt, Germany 

Despite improvement in the cure rate of adult acute lymphoblastic leukemia 
( A L L ) there are st i l l subgroups with a poor prognosis. The most inferior outcome 
is observed for adult and childhood patients with a Philadelphia chromosome (Ph) 
or the corresponding molecular rearrangement BCR-ABL.13 The incidence of Ph 
positive A L L increases with age. Whereas i n children only 3% to 5% are Ph 
positive, the frequency rises to approximately 22% (weighted mean, range 9% to 
33%) in adult A L L . A t the molecular level the translocation t(9;22) is hetero
geneous in A L L with respect to the breakpoints in the BCR gene. In adults, about 
one-third show a breakpoint in m-BCR, resulting in an 8.5 kb chimeric BCR-ABL 
messenger R N A and a 210-kD protein, p 2 1 0 B C R A B Z ' , whereas two-thirds show 
breaks in the m-BCR leading to a 7.4 kb BCR-ABL messenger R N A and a 190-kD 
protein, p l 9 0 f l a M M ' . 

RESULTS 

Chemotherapy 
W i t h recent intensive induction regimens a complete remission ( C R ) rate o f 

approximately 70% (range 44-86%) could be obtained i n several protocols wi th 
a total of more than 600 Ph-posit ive adult A L L patients. 4 However , the 
leukemia-free survival ( L F S ) in almost a l l studies is very poor, wi th about 6% 
(weighted mean, range 0 to 16%). Thus, there is a discrepancy between the 
relatively high remission rate, which is only somewhat lower than the C R rates 
obtained for Ph-negative adult A L L patients (70-90%), and the great difference 
in outcome of <10% i n Ph/BCR-ABL positive A L L versus 30 to 40% i n the latter 
group. One of the reasons is that most o f the Ph/BCR-ABL positive A L L patients 
wi th a complete remission i n bone marrow and peripheral b lood by morpho
logica l criteria are not i n C R when investigated by cytogenetic or molecular 
methods. Thus, in several studies there was a wide discrepancy between C R 
defined morphological ly and the detection of the BCR-ABL rearrangement by 
polymerase chain reaction ( P C R ) analysis. The f inding of a positive BCR-ABL 
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bone marrow i n patients wi th morphologic C R varied from 18% 5 to a l l patients 
after induction therapy. 6 This variation is unexplained, particularly since the 
cytostatic drugs and regimens used in these studies are very similar , but small 
patient numbers or a different sensi t ivi ty of detection techniques may 
contribute. F r o m the data it also remains unclear whether a particular regimen is 
superior to others or whether recent high-dose regimens such as high-dose 
cytosine arabinoside or high-dose methotrexate have an effect on the long-term 
outcome i n adult Ph-pos i t ive A L L . Thus , f rom the poor results w i t h 
chemotherapy alone it is unequivocally accepted that al l patients wi th P h -
positive A L L , adults as wel l as children, are candidates for bone marrow 
transplantation ( B M T ) i n first complete remission. 

Bone marrow transplantation 
The fact that the majority of Ph-positive A L L patients after induction are not in 

molecular remission not only signifies a poorer outcome after chemotherapy 

alone—since all patients eventually relapse but may also have an adverse impact for 

B M T . Thus, i f this residual disease cannot be eliminated by the conditioning 

regimen, by a possible graft-versus-leukemia ( G V L ) effect or by maintenance 

therapy, a higher relapse rate is to be expected. 

Allogeneic BMT 
In the first published series by the Californian g roup , 7 8 an encouraging 

survival rate o f 4 2 % was achieved with allogeneic B M T ( a l l o B M T ) for adult P h -
positive A L L patients in first C R (CR1) . A recent update by this group 
demonstrated that these cures are durable with a L F S of 46% at up to 10 years. 9 

In a retrospective analysis of the largest series of a l l o B M T in adult Ph/BCR-ABL-
positive A L L patients by the I B M T R , 1 0 good results were also obtained with a 
survival of 38% in C R 1 patients and encouraging results, also, for patients beyond 
C R 1 (Table l ) . 9 - 2 2 Similar or even superior results were published in recent years 
from smaller series of adult Ph/BC7?-ABL-posit ive A L L p a t i e n t s . 1 1 1 6 1 8 However, 
in a prospective multicenter adult A L L trial in which all adult Ph/BCR-ABL 
positive patients were considered for a B M T in C R 1 , the results are not as 
encouraging and at least the intent-to-treat analysis including a l l adult patients 
with a donor are inferior. 4 A l s o , the results for a l l o B M T in second C R (CR2) , wi th 
a L F S of 34% are promising (Table 1) when compared with chemotherapy. The 
lower L F S rate after allogeneic transplantation in C R 1 , C R 2 or later stages 
compared with that for Ph/BC7?-ABL-negative A L L is due to a higher relapse 
incidence possibly explained by the high proportion of patients not in molecular 
C R at transplantation and higher treatment-related mortality. The latter is 
probably not disease-related but may be due to the significantly higher age o f 
these patients. 
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Table 1. Results of bone marrow/PBSC transplantation in adult Ph/BCi?-ASL-positive 
ALL patients 

N Treatment-related 
mortality 

Relapse 
incidence 

LFS 

allogeneic 
CR1 75 32% 34% 40% 
CR2 or more 49 35% 40% 34% 
relapsed/refractory 24 47% 66% 17% 

autologous 
CR1 37 17% 44% 37% 
CR2 18 9% 73% 13% 

mismatched/unrelated 17* 68% 
donor 

*Data from Refs. 9-22. 

Autologous BMT 
Autologous bone marrow transplantation (autoBMT) has been performed in 

several series, mostly with small numbers of patients. The results are summarized in 
Table 1. For the autotransplanted patients in C R 1 , the L F S rate is 37% and thus not 
inferior to the results for allogeneic B M T in C R 1 . However, observation time in 
several of these series is short and a large proportion is still Ph/BC7?-ABL-positive 
and thus may eventually relapse. The relapse rate is higher than after allogeneic 
B M T and the treatment related mortality, as is to be expected, is significantly lower. 
Overall , the results of au toBMT in C R 1 and in C R 2 are also superior to those which 
can be obtained by chemotherapy alone. In several series purging of bone marrow 
was used either wi th M o A b s + complement + 4 H C , 1 2 M o A b s (CD10) + 
complement 1 3 or M o A b s + magnetic beads. 2 0 It is difficult to draw conclusions as 
to whether the survival rates in these series (9%, 80%, 30%) are better than those in 
the series without purging. However, it was demonstrated by R T - P C R that the tumor 
burden in the transplant can be reduce; e.g., a 3-log depletion of PhJBCR-ABL-
positive cells was obtained by means of immunomagnetic bead purging using a 
cocktail of anti-CD 10, - C D 10 and - A B 4 mAbs although completely R T - P C R 
negative grafts could not be achieved by purging of bone marrow. 4 

Autologous peripheral blood stem cell transplantation (PBSCT) 
In Ph/BC/J-ABL-posi t ive A L L patients in first complete remission—defined by 

conventional morphological criteria—the level of residual BCR-ABL cells found in 
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peripheral blood was 1-2 log less than in bone marrow samples . 1 8 1 9 This offers the 
possibility of collecting peripheral blood stem cells after mobilization with a lower 
YhlBCR-ABL blast cel l contamination. Thus, in the study by Care l la , 1 9 five of 10 
P B S C harvests were cytogenetically Ph-negative in contrast to bone marrow, which 
was positive in all patients. However, the samples were tested by cytogenetic 
analysis only and may have still been BCR-ABL positive, as suggested by the fact 
that all except one patient relapsed. A l s o , in a Belgian study, 1 8 three of seven 
patients had BCR-ABL negative peripheral blood without purging. The lower tumor 
load in the peripheral blood cells seems, however, a better starting point to achieve 
a PhJBCR-ABL-mgative transplant by purging. Thus, in a study by M a r t i n 2 0 the 
tumor load could be reduced to undetectable levels in four patients. Whether the 
BCR-ABL negative peripheral blood transplants that can now be obtained also result 
in better survival remains open, since very few patients have been transplanted in 
this setting. These studies, however, suggest that the relapse may be mainly caused 
by the leukemic cells remaining in the patient. Thus, one can focus on better 
eradication of the tumor load in the patient. 

Unrelated matched or mismatched BMT 
Unrelated matched or mismatched B M T is an alternative therapeutic approach 

to autologous transplantation for patients without an HLA-re la t ed compatible 
sibling. The few results reported so far for Ph/fiC7?-A.BL-positive A L L patients are 
encouraging (Table 1) with L F S rates up to 68%. This is true for Ph/BCR-ABL-
positive A L L children reported in these series. The number of PhJBCR-ABL-
positive A L L adults so far reported for unrelated B M T is surprisingly low and it 
remains to be seen whether the results are similarly encouraging as i n children. 
These promising results for unrelated B M T in children may to some extent be the 
result of patient selection and must be confirmed in larger numbers of patients. 
The reason for its superiority to allogeneic H L - A , B - D R sibling B M T , and partic
ularly a u t o B M T , may be that in the unrelated setting a more potent G V L reaction 
is responsible for the eradication of Ph/BC7?-ABL-posit ive leukemic blast cells. 

Maintenance therapy 
Since minimal residual disease is observed in most cases after a u t o B M T and in 

single cases after a l l o B M T , a maintenance approach with a-interferon alone or 
combined with interleukin-2 (IL-2) has been applied. The rationale to use a -
interferon in the treatment of Ph/BC/?-ABL-posi t ive A L L patients is based on 
similarities to C M L in which a-interferon can give hematological remissions and 
occasionally cytogenetic remissions. Alpha-interferon has been successful in only a 
few patients with Ph/£C7?-ABL-positive A L L . 2 3 - 2 4 , 2 5 In a single case when a-
interferon was given after unrelated a l l o B M T , 2 2 L F S was sustained. In the 
autologous B M T setting when a-interferon combined with IL-2 was used as 
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maintenance, the results were discouraging. Al though an in vitro immuno 
response 2 6 could be obtained there was apparently no benefit from a-interferon and 
IL-2 in terms of L F S . 

CONCLUSIONS 
In adult Ph/BC/î-ABL-posit ive A L L bone marrow/PBSC transplantation is at 

present the only curative option. A l l adults in first C R or even i n a good partial 
remission are candidates for a l l o B M T . A s the majority lack a matched sibling, 
autologous or unrelated B M T are therapeutic options. Since in the autologous 
setting the tumor load is lower in peripheral blood and negative autografts can be 
obtained by purging, P B S C T might be superior to au toBMT. Unrelated B M T has 
promising results in Ph/BCi?-ABL-posi t ive A L L in children that may be due to a 
G V L effect. The very small number of patients reported with unrelated B M T in 
Ph/BC7?-ABL-positive A L L suggests selection and the remaining question is how to 
compare the efficacy of autologous B M T versus unrelated B M T . For practical 
reasons it might be more realistic to use stratification instead of a randomized 
comparison. Autologous transplantation is a more suitable option for the large 
proportion of elderly patients than an unrelated approach. Furthermore, due to the 
time elapsed for an unrelated donor search and the high early relapse rate, an 
autologous B M T seems advisable i f a suitable donor cannot be found in the first 
three months after achievement of C R . Thus, the practical approach at present in 
several study groups is to prepare for autologous transplantation and to search for a 
donor in parallel. If a donor is found within three months the patient would undergo 
an unrelated B M T , but i f the search is unsuccessful, the patient would proceed with 
an autologous transplant. 
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INTRODUCTION 

In patients who cannot receive allografting, the only chance to cure chronic 
myelogenous leukemia ( C M L ) relies almost entirely on the presence of normal 
progenitor cells in the leukemic cel l population. The first evidence that Ph-negative 
progenitors exist was demonstrated in vitro by the cytogenetic analysis of 
hematopoietic colonies grown from C M L marrow cells . 1 More recently, the 
persistence of normal hematopoiesis in C M L was provided by the experience with 
interferon-alpha ( I F N - a ) 2 and by mobilization of Ph-negative progenitors into the 
blood of C M L patients in the early phase of recovery after chemotherapy. 3 These 
observations suggest that normal progenitor cells may be suppressed, and that after 
the debulking of neoplastic cells by interferon or chemotherapy, normal cells re-
emerge and repopulate the marrow. 

This paper summarizes the results with mobilization therapy and transplantation 
of Ph-negative peripheral blood progenitor cells ( P B P C ) in 26 patients in chronic 
phase in the first weeks from diagnosis and not pretreated with I F N - a . 

METHODS 

Between M a y 1993 and October 1996, 26 patients wi th C M L were entered on 
our treatment protocol, a l l wi thin 12 months of diagnosis. A l l but three patients 
had 100% Ph-positive metaphases in marrow cells; one had 90% and two had 
80%. A l l patients had received prior hydroxyurea only. This protocol was begun 
after the white blood ce l l count was reduced by hydroxyurea to <20X 10 9 /L . The 
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treatment regimen i n 15 patients was idarubicin 8 mg/M 2 /days on day 1-5, 
arabinosylcytosine 800 m g / M 2 by 2-hour infusion on days 1-5 and etoposide 150 
m g / M 2 / d a y by 2-hour infusion on days 1-3 ( I C E protocol). In the last 11 patients 
we used the m i n i - I C E protocol (3 days instead of 5 days therapy) and al l were 
ini t ia l ly managed in an outpatient setting. A l l patients received a prophylactic 
antibiotic regimen consisting of I V ceftazidime, neti lmicine and fluconazole 
beginning when the white count ( W B C ) was less than 2 X 1 0 9 / L after 
chemotherapy. Anti-emetic treatment with ondansetron was given by continuous 
infusion beginning 12 hours before starting the I C E or m i n i - I C E protocols 
through the last day of therapy. The patients treated wi th m i n i - I C E entered our 
Department when W B C was < 2 X 1 0 9 / L after chemotherapy and a l l were 
managed in single rooms. 

Beginning 8 days after the end of chemotherapy, r h - G - C S F was administered 
daily until the total neutrophil count was greater than 1.0X10 9/L for three 
consecutive days. Leukaphereses were performed generally when the W B C 
exceeded 0 .8X10 9 /L combined with the appearance in the peripheral blood of 
C D 3 4 + cells r is ing above our threshold of detection (>0.05% of viable 
mononuclear cells). The next leukaphereses were mostly performed when the 
W B C reached 1.0X10 9/L and the procedure was performed daily until the total 
C D 3 4 + cells collected were at least >2Xl0 6 /kg , which usually occurred when the 
W B C exceeded 3.0X10 9 /L. In some patients W B C recovery after mobi l iz ing 
chemotherapy was so rapid that the first leukapheresis was performed when white 
count was wel l over 0.8 X 1 0 9 / L . The leukapheresis product was analyzed each day 
for the number of mononuclear cells, C F U - G M , C D 3 4 + cells and cytogenetics. 
Samples of each product were later analyzed for L T C - I C in 19 patients, and 
C D 3 4 + T h y l + L i n _ cells; the latter was possible in 18 of the patients and was 
performed using four-color flow cytometry. 4 The total leukapheresis product for 
each patient was frozen using the Planer R-203 instrument. When the peripheral 
blood count had fully recovered a sample of bone marrow was evaluated for 
cytogenetic analysis. 

RESULTS 

A l l 26 patients completed the mobilization protocol. A l l patients achieved nadir 
white counts of < 0 . 5 X 1 0 9 / L and platelets < 2 0 X 1 0 9 / L . Toxic i ty was graded 
according to the standard W H O criteria and consisted mainly of m i l d mucositis 
(grade 1-2) and diarrhea (grade 2) in the majority of patients treated with I C E 
protocol. T w o had grade 3 mucositis and diarrhea. In contrast to those on the I C E 
protocol, the patients treated with m i n i - I C E tolerated the therapy very wel l and 
only m i l d mucositis was seen in two. Nausea and vomiting were wel l controlled 
with our anti-emetic regimen. 
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White count recovery was adequate to initiate leukapheresis at 12 to 28 days 
(median 17 days); in no patient d id it take longer than 4 weeks to recover baseline 
blood counts. The Philadelphia chromosome was absent in P B P C in 16 of the 26 
patients on repeated sampling; in the other ten patients, Ph-positive P B P C ranged 
from 2% to 100% (median, 26%). In this small series of patients the stratification 
according to Sokal index was not predictive for cytogenetic response. 

Bone marrow analyzed on recovery in 19 patients showed no decrease i n Ph-
positive metaphases i n nine patients and decreases to 15-40% Ph-positive 
metaphases in four, 5-10% metaphases in five and no evidence of Ph-positive 
metaphases in one patient. 

AUTOTRANSPLANT RESULTS 

To date, 16 patients have been autografted: 13 patients with entirely Ph-negative 
P B P C and three other patients with minimal Ph-positive contamination. The ages 
of the autografted patients ranged from 30 to 60 years. The preparative regimen 
was idarubicin 50 m g X 1 (day -11) and etoposide 800 m g / M 2 / d a y X 2 (days - 8 and 
-7) followed by single-dose total body irradiation (6 patients) or high-dose 
busulfan (4 mg/kg/daily for 4 days) (10 patients). The minimum number of 
progenitor cells we required to proceed with autografting was: C F U - G M 
> 2 X l 0 4 / k g and C D 3 4 + >2X10 6 / kg . Evidence of marrow engraftment ( A N C 
> 0 . 5 X 1 0 9 / L and platelets > 2 5 X 1 0 9 / L ) was attained i n a l l patients in a median of 
13 days (range 9-17) and 17 days (range 8-106), respectively. After engraftment, 
I F N - a was begun earlier after transplant and given daily for five days per week 
together with I L - 2 at 2 X 1 0 6 daily for five days every eight weeks. Recombinant 
interleukin-2 (rIL-2) has been demonstrated to have an antitumor effect i n several 
animal models and pilot cl inical trials of l eukemia . 5 - 7 

Cytogenetic analysis of bone marrow samples was performed approximately 2 
months after infusion, and follow-up analyses were performed every 2 months. 
Seven patients continue in full cytogenetic remission at 2 to 24 months (median, 17 
months) after Ph-negative P B P C infusion and two other patients maintain major 
cytogenetic remission at 12 and 15 months after autografting. N o patient has 
experienced late graft failure or has required a second transplant. 

DISCUSSION 

This pilot study involved patients given chemotherapy early in C M L without 
prior exposure to interferon therapy. Regimen-related toxici ty during the 
mobilization phase was low, particularly with the min i - ICE protocol; hematopoietic 
recovery was rapid, and a higher yield of Ph-negative and progenitor cells was 
obtained in comparison to patients who had previously received interferon, partic-
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ularly for more than one year. In the apheresis product, significant numbers of 
C D 3 4 + T h y l + L i n " cells and L T C - I C were found only in those patients with entirely 
Ph-negative collections. Considering that 20% of I F N - a pretreated patients 
experienced relevant nonhematological toxicity, the I C E protocol has been recently 
modified by reducing the days of treatment from 5 to 3 (mini - ICE protocol) in the 
attempt to reduce such toxicity in this group of patients. N o differences in 
cytogenetic response or progenitor yield were found between the I C E and min i - ICE 
protocols, but in the latter no patient mobilized at diagnosis experienced relevant 
nonhematological toxicity; besides, the median duration of hospitalization was 
shorter in min i - ICE ( ICE 30 days; min i - ICE 17 days, p=0.001). 8 

There is limited experience to date using Ph-negative cells in an attempt to 
increase the curative potential of autografting in C M L . Approaches to obtaining such 
cells have involved the use of repeated courses of intensive chemotherapy, in vitro 
purging or long-term culture. These promising studies have been limited to selected 
patients to date; in two studies only 25% of candidates were ultimately eligible for 
transplant. 9 1 0 W i t h investigative approaches, the risk of graft failure may be 
signif icant . 9 1 0 A l l 16 patients transplanted in our preliminary study experienced 
marrow engraftment, suggesting that the chance of graft failure is minimized with 
cells mobilized with this approach. Graft failures reported by other groups occurred 
most often in patients transplanted after the first yea r . 1 0 1 1 Our experience suggests 
that in previously treated patients, mobilization of Ph-negative cells is still possible, 
but that lower numbers of progenitors may be obtained. Though we do not have 
quantitation of L T C - I C or C D 3 4 + T h y l + L i n " cells in these patients, we have noted 
the increased risk of slow count recovery from chemotherapy, and poor engraftment 
after transplant. The correlation of interferon treatment with slower engraftment was 
also noted by the European Bone Marrow Transplant Group. 9 The minimum number 
of precursor cells necessary to ensure engraftment in man is not yet known, but our 
data for L T C - I C and C D 3 4 + T h y l + L i n ~ cells suggest that high levels of precursor 
cells may be mobilized early in the disease, and that there is durable engraftment with 
the numbers of cells we infused. 

There has been predominantly Ph-negative hematopoiesis in many of our 
patients for months post-grafting and with no hematologic relapse to date, although 
fol low-up is short. W e , as most groups, have implemented post-graft 
immunotherapy based on the l ikelihood of minimal residual disease. Its role, as wel l 
as the best preparative regimen for transplant (TBI or alkylating agents), cannot be 
determined in a pilot study of this size. Combination therapies of rIL-2 and 
interferon have been shown to function synergistically in augmenting cytolytic 
activity in mice, both in vitro and in v i v o . 1 2 - 1 4 Both r IL-2 and I F N - a were able to 
increase the suppressed N K cytolytic activity of lymphocytes isolated from C M L 
pat ients . 1 5 1 6 In vitro, the combination of both cytokines had a synergistic effect and 
potentiated NK-mediated cytotoxicity in C M L patients to normal levels . 1 7 The 



CML 93 

efficacy of this combination was recently confirmed in 10 patients in chronic and 
advanced phase of C M L . 1 8 

In conclusion, our data suggest that early mobilization of peripheral blood 
progenitor cells is a technique worth developing further. Morbidi ty was lowest and 
higher numbers of precursors were obtained in patients treated within the first year 
of diagnosis, without receiving prior interferon therapy. 

REFERENCES 

1. Chevernick PA, Ellis LD, Pan SF et al. : Human leukemic cells: In vitro growth of colonies 
containing the Philadelphia chromosome. Science 174:1134, 1971. 

2. Giralt S, Kantarjian H, Talpaz M: The natural history of chronic myelogenous leukemia 
in the interferon era. Semin Hematol 32:152, 1995. 

3. Carella AM, Podestà M, Frassoni F et al.: Collection of 'normal' blood repopulating cells 
during early hemopoietic recovery after intensive conventional chemotherapy in chron
ic myelogenous leukemia. Bone Marrow Transplant 12:267, 1993. 

4. Murray L, Chen B, Galy A et al.: Enrichment of human hematopoiesis stem cell activity in 
the CD34+ Thy 1+ Lin" subpopulation from mobilized peripheral blood. Blood, 85:368,1995. 

5. Ackerstein A, Kedar E, Slavin S: Use of recombinant interleukin-2 in conjunction with 
syngeneic bone marrow transplantation in mice as a model for control of minimal resid
ual disorders. Blood 78:1212, 1991. 

6. Foa R, Fierro MT, Tosti S et al.: Induction and persistence of complete remission in a 
resistant acute myeloid leukemia padent after treatment with recombinant interleukin-2. 
LeukLympnoma 1:113,1990. 

7. Slavin S, Ackerstein A, Weiss L: Adoptive immunotherapy in conjunction with bone mar
row transplantation-amplification of natural best defence mechanisms against cancer by 
recombinant IL-2. Nat Immun Cell Growth Regul 7:180, 1988. 

8. Carella AM, Frassoni F: ICE, mini-ICE or high dose hydroxyurea to mobilize Philadelphia 
(Phl)-negative PBPC in chronic myelogenous leukemia. Br J Haematol 95:212, 1996. 

9. Reiffers J, Goldman J, Meloni G.: Autologous stem cell transplantation in chronic myel
ogenous leukemia: A retrospective analysis of the European Group for Bone Marrow 
Transplantation. Bone Marrow Transplant 14:(Suppl. 3):51, 1994. 

10. Barnett MJ, Eaves CJ, Phillips GL et al.: Autografting with cultured marrow in chronic 
myeloid leukemia: Results of a pilot study. Blood 84:724,1994. 

11. Hoyle C, Gray R, Goldman J: Autografting for patients with CML in chronic phase: an 
update. Brit J Haematol 86:76,1994. 

12. Brunda MJ, Tarnowsld D & Davatelis V: Interaction of recombinant interferons with 
recombinant interleukin-2. Differential effects on natural killer cell activity and inter
leukin-2 activated killer cells. Int J Cancer 37:787,1986. 

13. Igio M, Sakurai M, Tamura T et al.: In vivo anti-tumor activity of multiple injections of 
recombinant interleukin-2, alone and in combination with three different types of recom
binant interferon, on various syngeneic murine tumors. Cancer Res 48:260, 1988. 

14. Kuribayashi K, Gillis S, Kern DE et al.: Murine NK cell cultures: effects of interleukin-
2 and interferon on cell growth and cytotoxic activity. J Immunol 126:2321, 1981. 



94 Chapter 3 

15. Verfaillie C, Kay N, Miller W et al.: Diminished A-LAK cytotoxicity and proliferation 
accompany disease progression in chronic myelogenous leukemia. Blood 76:401, 1990. 

16. Hauch M, Gazzola MV, Small T et al.: Anti-leukemia potential of interleukin-2 activat
ed natural killer cells after bone marrow transplantation for chronic myelogenous 
leukemia. Blood 75:2250, 1990 

17. Dabbolkar M, Tatake R, Amin K et al.: Modulation of natural killer and antibody-depen
dent cellular cytotoxicity by interferon and interleukin-2 in chronic myeloid leukemia 
patients in remission. Oncology 46:123, 1989. 

18. Nagler A, Ackerstein A, Barak V et al.: Treatment of chronic myelogenous leukemia with 
rhIL-2 and interferon-a-2a. J Hematother 11:31, 1994. 



MECHANISMS OF IMMUNE ESCAPE: 
STUDIES IN LEUKEMIC RELAPSE AFTER BMT 

A. John Barrett, Said Dermime, John Tisdale, 
Nancy Hensel, Yinzheng Jiang 

Bone Marrow Transplantation Unit, Hematology Branch, Building 10, National 
Heart, Lung and Blood Institute, National Institutes of Health, Bethesda, MD 

ABSTRACT 

The treatment of leukemia by an allogeneic bone marrow stem cell transplant 
( a l l o B M T ) represents a unique opportunity to study and exploit cl inical ly the 
alloreaction of the donor immune system against a malignant process. Although i n 
vitro experiments and animal studies implicate T cells and natural k i l ler ( N K ) cells, 
the in v ivo graft-versus-leukemia ( G V L ) reaction remains poorly characterized. In 
patients receiving B M T for chronic myelogenous leukemia ( C M L ) , there is c l inical 
and experimental evidence for C D 4 + T lymphocyte suppression of leukemia by 
cytokine release and by direct k i l l ing of C D 3 4 + leukemia cells through the fas 
(CD95) pathway. The reasons for leukemic relapse after B M T are not wel l defined. 
Relapse may occur when there is defective immune control of residual leukemia, 
or when, by clonal evolution, the leukemia escapes control. Whi l e several lines of 
evidence point to a relationship between relapse and immune competence after 
B M T , we have recently found that reduced immunogenicity is a frequent feature of 
leukemia relapsing after B M T . Inability of the leukemia to stimulate T cel l 
responses and a reduced susceptibility to T cell cytotoxicity were associated with 
downregulation of surface molecules cr i t ical for stimulator/responder and 
effector/target cell interactions. Further definition of the relapse process after B M T 
should improve our ability to use combinations of T cell therapy and cytokines to 
prevent and treat the reemergence of leukemia after B M T . 

INTRODUCTION 

Although it is now clear that the graft-versus-leukemia ( G V L ) effect plays a 
central role in the cure of leukemia following allogeneic bone marrow transplantation 
(a l loBMT) , little is known about the way the immune system interacts with the 
residual leukemia that escapes destruction by the myeloablative preparative regimen. 
Knowledge from i n vitro studies i n man and from animal transplant experiments 
indicates that natural killer ( N K ) cells, C D 4 + and C D 8 + T cells can all be G V L 
effectors, but the details have not been elucidated. Whether a leukemia cure (defined 
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CURE: CURE: RELAPSE: RELAPSE: 
Eradication Steady failure of clonal evolution 

state immune 
control 

Figure 1. Interaction of donor immune system with residual leukemia. 

as greater than 5 years leukemia-free survival) is achieved by once-and-for-all 

eradication of the last malignant cell , or whether leukemia is suppressed but never 

completely eliminated is not known. This latter process would require maintenance 

of cure by a lifelong persistence of G V L immunity. There are clinical and experi

mental data to support both possibilities. 1 W e know even less about the reasons for 

relapse post-transplant. The several possible scenarios are as follows (Figure 1): 

1) Failure of the immune system at any time to effectively control residual 

disease. There are unfortunately numerous examples of failure to cure high risk and 

advanced malignancies despite the use of T cell replete transplants or donor 

lymphocyte transfusions ( D L T ) to treat post-transplant relapse. Such leukemias 

appear to be uncontrolled by even the most powerful alloreaction. 

2) A decrease i n donor immune competence leading to escape o f res idual 

disease. The in te rac t ion o f i m m u n o s u p p r e s s i v e agents w i t h re lapse 

(discussed below) illustrates the existence o f a balance between the immune 

system and leukemia . 

3) C lona l selection i n residual leukemia. Leukemia mutations less susceptible to 

suppression by the donor immune system would be automatically favored. 

W e describe here studies (largely in allograft recipients wi th chronic 

myelogenous leukemia [ C M L ] ) to further elucidate interactions of allogeneic 

lymphocytes with leukemia. Our results emphasize a role for C D 4 + T cells in the 

G V L reaction and suggest that immune escape is a common reason for leukemic 

relapse after B M T . Characterizing deficiencies in the stimulatory and target 

properties of leukemia cells should improve rational approaches to prevention and 

treatment of relapse after B M T by combining D L T with cytokines to improve 

leukemia cell susceptibility. 
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RESULTS 

Interaction of alloreacting CD4+ T cell clones and CML 
There is growing evidence that C D 4 + lymphocytes play a central role i n the 

G V L reaction after allogeneic bone marrow transplantation for C M L , not on ly 
as initiators o f the immune response but also as effectors o f G V L 1 . Leukemia 
cells from a patient wi th C M L were used to generate C D 4 + C D 8 " T ce l l lines 
from an unrelated responder sharing H L A - A 2 and - D R 4 with the stimulator. 2 

Clones showed specificity for the patient's leukemia and unresponsiveness to 
K 5 6 2 cells and third party C M L cells. Some clones showed preferential 
cytotoxici ty to C M L cells , whi le some to phytohemagglutinin ( P H A ) stimulated 
blasts from the same stimulator. Fifteen leukemia-specific clones were further 
studied. There was a broad correlation between cytotoxici ty to C M L cells and 
colony inhibi t ion. However , even weakly cytotoxic lines were inhibitory to 
C M L colony-forming units granulocyte/macrophage ( C F U - G M ) . This effect 
was partly mediated by the supernatant from the T cel l l ine; four o f five 
supernatants tested inhibited the growth of C F U - G M . Ant ibody neutralization 
studies demonstrated the presence of gamma interferon and tumor necrosis 
factor alpha i n the supernatants. Interestingly, there was greater suppression of 
C M L C F U - G M when compared with C F U - G M from normal individuals . One 
supernatant from a noncytotoxic T ce l l l ine stimulated C F U - G M and was 
demonstrated by antibody neutralization tests to contain interleukin-3 and G M -
C S F . These data indicated that the C M L C F U - G M i n particular appears to be 
highly susceptible to attack by alloreacting C D 4 + cells exerting both ce l l and 
cytokine-mediated antileukemia effects. These mechanisms may be responsible 
for a G V L effect i n C M L by a T h l type of cytotoxic C D 4 + ce l l (Figure 2). 

Cytotoxic effect of CD4 cells on CML cells and their 
progenitors is mediated via the fas pathway 

T o further investigate the interaction of C D 4 + cells with C M L progenitors we 
generated H L A - D R 1 restricted C D 4 + cytotoxic T ce l l clones specifically 
recognizing tuberculous purified protein derivative (PPD) . 3 Proliferative and 
cytotoxic C D 4 + T cell responses to cells exposed to P P D were induced using 
patient's C M L cells and B - L C L ' s but not PHA-blas ts . Antigen presentation was 
blocked by antibodies to H L A - D R 1 but not to M H C class I, and by treatment with 
chloroquine and brefeldin. This indicated that C M L cells used a classic M H C class II 
antigen processing pathway to present P P D antigens to C D 4 + T cells. Cytotoxicity 
to C M L was shown by antibody blocking studies to be mediated mainly through 
the fas-antigen, which is present on C D 3 4 + C M L cel ls . 4 These experiments 
indicated that alloreacting C D 4 + T cells alone are sufficient to mediate G V L effects 
fol lowing allogeneic B M T for C M L . 
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Correlation of relapse with immune recovery after BMT 
Fifteen patients undergoing unmanipulated B M T for C M L in chronic or accelerated 

phase were studied to correlate lymphocyte recovery with relapse and G V H D . 
Lymphocyte phenotype was studied on three occasions up to 9 months after B M T 
together with spontaneous ( N K ) and IL-2 stimulated ( L A K cell) cytotoxic function. 
Five patients had a cytogenetic or hematologic relapse between 9-24 months post 
B M T . Seven developed grade O-I acute G V H D and eight developed acute G V H D 
grade H- IV. A l l patients survived at least 9 months after B M T . Although there were 
individual variations in the speed and completeness of recovery of lymphocyte 
numbers, the group of five patients who ultimately relapsed with C M L had consistently 
low numbers of C D 8 + , C D 1 6 + , C D 5 6 + cells and to a lesser extent C D 4 + cells. Wilcoxon 
rank sum analysis was used to test significance. Circulating C D 8 + and N K cell but not 
C D 4 + cel l numbers remained significantly lower in five patients who relapsed 
compared with those remaining in remission after B M T (mean 0.03 versus 
0.32X 10 9 /L, p=0.002 for C D 8 + cells; mean 0.03 versus 0 .11X10 9 /L , p=0.002 for N K 
cells). In contrast, C D 4 + , C D 8 + and N K cell numbers did not correlate with grade II or 
more acute G V H D (p=NS). Thus the differences in circulating lymphocyte counts 
could not be explained by differences caused by G V H D or its treatment. Spontaneous 
N K cytotoxic function rose to within the normal range in the first month after B M T , 
while L A K function remained low during the study period in all patients. However, 
three of the four patients relapsing after B M T had the lowest N K function on all 
occasions tested: mean cytotoxicity against K562 target of <10% at an E :T ratio of 50:1. 
These results link N K and T cell recovery with G V L rather than G V H D and implicate 
multiple effectors in the G V L response. They do not, however, clarify the relative 
contribution of N K versus T cell reactivity to the G V L response. 
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Diagnosis at relapse PI P2 P3 P4 P5 P6 
AML AML CML CML CML CML 

CP CP BC AP 
Phenotype 

MHC class 1 
HLA DR 

HLA DQ 

ICAM-1 

B7.1 

Fas 
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MHC class 1 
HLA DR 

HLA DQ 

ICAM-1 

B7.1 

Fas 

I T T T I T 4 m 
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ICAM-1 

B7.1 
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T T T T * T 
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Functional tests 

stimulation 
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Functional tests 

stimulation 
CTL lysis 
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I T T 1 4 4 m N T 

Functional tests 
stimulation 

CTL lysis 

NK lysis 4 4 N T [TI 4 NT 

k e y LB in

t

crree?aSpese LT3 at "refapse NT not tested 

• intermediate/ A h i g t l / h i g h y low /low 
intermediate 

Table 1. Comparison of leukemias p r e - B M T and at relapse 

Immune escape of residual leukemia 
Relapse due to escape of residual leukemia from the donor's immune control 

fol lowing B M T is a possibility that has been largely unexplored. W e therefore 
compared the immunogenicity of leukemia cells before B M T and at relapse i n 
recipients of allogeneic B M T from an HLA-matched sibling donor. 5 Compared 
with their p r e - B M T counterparts, relapsed leukemia cells from 2/2 A M L and 2/3 
C M L patients induced significantly lower proliferation of H L A mismatched 
lymphocytes from a normal individual. In the third patient with C M L , both the 
pretransplant and the relapsed leukemia were poor stimulators. Cytotoxic T 
lymphocytes generated by a healthy unrelated responder against pretransplant 
leukemia efficiently lysed pretransplant leukemia cells in all patients. However, 
relapsed leukemia from 3/5 patients showed reduced susceptibility to C T L lysis. 
Pre- and p o s t - B M T leukemia samples were also tested for their susceptibility to 
NK-mediated lysis using fresh mononuclear cells from a normal individual as a 
source of N K cells. Susceptibility to N K lysis was seen i n a l l pre- and post-
transplant leukemias with the exception of one patient who developed N K 
resistance at relapse. Immunophenotypic analysis o f pretransplant and relapsed 
leukemia cells was carried out for H L A class I, H L A - D R and D Q , C D 5 4 ( I C A M -
1), C D 8 0 (B7.1) and C D 9 5 (Fas) molecules. A correlation was observed between 
stimulatory capacity and lytic susceptibility, with down-regulation of one or more 
molecules i n the relapsed cells. These findings suggest that immune escape may be 
a relatively common cause of leukemic relapse fol lowing B M T (Table 1). 
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M H C class II expression was typically low in leukemias both pre- and post-

B M T . The change at relapse that could be associated with decreased immuno-

genicity were a downregulation of M H C class I expression (3 patients), loss o f 

B7.1 expression (3 patients) and loss of I C A M - 1 expression (1 patient). A l l 

leukemias at relapse showed one or more of these features. In one patient with 

A M L relapsing after B M T , we found that incubation of the leukemia with IFNy 

increased M H C expression and restored stimulatory ability and target susceptibility 

to cytotoxic lysis. These findings emphasize the need to study combinations of 

cytokines with donor lymphocyte transfusions ( D L T ) in the treatment of p o s t - B M T 

leukemic relapse. Furthermore, in addition to boosting the immune response, they 

refocus our efforts on finding ways to modify the immunogenicity of the leukemia. 

Treatment of relapse: Effect of combining DLT with cytokines 
Twelve patients relapsing after B M T were studied. Relapse occurred between 2 

and 28 months following B M T . To deliver optimum immune modulation to 
individual patients relapsing with a variety of leukemias, we used the fol lowing 
sequential strategy: 

1) Karyotypic relapse of C M L : Stop cyclosporin ( C S A ) for two months and 
reassess. 

2) For patients relapsing off C S A , give 5 X 1 0 7 C D 3 + cells /kg D L T . 
3) Evaluate at 2 months: If no response, repeat with 5 X 1 0 8 C D 3 + ce l l s /kg . 
4) Evaluate at 2 months: If no response, give 5 X 1 0 7 C D 3 + cells/kg with 

subcutaneous I F N - a 3 X 1 0 6 U daily or IL-2 16 X 1 0 6 U / m 2 / d a y X 5 days. 
5) N o response/progression: myeloablation and second B M T . 

Patients relapsing with acute leukemia entered the schema at (4). Figure 3 illustrates 
the results. Twelve patients were studied. Three C M L patients with karyotypic relapse 
responded to cessation of cyclosporin alone. They remain in continuous complete 
remission. Four in hematological relapse of C M L in chronic phase (CP) or accelerated 
phase (AP) not receiving immunosuppression were given D L T without response. Two 
of three patients responded to D L T and I F N - a and are in stable remission. The third 
patient showed accelerating C M L and received a second non-T cell depleted, G - C S F 
mobilized peripheral blood stem cell transplant from the same donor. He is now in a 
karyotype remission. A fourth patient failed both D L T and D L T + TL-2. He 
successfully achieved a remission following a second unmanipulated B M T but died of 
hepatic G V H D . Five patients with relapsed acute leukemia, 2 transformed myelodys-
plastic syndrome t (MDS), 2 acute myeloblastic leukemia ( A M L ) , 1 C M L blast crisis 
(BC) , were given D L T + IL-2. None responded. One is alive in remission following a 
second B M T , the others died of progressing leukemia. Overall 7/12 patients (55% 
actuarial) survive leukemia-free with a median remission duration of 9 months. 
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Figure 3. Treatment of leukemia relapsing after BMT. 

DISCUSSION 

These results suggest that a logical approach to the treatment of post-transplant 

relapse would be to tailor management according to the situation. In patients wi th 

slowly progressive disease the efficacy of stopping immunosuppression, followed 

i f necessary by repeated D L T , can be evaluated. In nonresponders the use of 

combinations of cytokines with D L T should be explored in attempts to improve 

either immune reactivity or target susceptibility. In this small series, tFN-ct 

appeared to offer more promise than LL-2 . In vitro studies of leukemic immuno-

genicity such as those described above could be very helpful i n selecting 

appropriate cytokines for treatment. F ina l ly , our data confirm the general 

experience that rapidly progressing leukemias may be manageable only by 

myeloablative therapy and a second stem cel l transplant followed by therapy with 

a cytokine chosen, on the basis of in vitro experiments, to have immunomodulatory 

properties. Although the treatment of leukemia relapsing after B M T can be 

daunting, it represents an opportunity to study G V L and to develop combined 

chemotherapy, T cel l and cytokine treatment strategies. 
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INTRODUCTION 

The curative potential of allogeneic bone marrow transplantation ( B M T ) is 
mediated i n part by an immune mediated graft-versus-leukemia effect ( G V L ) . 1 

Evidence for this phenomenon includes the observation that donor lymphocyte 
infusions can reinduce remissions i n many patients w i t h hematologic 
malignancies who have relapsed after allogeneic B M T ( a l l o B M T ) . 2 Therefore, it 
is possible to exploit the G V L effect independently of the preparative regimen, at 
least i n the post-transplant setting. The strategy of exploit ing G V L as treatment 
for susceptible malignancies could be considered in patients ineligible for high-
dose myeloablative treatment because of age or concurrent medical conditions. 

The purine analogs fludarabine and 2-chlordeoxyadenosine ( 2 C D A ) have 
been shown to be extremely active against a variety o f lympho id mal ignancies . 3 

These compounds are also immunosuppressive and i n vi tro can effectively 
inhibi t the mixed lymphocyte reaction. 4 - 5 W e performed a pi lot tr ial to 
determine i f nonmyeloablative chemotherapy i n combinat ion wi th purine 
analogs c o u l d be suff ic ient ly immunosuppress ive to a l l o w a l logeneic 
hematopoietic progenitor cells to engraft i n patients considered inel ig ible for 
myeloablative therapy, because of advanced age or medical condit ion. 

STUDY SCHEMA 
Patients wi th acute leukemia or myelodysplasia beyond first complete 

remission, between the ages of 55 and 70, were considered e l ig ible for this 

103 
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study. Patients less than 55 years o ld not e l igible for a conventional transplant 
because of a concurrent medical condi t ion were also e l ig ible . Patients required 
an H L A compatible related donor and a serum b i l i rub in <3.0 mg /dL , serum 
creatinine <2.0 mg/dL , cardiac ejection fraction of 40% or greater and a Zubrod 
performance status of <2. Patients and donors signed a written informed 
consent and the study was approved by the loca l institutional review board. 

Donors received fi lgrast im 6 u.g/kg subcutaneously twice dai ly starting 4 -5 
days before the first col lect ion. Leukaphereses were done dai ly using conven
tional techniques for b lood progenitor ce l l col lec t ion unt i l > 3 X 1 0 6 C D 3 4 + 

ce l l s /kg recipient were co l lec ted . 6 If stem ce l l co l lec t ion was not feasible, 
donor bone marrow was harvested. 

Eight patients without pr ior exposure to fludarabine received fludarabine 30 
m g / m 2 intravenously dai ly at the same time over 30 minutes for four days wi th 
either A r a - C 2 g m / m 2 given intravenously over 4 hours, starting 4 hours after 
the beg inn ing o f the fludarabine in fus ion , and i da rub i c in 12 m g / m 2 

intravenously for three days (n=7) 7 or melphalan 140 m g / m 2 (n=l) . Seven 
patients wi th pr ior fludarabine exposure received A r a - C 1.0 g m / m 2 over 2 
hours intravenously dai ly for five days and 2 - C D A at a dose of 12 m g / m 2 dai ly 
by continuous intravenous infusion for five days beginning four hours after the 
first dose of A r a - C . 8 Ce l l s were infused 2 days after the last dose of 
chemotherapy. A l l patients were treated in private rooms and received standard 
post transplant supportive care. Patients received f i lgrast im 5 (xg/kg dai ly from 
day 0 unt i l engraftment. Graft-versus-host disease ( G V H D ) prophylaxis 
consisted of cyclosporine at a dose of 3 mg/kg/dai ly by continuous intravenous 
infusion changed to oral as soon as tolerated and methylprednisolone 1.0 mg/kg 
dai ly beginning on day +5 tapered over the fo l lowing 8 weeks. 

The primary objectives of this study were to evaluate the engraftment potential 
and the antileukemic effects o f allogeneic hematopoietic progenitor cel ls . 
Chimer ism and evidence of minimal residual disease were determined by conven
tional cytogenetics, restriction fragment length polymorphisms, and fluorescence 
in situ hybridization using published techniques. 9" 1 1 Addi t ional endpoints, as 
defined by conventional published criteria, included toxicity, the incidence of 
acute and chronic G V H D , response and survival as of August 8, 1 9 9 6 . 1 2 - 1 5 

RESULTS 

F r o m July 1995 to July 1996 fifteen patients wi th acute leukemia or M D S 
were treated (9 females and 6 males). Patient- and disease-related character
istics are summarized i n Table 1. 

Donors received a median of 5 days of f i lgrast im; eight underwent one 
apheresis procedure and five required two. The median C D 3 4 + ce l l y i e ld 
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Table 1. Patient and disease characteristics 

Variable 

n 
sex 

age in years, median (range) 
diagnosis 

stage at transplant 

number of prior therapies, median (range) 
time to transplant 
donor type 

cell source 

15 
9 female 
6 male 
59 (27-71) 
A M L : 13 
M D S : 2 
refractory: 10 
untreated Relapse: 2 
CR#3: 1 
C M M L : 1 

untreated 2ry A M L : 1 
2(0-4) 
391 (50-1315) 
6/6 sibling matched: 13 
5/6 sibling matched: 2 
peripheral blood stem cells: 14 
bone marrow: 1 

expressed as the number of C D 3 4 + cells per liter o f b lood processed during the 
first col lect ion was 2 1 . 3 X 1 0 6 (range, 6.2^4-5.5). The median number of C D 3 4 + 

cells infused was 4 . 5 x l 0 6 / k g (range, 1.7-9.9). 
The chemotherapy was w e l l tolerated in 13 of the 15 patients. One patient 

died from multi-organ failure after a second dose o f fludarabine, idarubic in and 
A r a - C , and another developed congestive heart failure that responded to 
diuretics and inotropic support. 

Thirteen of 15 patients achieved an absolute neutrophil count ( A N C ) of 
> 0 . 5 X 1 0 9 / L , a median of 10 days post transplant (range, 8-17). Ten patients 
achieved a platelet count o f 2 0 . 0 X 1 0 9 / L or greater without transfusions a 
median of 13 days post infusion (range, 7-78) . 

Acu te G V H D occurred i n three patients; one l imi ted to sk in alone, the other 
two invo lv ing sk in and gut. G V H D responded to steroid therapy alone i n two 
patients and required antithymocyte g lobul in i n the third. Chron ic G V H D has 
not occurred. 

Thirteen of 15 patients cleared their peripheral b lood blasts. Eight patients 
achieved remission wi th 6 having >90% donor cells at that t ime (between days 
14 and 30). One patient achieved remission cri teria without evidence of donor 
ce l l engraftment by cytogenetics or R F L P , and one patient could not be 
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assessed. F i v e patients have relapsed between 43 and 127 days after transplant 
(median, 65 days). S ix of the 15 patients remain alive between 34 and 175 days 
after transplant (median, 100 days). T w o patients remain in remission 34+ and 
170+ days after transplant; the other four have active disease. None of the 
relapsing patients have responded to cyclospor ine wi thdrawal or f i lgrast im 
therapy as treatment o f relapse. The median survival for a l l 15 patients is 78 
days (range, 0-175+). The actuarial 100 day survival was 66 ± 19% for patients 
achieving a complete remission and 2 1 % ± 17% for patients not achieving this 
response (p=0.16 logrank). 

SUMMARY AND CONCLUSION 

Despite modern combinat ion chemotherapy, most patients wi th acute 
leukemia relapse wi th in the first two years o f achieving a remission. Durable 
responses to salvage therapy are rare . 1 6 Mye loab la t ive chemoradiotherapy wi th 
allogeneic progenitor cells can result i n long-term, disease-free survival , but 
has usua l ly been l i m i t e d to younger patients w i t h a re la t ive ly good 
performance s t a tu s . 1 7 1 8 

The an t i - leukemic effect seen w i t h donor lymphocy te infusions 
administered to patients relapsing after allogeneic transplantation 2 suggests 
that i f donor hematopoietic cells can engraft after standard-dose chemotherapy, 
it may be possible to exploit the graft-versus-leukemia effect without the 
potential morbidi ty associated wi th myeloablative therapy. 

Fludarabine and 2 - C D A combinations have been extensively studied i n 
combinat ion wi th A r a - C as salvage therapy for patients wi th acute leukemia. 
These regimens have been general ly w e l l t o l e r a t ed . 7 8 The addit ion o f 
a l logeneic hematopoiet ic progeni tor ce l l s c o u l d potent ia l ly enhance 
hematopoietic recovery as we l l as provide a graft-versus-leukemia effect. This 
study demonstrates that such an approach is feasible: granulocyte recovery was 
prompt and three of four patients i n remission 60 to 90 days post infusion had 
>90% donor cel ls as assessed by conventional techniques. Further studies wi th 
long-term fol low-up w i l l be necessary to determine i f this approach improves 
leukemia-free survival in the setting of salvage therapy or as consolidat ion 
after an in i t i a l remission. 
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J.M. Rowe, CH. Packman, A.P. Rapoport, C.N. Abboud, R.E. Duerst, 
B. Simonsson, J.E DiPersio, B.I. Nilsson, D.H. Ryan, 

N. Wang, E. Spreng, J.L Liesveld 

INTRODUCTION 

Unmanipulated autologous bone marrow transplantation ( B M T ) for patients 
with chronic myelogenous leukemia ( C M L ) offers, at most, survival to only 10% 
of patients. There are accumulating data, however, that of a l l hematopoietic 
neoplasms, C M L may be the most susceptible to immune modulation. The 
increased relapse rate following T cell-depleted allografts is greatest in C M L , 1 - 2 

and allografts which have relapsed respond to donor T-lymphocyte infusions or to 
adoptive immunotherapy to a greater extent i n C M L than i n acute myelogenous 
leukemia ( A M L ) . 3 , 4 

Roquinimex is a quinoline derivative that is orally active and has been shown to 
have a number of immunological properties. It increases natural ki l ler ( N K ) cell 
number and activity, enhances the delayed-type hypersensitivity reaction, 
augments the proliferative response to T cel l mitogens, increases monocyte 
activity, antagonizes cyclosporine, increases the production of tumor necrosis 
factor-a ( T N F - a ) , interleukin-1 (IL-1), and interferon-a ( IFN-a) , and raises serum 
level of interleukin-6 (IL-6). These findings provided a rationale for the use in the 
fol lowing study, which is still i n progress, of roquinimex in C M L . 5 6 , 7 

PATIENTS AND METHODS 

The study was conducted at the University of Rochester Medica l Center, 
Rochester, N e w York , in patients aged 18 to 65 years with Philadelphia-
chromosome-positive (Ph) C M L either in first chronic phase (CP1), accelerated 
phase (AP) or second chronic phase (CP2). Patients in frank blast crisis or those who 
were less than 45 years and have a histocompatible sibling donor were excluded, the 
former due to presumed lack of efficacy of autologous transplantation and the latter 
due to competing intramural protocol using allogeneic transplantation. 

Mos t of the patients received significant myelosuppressive therapy before 
transplant and most were refractory to a-interferon. Prior to transplantation, patients 
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received hydroxyurea to reduce the white blood cell ( W B C ) count to less than 
20,000/uL and to reduce the spleen size to less than 8 c m below the left costal 
margin. N o other pre-transplant manipulation of the malignant clone was attempted. 
Patients were conditioned with busulphan 4 mg/kg/day for 4 days and cyclophos
phamide 60 mg/kg for 2 days followed by reinfusion of unmanipulated Ph+ bone 
marrow (>1X10 8 nucleated cells/kg) or peripheral blood stem cells. A s soon as the 
neutrophil count had reached 100/uL, patients received roquinimex twice weekly at 
an initial starting dose of 0.05 mg/kg, escalating rapidly to a maintenance dose of 
0.2 mg/kg within two weeks. This regimen was then continued for two years. 

The primary endpoint of the study was the efficacy of the treatment regimen as 
measured by cytogenic conversion, the time to cl inical progression and the overall 
survival from bone marrow transplantation. Other objectives were to determine the 
toxicity of roquinimex as administered in this study, and, concurrently, to 
determine immunological parameters in an attempt to correlate these factors with 
cl inical response. 

RESULTS 

The study was init iated i n M a r c h 1992, and 17 patients have entered the 
study unt i l Ju ly 1996. A l l patients were cytogenetical ly posi t ive for the P h 
chromosome pre-transplant. T w e l v e were i n C P 1 , 3 were i n A P and 2 i n C P 2 . 
The latter two patients presented in blast cr is is , were successfully reinduced 
wi th high-dose chemotherapy consist ing of daunorubicin 70 m g / m 2 for 3 days 
and cytosine arabinoside 200 m g / m 2 for 9 days , 8 and were then reinfused wi th 
marrow obtained during the second chronic phase as their source o f stem cel ls . 
The patients i n A P were reinfused w i t h marrow obtained dur ing the 
accelerated phase. 

The median age of the patients was 48 years (range 12-56) and the median 
time from diagnosis to A B M T was 33 months. A l l patients treated to date have 
tolerated the transplantation procedure wel l . Median time to engraftment of 500 
neutrophils/uL was 15 (7-49) days. There was no transplant-related mortality, but 
five patients have died from progressive disease. A l l patients entering the study in 
CP1 have shown a hematological response and more than half have achieved a 
major cytogenetic response (>65% Ph-clones) at one year or beyond. Not 
surprisingly, the response rates were lower among patients in C P 2 ; nevertheless, 
some have clearly benefited, including one who remained in very stable chronic 
phase for four years fol lowing transplantation and roquinimex therapy. 

V i r t u a l l y a l l patients have shown some moderate, but tolerable, adverse side 
effects fo l lowing transplantation (Table 1). The toxicit ies d id not require 
specific therapies; however, the bone marrow aplasia responded to a short 
course of corticosteroids and the hypothyroidism required replacement therapy. 
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Table 1. Toxicity (17 patients) 

Toxicity No. of patients 
skin GVHD 7 

eccrine sweat 

edema 
gastrointestinal 

gland necrosis 
orbit, ankles 

reduced appetite 
pain 

acute abdomen 

5 
9 

hypothyroidism 
pleural effusion 
bone marrow aplasia 

DISCUSSION 

These findings confirm that, fol lowing unmanipulated A B M T , and with 
continuing roquinimex therapy, engraftment with a P h - ce l l population can occur 
in previously P h + C M L patients. 

It may be important to note that in some patients the cytogenetic response 
developed over time; it was thus not simply a case of post-transplant engraftment 
with P h - cells. Toxic i ty was moderate, but tolerable. The skin changes and bone 
marrow aplasia were consistent with graft-versus-host disease ( G V H D ) while the 
hypothyroidism may be attributable to the stimulation, by roquinimex, o f 
autoimmune antibody production. Further confirmation of these encouraging 
early results is awaited together with more prolonged follow-up and increased 
accrual o f patients. 
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IN VITRO SELECTION OF BCR-ABL NEGATIVE 
PROGENITORS BY TYROSINE KINASE INHIBITION 

C. Carlo-Stella, B. Savoldo, D. Garau, E. Regazzi, G. Sammarelli, 
L Mangoni, V. Rizzoli 

Department of Hematology, Bone Marrow Transplantation Unit, 
University of Parma, Italy 

ABSTRACT 

W e investigated the effect of genistein, a protein tyrosine kinase inhibitor, on 
the in vitro growth of C M L and normal marrow-derived multipotent ( C F U - M i x ) , 
erythroid ( B F U - E ) and granulocyte-macrophage ( C F U - G M ) hematopoietic 
progenitors. Continuous exposure of marrow cells to genistein induced a dose-
dependent suppression of C M L and normal colony formation. Preincubation with 
genistein (200 u M , 1-18 hours) induced a time-dependent suppression of 
progenitor cel l growth, while sparing a substantial proportion of long-term culture-
initiating cells ( L T C - I C ) from C M L (range: 91 ± 9% to 32 ± 3%) and normal 
marrow (range: 85 ± 8% to 38 ± 9%). Analysis o f individual C M L colonies for the 
presence of the hybrid BCR-ABL m R N A by reverse transcription polymerase chain 
reaction ( R T - P C R ) showed that genistein treatment significantly reduced the mean 
(±SD) percentage of marrow BCR-ABL* progenitors both by continuous exposure 
(76 ± 18% versus 24 ± 12%, p<0.004) and by preincubation (75 ± 16 versus 21 ± 
10, p<0.002). Preincubation with genistein reduced the percentage of leukemic 
L T C - I C from 87 ± 12% to 37 ± 12% (p<0.003). Analysis of nuclear D N A fragmen
tation by terminal deoxynucleotidyl transferase assay showed that preincubation of 
C M L M N C - A C " and C D 3 4 + cells with genistein induced significant evidences of 
apoptosis. These observations demonstrate that genistein is capable of a) exerting 
a strong antiproliferative effect on C F U - M i x , B F U - E and C F U - G M while sparing 
the more primitive L T C - I C , and b) selecting benign hematopoietic progenitors 
from C M L marrow. 

INTRODUCTION 

Chronic myelogenous leukemia ( C M L ) is a clonal myeloproliferative disorder 
due to an acquired abnormality in a pluripotential hematopoietic stem ce l l . 1 C M L 
is cytogenetically marked by the Philadelphia (Ph) chromosome, which originates 
from a reciprocal translocation between chromosomes 9 and 22, and molecularly 
marked by a chimeric BCR-ABL gene, resulting from juxtaposition of the A B L 
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proto-oncogene with the B C R gene. 2 The chimeric BCR-ABL gene expresses an 
8.5-kb hybrid messenger R N A transcript giving rise to a 210-kD fusion protein 
(p210 B C S " A B Z -) with increased tyrosine kinase activity. 3 Dysregulated tyrosine kinase 
activity of the p 2 1 0 B C f l ' 4 B i fusion protein plays a key role in the pathogenesis of 
C M L . 2 J t Although recombinant interferon-alpha can prolong survival o f C M L 
patients, 5 the only curative treatment for these patients remains allogeneic bone 
marrow transplantation, which is restricted to <25% of the patients. 6 Several 
experimental and cl inical findings support a role for autologous bone marrow 
transplantation ( A B M T ) in C M L . 7 To improve the therapeutic index of A B M T , 
several in v ivo or in vitro strategies have been proposed . 8 - 1 4 

In the past decade, several natural or synthetic compounds able to inhibit the 
signaling cascades triggered by protein tyrosine kinases ( P T K s ) have been 
generated. 1 5 Inhibitors of P T K catalytic activity include genistein, quercetin, 
herbimycin A and tyrphostins. Genistein, a naturally occurring P T K inhibitor, has 
been shown to exhibit specific inhibitory activity against receptor and cytoplasmic 
tyrosine kinases, including epidermal growth factor receptor, pp60 v _ s r c , p p l l O g a g ~ 
f e s , platelet derived growth factor receptor, and c-fa'r.16 Genistein induces differen
tiation and apoptosis of H L - 6 0 and K 5 6 2 c e l l s , 1 7 and may also inhibi t 
topoisomerases I and I I . 1 8 Us ing established leukemic ce l l lines, it has been 
demonstrated that genistein inhibits p 2 1 0 B C S ~ ' 4 B L tyrosine kinase ac t iv i ty . 1 9 

However, the effect of P T K inhibitors on primary C M L cells has not been 
extensively investigated. 

It therefore was the aim of the present study to evaluate the effect o f genistein 
on the in vitro growth of marrow-derived C M L and normal progenitors grown in 
methylcellulose in the continuous presence of or after a transient exposure to 
genistein. In addition, the capability of genistein to select in vitro for BCR-ABL-
progenitors was investigated by detecting the BCR-ABL m R N A on single 
progenitors by reverse transcription polymerase chain reaction. 

MATERIALS AND METHODS 

Patients 
Seven patients with P h + C M L were included in this study. Three patients were 

evaluated at diagnosis and prior to any treatment; the others had been diagnosed 3 
to 55 months before the study and had received prior treatment with hydroxyurea, 
interferon-alpha or mafosfamide-purged A B M T . A t the time of the study, al l 
patients were i n chronic phase. 

Cell separation procedures 
After informed consent, bone marrow was obtained from normal donors or 

C M L patients by aspiration from the posterior iliac crest and mononuclear cells 
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( M N C ) were separated by centrifugation on a Ficol l -Hypaque gradient. Monocyte-
macrophage cells were removed by adherence to plastic for 60 minutes. 

CFU-MIX, BFU-E and CFU-GM assay 
The assay for multilineage colony-forming units ( C F U - M i x ) , erythroid bursts 

( B F U - E ) and granulocyte-macrophage colony-forming units ( C F U - G M ) was 
carried out as described elsewhere. 1 3 Brief ly , 5 X 1 0 4 M N C - A C " cells were plated 
in 35 m m Petri dishes in 1-mL aliquots of Iscove's modified Dulbecco's medium 
( I M D M , Seromed, B e r l i n , Germany) containing: 30% F B S (Stem C e l l 
Technologies, Vancouver, Canada); 10" 4 M 2-mercaptoethanol (Gibco, Grand 
Island, N Y ) ; and 1.1% (w/v) methylcellulose. Cultures were stimulated with 
interleukin-3 (10 ng /mL, Sandoz, Basel , Switzerland), granulocyte colony-
stimulating factor (10 ng/mL, Amgen Inc:, Thousand Oaks, C A ) , granulocyte-
macrophage colony-stimulating factor (10 ng/mL, Sandoz) and erythropoietin (3 
U / m L , Amgen Inc.). Progenitor cel l growth was evaluated after incubation (37°C, 
5% C 0 2 ) for 14-18 days in a humidified atmosphere. Colonies were scored 
according to previously published cri teria. 1 3 

Long-term culture-initiating cell assay 
The long-term culture-initiating cell ( L T C - I C ) assay was performed according 

to Sutherland et a l . 2 0 Brief ly , test cel l (3-5 X 1 0 6 M N C - A C " ) suspensions were 
seeded into cultures containing a feeder layer o f irradiated (8000 cGy) murine M 2 -
10B4 cells ( 3 X l O ^ c m 2 , kindly provided by Dr . C . Eaves) engineered by retroviral 
gene transfer to produce human IL-3 and human G - C S F . 2 1 Test cells were 
resuspended in complete medium consisting of alpha-medium (Gibco) supple
mented with fetal bovine serum (12.5%), horse serum (12.5%), L-glutamine (2 
m M ) , 2-mercaptoethanol (10" 4 M ) , inositol (0.2 m M ) , folic acid (20 u M ) and 
freshly dissolved hydrocortisone (10~ 6 M ) . Cultures were fed weekly by 
replacement of half of the growth medium containing half o f the nonadherent cells 
with fresh complete medium. After 5 weeks in culture, nonadherent cells and 
adherent cells harvested by trypsinization were pooled, washed and assayed 
together for clonogenic cells i n standard methylcellulose cultures at an appropriate 
concentration (usually 5 X 10 4 /mL) . The total number of clonogenic cells present in 
5-week-old L T C provides a relative measure of the number of L T C - I C originally 
present i n the test suspension. 7 Absolute L T C - I C values were calculated by 
dividing the total number of clonogenic cells by 4, which is the average output o f 
clonogenic cells per L T C - I C . 

Cytogenetic analysis 
Cytogenetic analysis and standard G T G - or QFQ-banding techniques were 

performed according to standard methods. 2 2 To exclude that genistein could induce 
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false negative results by blocking BCR-ABL gene expression, individual colonies 
were aspirated, divided into two aliquots and analyzed at both the cytogenetic and 
the molecular l e v e l . 1 3 

Detection of BCR-ABL mRNA in individual progenitors 
BCR-ABL m R N A was detected by reverse transcription polymerase chain 

reaction ( R T - P C R ) . Colonies were individually removed and transferred into 
microcentrifuge tubes containing 40 u L phosphate buffered saline (PBS) . After 
adding guanidinium thiocyanate colonies were frozen at - 7 0 ° C until nested R T -
P C R was performed. Total R N A was extracted from thawed colonies according to 
Chomczynsk i and Sacchi with slight modifications. 2 3 Br ief ly , 500 u L of T R I z o l 
(Gibco) and 5 ug of M S 2 phage R N A (Boehringer Mannheim, Mannheim, 
Germany) as a carrier were added to each tube. After incubation for 5 minutes at 
room temperature, 100 u L of chloroform were added, each tube was centrifuged 
(12,000g, 15 minutes, 4 °C) , the upper aqueous phase aspirated and R N A precip
itated. Total R N A from each colony was reverse transcribed to c D N A using 1.1 
nmol of hexa random primer, 10 m m o l / L D T T and 0.125 m m o l / L d N T P (Gibco), 
40 U of R N A s e Inhibitor (Boehringer Mannheim) and 200 U of M L V reverse 
transcriptase (Gibco) in PCR-buffer (50 m m o l / L T r i s - H C I , 75 m m o l / L K C I , 3 
m m o l / L M g C l 2 ) . Total c D N A from each colony was divided into two aliquots, for 
detection of the BCR-ABL rearrangement and the internal A B L sequence, respec
tively. The first P C R amplification was performed using 10 u L of the reverse 
transcription mixture, 0.25 m m o l / L d N T P , 0.57 umol /L of each primer, 2 U of Taq 
polymerase (Gibco) in PCR-buffer (20 m m o l / L Tr i s -HCI , 50 m m o l / L K C I , 1.5 
m m o l / L M g C l 2 ) . Forty-five cycles, each consisting of 30 seconds at 94°C , 30 
seconds at 60°C and 30 seconds at 7 2 ° C , were performed using a Perkin-Elmer 
Cetus D N A Thermal Cycler . The BCR-ABL primer sequences were: 2 4 5 ' - G A A 
G A A G T G T T T C A G A A G C T T C T C C C - 3 ' (sense) and 5 ' - G A C C C G G A G 
C T T T T C A C C T T T A G T T - 3 ' (antisense). The A B L primer sequences were : 2 4 

5 ' - T T C A G C G G C C A G T A G C A T C T G A C T T - 3 ' (sense) and 5 ' - G A C C C G 
G A G C T T T T C A C C T T T A G T T - 3 ' (antisense). BCR-ABL internal nested 
primer sequences were: 5 ' - G T G A A A C T C C A G A C T G C T C A C A G C A - 3 ' 
(sense) and 5 ' - T C C A C T G G C C A C A A A A T C A T C A T A C A G T - 3 ' (antisense). 
The expected products generated by P C R were for BCR-ABL: 272 base pairs (bp) 
and 197 bp depending on the position of junction point within M - B C R and for 
A B L : 185 bp. T w o negative controls consisting of R N A isolated from normal 
marrow C F U - G M and of sterile D E P C water (Diethylpyrocarbonate, Sigma, St 
Louis , M O ) including all reagents without R N A were performed in each 
experiment. A s positive control, R N A extracted from single K 5 6 2 colonies was 
used. To ensure that R N A could be reverse-transcribed and subsequently 
amplified, control amplification using exon 2-exon 3 A B L sequence-specific 
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primers was performed in all samples. On ly colonies with an internal positive 

control were considered é v a l u a b l e . 2 5 

Nuclear DNA fragmentation 
Nuclear D N A fragmentation was detected by terminal deoxynucleotidyl 

transferase (TdT) assay. 2 6 Brief ly , the cells were fixed in P B S containing 4% 
paraformaldehyde, washed and permeabilized with 0.1% Triton X-100 . After 
washing cells were resuspended in 50 u L of a solution containing 0.1 M sodium 
cacodylate, 1 m M C o C l 2 , 0.1 m M dithiothreitol, 0.05 mg/mL bovine serum 
albumin, 10 U of TdT, and 0.5 nmoles FITC-conjugated biotin-16-deoxyuridine 
triphosphate. A l l chemicals and nucleotides were purchased from Boehringer 
Mannheim (Mannheim, Germany). The cells were incubated for 60 minutes at 
37°C and analyzed by flow cytometry. 

Genistein treatment 
Genistein (Sigma) was diluted in dimethyl sulfoxide to prepare 1000-fold concen

trated solutions that were used at a final concentration of 0.1% (v/v) to obtain the 
appropriate concentrations in culture. The effect of genistein was evaluated by continuous 
exposure and preincubation experiments. For continuous exposure experiments, M N C -
ACr (50,000/mL) were cultured throughout the entire incubation period in the presence 
of varying doses of genistein (1-100 uM). For each experiment appropriate controls with 
vehicle alone ( D M S O 1 uL/dish) were set up. For preincubation experiments, M N C - A C " 
( lX lOtymL) were exposed (1-18 hours, 37°C, 5% C 0 2 ) to either control medium 
( I M D M , 10% F B S ) or medium containing genistein (50-200 uM). A t the end of the 
incubation period, the cells were cultured to quantitate progenitor cell growth. 

Statistical analysis 
Four plates were scored for each data point per experiment and the results were 

expressed as the mean ± 1 standard error of the mean (+SEM). Statistical analysis 
was performed with the statistical package Statview (Brainpower Inc., Calabasas, 
C A ) run on a Macintosh Performa 6300 personal computer (Apple Computer Inc., 
Cupertino, C A ) . The Student f-test or the Wi lcoxon signed-rank test were used to 
test the probability of significant differences between samples. Genistein concen
trations resulting in 50% inhibition (LD 5 0 ) of colony growth were calculated by 
linear regression analysis. 

RESULTS 

Effect of genistein on CML and normal progenitors 
When C M L (n=5) or normal (n=4) M N C - A C - were exposed throughout the 

entire culture period to genistein (1-100 u M ) , a statistically significant, dose-
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Table 1. PCR analysis of individual CFU-GM following continuous exposure to genistein 

Case Untreated PCR+ Genistein-treated PCR+ 

CFU-GM colonies (%) CFU-GM* colonies (%) 
3 20/20# 100 6/20 30 
4 12/20 60 4/19 21 
5 13/20 65 2/20 10 
7 25/31 81 3/8 37 

*Bone marrow cells were continuously exposed to genistein (10-50 \iM) added in methylcellulose 
culture on day 0. 
#Values represent number PCR+ colonies/number colonies tested. 

dependent suppression of colony growth from multipotent and lineage-restricted 
progenitors was seen. Genistein doses causing 50% inhibit ion of C M L and normal 
progenitors were not significantly different for C F U - M i x (27 u M versus 23 u M ) , 
B F U - E (31 u M versus 29 u M ) and C F U - G M (40 u M versus 32 u M ) . Transient 
exposures (1-18 hours) of C M L and normal marrow to genistein (200 u M ) 
revealed a time-dependent suppression of C F U - M i x , B F U - E and C F U - G M 
growth, suggesting that the effect of the drug does involve toxicity. To investigate 
the effect o f genistein on primitive progenitors, L T C - I C growth was evaluated. 
The percentages of C M L - d e r i v e d (n=5) L T C - I C surviving after a transient 
exposure to genistein (200 u M ) for 1 (91 ± 9%), 2 (88 ± 6%) and 18 (32 ± 3%) 
hours were significantly higher (p<0.05) than those of C M L - d e r i v e d C F U - M i x , 
B F U - E and C F U - G M . 

BCR-ABL mRNA expression on single colonies 
Table 1 shows that continuous exposure to genistein (10 to 50 u M ) significantly 

reduced the mean (±SD) percentage of BCR-ABL+ progenitors (76 ± 18% versus 24 
± 12%, p<0.004). 

A s shown in Table 2, preincubation of marrow cells with genistein resulted in a 
significant reduction of progenitors expressing BCR-ABL m R N A (75 ± 16 versus 
21 ± 10, p<0.002). 

The capability of genistein to reduce the percentage of leukemic progenitors 
was also evaluated at the level o f the primitive L T C - I C . In two out of five cases 
(Nos. 4 and 5), molecular analysis of C F U - G M produced by L T C - I C revealed a 
high percentage of BCR-ABLr progenitors; therefore, the effect o f genistein could 
be evaluated in only three cases (Nos. 3, 6, 7). A s shown in Table 3, in these 
patients genistein treatment resulted in a marked reduction of BCR-ABL+ L T C - I C 
(87 ± 1 2 % versus 37 ± 12%, p<0.003). In two separate experiments colonies were 
individually harvested and split into two aliquots, one for cytogenetics and the 
other for R T - P C R . In genistein-treated cultures, 13 out o f 60 colonies were found 
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Table 2. PCR analysis of individual CFU-GM following transient exposure to genistein 

Case Untreated PCR+ Genistein-treated PCR+ 

CFU-GM colonies (%) CFU-GM* colonies (%) 
3 20/20# 100 6/20 30 
4 12/20 60 6/20 30 
5 13/20 65 2/15 13 
6 12/18 67 4/17 24 
7 25/31 81 1/15 7 

*Bone marrow cells were preincubated with genistein (200 fjMjfor 2 or 18 hours. 
#Values represent number PCR* colonies/number colonies tested. 

P h + and 12/13 (92%) transcribed the BCR-ABL gene. These findings confirm that 

genistein-induced increase i n the percentage of nonleukemic progenitors is not 

related to suppression of BCR-ABL transcription. 

Nuclear DNA fragmentation 
C M L - d e r i v e d M N C - A C " or C D 3 4 + cells were treated with genistein (200 u M , 

18 hours) and analyzed for the presence of intracellular D N A fragmentation using 

terminal deoxynucleotidyl transferase assay. A significant portion of genistein-

treated cells (38 ± 11% of the l ive gated population) was found to be i n a 

progressive stage of apoptosis, whereas virtually no apoptotic cells were detected 

in the control samples (3 ± 2%). 

DISCUSSION 

P T K s play a crucial role i n regulating hematopoietic cel l proliferation. 4 Because 
P T K s participate i n the establishment and progression of several malignant 
diseases, inhibitors of P T K s represent attractive antiproliferative agents. Genistein 
inhibits tyrosine phosphorylation events both at membrane level and distal to 
membrane-bound growth factor receptors, 1 6 , 2 7 induces apoptosis, 1 7 and inhibits 
topoisomerases I and I I . 1 8 Genistein could prevent the phosphorylation of 
regulatory proteins, such as Grb-2 and She, that have the potential to stimulate Ras 
and might play a crucial role in the pathogenesis of C M L . 4 

W e demonstrate that genistein strongly inhibits marrow-derived C M L as wel l as 
normal C F U - M i x , B F U - E , C F U - G M while sparing a substantial proportion of L T C -
IC . Under the experimental conditions used i n this study, both continuous and 
transient exposure of marrow cells to genistein induced a similar antiproliferative 
effect on leukemic and normal progenitors. This argues for a nonspecific inhibitory 
effect occurring through a complete shutoff o f the P T K signaling pathways rather 
than a selective inhibition of BCR-ABL tyrosine kinase, as has been demonstrated 
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Table 3. PCR analysis of individual bone marrow CFU-GM produced by LTC-IC after 5 
weeks in long-term culture 

Case Untreated PCR* Genistein-treated PCR+ 

CFU-GM colonies (%) CFU-GM* colonies (%) 
3 16/20# 80 7/20 35 
6 30/30 100 10/20 50 
7 16/20 80 4/16 25 

*Bone marrow cells were preincubated with genistein (200 /iM for 2 or 18 hours) and subsequently 
cultured in long-term. 
#Values represent number PCR* colonies/number colonies tested. 

for other P T K inhibitors. 2 8 - 2 9 D N A fragmentation analysis demonstrated that 
apoptosis mediates genistein-induced inhibition of progenitor cel l growth. 

Analysis of individual colonies for the expression of hybrid BCR-ABL m R N A 
revealed that genistein-induced growth inhibition was associated with suppression 
of leukemic C F U - G M and L T C - I C and reemergence of nonclonal progenitors. 
Overall , genistein induced a significant increase in the percentage of BCR-ABL~ 
primitive and committed progenitors, although a complete disappearance of 
leukemic progenitors was never detected. The percentage reduction of progenitors 
expressing the hybrid BCR-ABL m R N A is not caused by a suppression of BCR-
ABL transcription, as has been described for interferon-alpha. 3 0 In fact, analysis of 
individual colonies by both cytogenetics and R T - P C R revealed similar percentages 
of P l r and BCR-ABL' colonies generated from genistein-treated samples, thus 
excluding that genistein acts by suppressing BCR-ABL transcription. 

The use of P T K inhibitors for marrow purging has been proposed. 2 9 Data 
reported herein demonstrate the possibility to select nonclonal L T C - I C as wel l as 
C F U - G M from C M L marrow by means of a simple incubation with the P T K 
inhibitor genistein, thus suggesting that it may be feasible to select a population of 
benign progenitors from C M L marrow that could be used for autografting patients 
without suitable allogeneic bone marrow donors. The toxicity o f genistein to normal 
marrow progenitors could prevent its in vivo use for autografting purposes. 
However, other drugs, such as the cyclophosphamide derivative mafosfamide, 
which is at least as toxic as genistein to normal marrow progenitors but similarly to 
genistein spares L T C - I C , have been extensively used in vivo for autografting 
without evidences of clinically unacceptable damage of hematopoietic funct ion. 1 1 , 3 1 

A n additional problem related to the in v ivo use of genistein is represented by lot
to-lot changes in the biological activity of the molecule. In this respect, the recently 
described use of synthetic P T K inhibitors may represent an important alternative. 2 9 

The availability o f several natural and synthetic P T K inhibitors w i l l allow to 
screen for compounds with a more effective antileukemic action. Further invest í-
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gations are required to explore the therapeutic potential of P T K inhibitors alone or 
in combination with other agents, including biological response modifiers and 
antisense oligonucleotides, as wel l as their effects on highly purified hematopoietic 
cell subpopulations in order to improve selection of benign progenitors in C M L . 
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ABSTRACT 

Chronic myelogenous leukemia ( C M L ) is a malignant disorder of the human 
hematopoietic stem cell characterized clinically by a massive expansion and premature 
circulation of malignant myeloid progenitors and precursors. The disease is due to the 
presence of the rearrangement between the bcr gene and the c-abl gene resulting in the 
Philadelphia chromosome. Although patients can survive for 3-5 years, the disease is 
invariably lethal. Therapies consist of interferon-alpha, which may "cure" 10-15% of 
patients and allogeneic transplantation which may "cure" 20-75% of patients, 
dependent on the disease state, age of the patients and type of donor graft. The 
invariably poor outcome in the absence of successful therapy with either interferon-
alpha or allogeneic transplant has led several groups to examine the possibility of using 
autologous stem cells for transplantation. A t the University of Minnesota, we have 
performed three sequential autotransplant studies. In the initial protocol, marrow was 
purged with interferon-gamma. Although this resulted in complete remissions in up to 
one-third of patients, engraftment was delayed and incomplete in up to one-third of 
patients. In a second cohort o f patients, marrow collected after 
cyclophosphamide/granulocyte-macrophage colony stimulating factor ( G M - C S F ) 
mobilization was used. This led to major cytogenetic responses in 40% of patients, 
almost all of them with early chronic phase disease. In a recently opened study, patients 
underwent mobilization with mitoxantrone, cytosine arabinoside (Ara-C) and 
cyclophosphamide combined with granulocyte-CSF (G-CSF) . Mobi l i zed blood 
progenitors were then used for transplantation. Although this regimen is more toxic, it 
may increase the likelihood that the graft is Ph negative. However, all these grafts still 
contain BCR/ABL r r iRNA positive cells. Therefore, based on prior observations that the 
Ph negative stem cell in C M L may be C D 3 4 + H L A - D R - , we have developed a large 
scale selection method that allows selection of \-A X 1 0 5 CD34+/HLA-DR" cells/kg 
recipient body weight, which are BCR/ABL negative and suitable for transplantation. 
This approach wi l l be used in early chronic phase C M L patients. If ongoing studies 
demonstrate that the number of Ph negative C D 3 4 + cells present in mobilized blood 
products is higher than that in steady state marrow, the in vivo mobilization and ex vivo 
selection protocols could be merged. 

123 
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INTRODUCTION 

C M L is the result of a monoclonal expansion of a transformed, pluripotent stem 
cel l . M y e l o i d , erythroid and megakaryocytic 1 and less frequently lymphoid cel ls 2 

arise from the leukemic clone. C M L is characterized by a reciprocal translocation 
between chromosomes 9 and 22, termed the Philadelphia chromosome (Ph). 3 A t 
the molecular level, the Ph is the result of a rearrangement between the BCR gene 
(break-point cluster region) located on chromosome 22 and the ABL gene located 
on chromosome 9. 4 Even though C M L may have a prolonged course, the disease is 
invariably lethal. Allogeneic bone marrow transplantation ( B M T ) using related or 
unrelated HLA-matched or closely matched B M is the only curative treatment 
modality for C M L . 5 6 Due to immunological disparity, this procedure results in 
significant mortality and morbidity caused by graft failure and graft-versus-host 
disease. 7 Furthermore, up to 60% of C M L patients are ineligible for a l l o B M T 
because a suitable donor cannot be located or because of age. 

These observations have led to cl inical trials testing the hypothesis that 
autologous marrow or peripheral blood transplant after cytoreduction with 
combination high-dose chemotherapy or chemoradiotherapy may be an effective 
treatment for C M L . 8 " " 1 8 A recent meta-analysis o f 200 autologous transplants 
performed as therapy for C M L at eight institutions demonstrates that such therapy 
provides prolonged survival that may exceed that associated with conventional 
therapy. 1 3 The autologous transplant approach is associated with high primary 
engraftment rates, low transplant mortality and prompt return to normal activity 
levels in both younger and older recipients. Transplant in chronic phase rather than 
after onset of advanced disease provides better outcome. 

AUTOGRAFTS: EX VIVO PURGING 

A t the University of Minnesota we have performed 44 autologous marrow 
transplants as therapy for C M L 9 using autologous marrow subjected to ex vivo 
purging with 1000 U interferon-gamma. Although the overall cl inical course of 
recipients is favorable, transplants are associated with several shortcomings. A 
greater than 30% incidence of graft failure was seen, suggesting that "purging" of 
autologous marrow with interferon-gamma in vitro may have a toxic effect on benign 
progenitors. Regeneration of 100% Ph positive hematopoiesis occurred in 66% of 
patients and restoration of Ph negative hematopoiesis following transplant was seen 
in only 26% of patients, suggesting that the interferon-gamma purging may not be an 
efficient method for selecting benign hematopoietic progenitors in most patients. 

In Vancouver , 1 0 autologous marrow grafts are purged by long-term ex vivo 
culture. Eighty-seven patients were studied. These screening studies demonstrated 
that ex vivo marrow cultures of 22 of 87 patients resulted in elimination of the Ph 
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Figure 1. Cytogenetics after transplants within marrow collected after cyclophos
phamide/GM-CSF mobilization. Patients with Ph positive CML were treated with 4 
g/m2 cyclophosphamide and GM-CSF (250 ug/m2). When the ANC was >0.5xl(P/L, 
marrow was harvested under general anesthesia and cryopreserved. Patients underwent 
conditioning with cyclophosphamide/TBI and were transplanted with the "mobilized" 
marrow graft. Cytogenetics were performed on marrow and blood before cyclophos-
phamide/GM-CSF mobilization, on the marrow harvest as well as on a blood sample 
obtained after mobilization and at 3 weeks, 3 months, 6 months, 9 months and 12 months 
after transplant. 

positive clone. These patients underwent autografting with ex v ivo cultured 
marrow grafts. Graft failure was seen in 23% of patients. Thirteen of 22 patients 
achieved a complete cytogenetic response which lasted 4-36 months. Carlo Stella 
et a l . , 1 1 used ex v ivo incubation with mafosfamide to purge malignant progenitors. 
Twenty-two patients were screened. In 10 patients, >50% of stroma-adherent 
progenitors treated with mafosfamide were Ph negative, the minimum requirement 
for enrollment o f patients in a subsequent autologous transplant protocol. These 10 
patients underwent autografting with mafosfamide-purged marrow. A l l patients 
had timely recovery o f peripheral counts. S ix of 10 patients achieved a complete 
cytogenetic remission that lasted for 6.5 months. 

These observations suggest that autologous marrow transplant therapy for C M L 
may have a beneficial effect on outcome. However, improvements i n the methods 
used to select hematopoietic progenitors used for autologous transplantation w i l l be 
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Figure 2. The number ofPh negative metaphases present in the infused mobilized mar
row cells correlates significantly with the Ph status 3 weeks after transplant. Patients with 
Ph positive CML were treated with 4 g/m2 cyclophosphamide and GM-CSF (250pg/m2). 
When the ANC was >0.5X109/L, marrow was harvested under general anesthesia and 
cryopreserved. Patients underwent conditioning with cyclophosphamide/TBI and were 
transplanted with the "mobilized" marrow graft. Cytogenetics were performed on the 
marrow harvest obtained after mobilization and at 3 weeks after transplant. Statistics: 
The Spearman correlation coefficient was determined to compare the percent Ph nega
tive metaphases present in the marrow inoculum and at 3 weeks after transplant. 

needed to a) induce a P h negative state fol lowing transplant and b) result in timely 
multilineage engraftment. 

ALLOGRAFTING: IN VIVO MOBILIZATION OF BENIGN PROGENITORS 
WITH CHEMOTHERAPY/CYTOKINES PRIOR TO AUTOGRAFTING 

Treatment of C M L patients with high-dose chemotherapy followed by harvest 
of marrow or peripheral blood as the hematopoietic compartment recovers from the 
high-dose therapy increases the relative and absolute number of benign primitive 
progenitors available for transplantation. 1 1* 1 4 - 1 8 

In a second series of autologous transplants for C M L at the University o f 
Minnesota involving 15 patients, marrow progenitors and peripheral blood 
progenitors were collected after high dose cyclophosphamide (4 gm/m 2 ) and G M -
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C S F priming. Mob i l i z ed P B M N C from 2/12 patients were 100% P h negative and 
>50% P h negative i n an additional 3 o f 12 patients. M a r r o w metaphases 
immediately after mobilization were 100% P h negative in 1 patient and >50% Ph 
negative in 1 additional patient. Prompt engraftment was observed in all but 1 
patient transplanted with mobil ized marrow progenitors. Fo l lowing transplant with 
the cyclophosphamide/GM-CSF mobil ized marrow graft, recovering marrow 
demonstrated variable degrees of P h positivity. A major cytogenetic response 
(>60% P h negative metaphases) was seen i n 5 of 12 patients evaluated thus far, 
four o f whom had early chronic phase C M L and one had late chronic phase C M L 
(Figure 1). The number of Ph negative metaphases present i n marrow obtained both 
3 weeks and 3 months after transplant was highly correlated with the percentage of 
Ph negative cells infused (Figure 2). This indicates that use of a less contaminated 
graft may increase the l ikel ihood of reestablishing P h negative hematopoiesis and 
underlines the need for improved i n v ivo or ex v ivo selection methods. 

One possibility to increase the l ikel ihood of obtaining a P h negative graft is to 
intensify further the chemotherapeutic regimen used for mobilization. Several 
recently reported studies from other institutions have described the use of the I C E 
chemotherapy regimen (idarubicin 8 m g / m 2 for 2 -5 days, cytosine arabinoside 
800-1000 mg/m 2 for 5 days with or without etoposide 150 mg/m 2 for 5 days) or 
variants. These studies demonstrate that higher dose intensity regimens may 
mobil ize benign, Ph negative progenitors i n blood (and marrow) o f between 25 and 
50% of "good risk," early chronic phase C M L pa t ien ts . 1 1 1 4 " 1 8 

A t the University of Minnesota, we have recently started to examine the effect 
of mobilization with mitoxantrone (8 mg/m 2 , for two days), A r a - C (1 g/m 2 , twice 
daily, day 1 and 2) and cyclophosphamide (4 gm/m 2 , day 1) in combination with 
G - C S F (from day 5 until end of harvest), abbreviated M A C - G , on the mobilization 
of Ph negative cells in blood and marrow. Although this study has only recently 
been initiated and results are preliminary, some conclusions can be drawn. First, as 
has been shown by Carella and others, the higher intensity chemotherapeutic 
regimen, M A C - G , results i n a more profound depletion of cells from the marrow. 
Therefore, a marrow harvest after the mobilization regimen could not be done. 
Second, almost 100% Ph negative cells can be collected from the blood of some 
patients with chronic phase C M L . However, >50% o f mobilizations do not result 
i n P h negativity i n either marrow or blood. Thi rd , reinfusion of the mobil ized 
peripheral blood progenitors results i n a significantly faster rate of engraftment 
(7-20 days, mean 11 days to A N C > 5 0 0 for three days) than the cyclophos
phamide /GM-CSF mobil ized marrow or ex v ivo interferon-7 purged marrow 
graft. However, the more intensive M A C - G mobilization regimen is associated 
with a higher morbidity due to infections at the time of mobilization. Thus, 
although these results are encouraging, benign progenitors cannot be collected 
from a large number of patients with C M L suitable for autografting. Furthermore, 
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Figure 3. CD34+HLA-DR~ cells from ECP CML patients contain large numbers of 
LTC-IC that are BCRJABL mRNA And Ph negative. Marrows of patients with ECP 
CML, patients with AP CML and normal individuals were subjected to CD34* enrich
ment by either sequential counterflow centrifugation and immunomagnetic depletion of 
lineage committed cells or by avidin-biotin selection ofCD34+ cells. CD34+ enriched cells 
were then sorted by FACS into a CD34+HLA-DRr and CD34+HLA-DR+ cell popula
tion. FACS selected cells were then plated in long-term marrow culture for 5 weeks to 
enumerate the number of LTC-IC present. Cells obtained after the FACS sort or after 1 
or 5 weeks of LTBMC were subjected to RT-PCR, cytogenetic exam or FISH to deter
mine the presence or absence of BCRJABL mRNA or Ph positive cells. 

preliminary studies indicate that in the vast majority of patients, B C R / A B L m R N A 
positive cells continue to be present in the mobil ized product. 

EX VIVO POSITIVE SELECTION OF PH AND BCR/ABL NEGATIVE 
PROGENITORS SUITABLE FOR TRANSPLANTATION (FIGURE 3) 

Hematopoietic stem cells are defined as primitive progenitors that can provide 
long-term reconstitution of both myeloid and lymphoid ce l l lineages i n a lethally 
irradiated host. W e and others have identified primitive human hematopoietic 
progenitors capable of initiating and sustaining ex vivo long-term cultures for at 
least 12 weeks. These progenitors are lineage nega t ive , 2 0 - 2 3 C D 3 4 p o s i t i v e , 2 0 - 2 7 

express low levels of Thy-1 2 3 and H L A - D R antigens, 2 0- 2 2- 2 4 but not C D 3 8 
antigens. 2 5 These ce l l populations contain cells that can differentiate i n 
m y e l o i d , 2 0 - 2 5 B - l y m p h o i d , 2 5 natural ki l ler c e l l 2 8 , 2 9 and T-l ineages 2 4 ' 2 5 when assayed 
i n vitro or i n xenogeneic recipients. Over the last several years, a number o f groups 
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have examined the phenotypic characteristics of Ph negative and Ph positive 
primitive progenitors in the steady state marrow or blood of patients with 
C M L . 3 0 " 3 4 

In initial studies, we selected lineage negative (CD2"CD1 lb -CD15"CD16-CD19- ) 
C D 3 4 + H L A - D R " cells from B M of patients wi th early chronic phase ( E C P , less 
than 1 year from diagnosis) C M L , more advanced phase ( A P ) C M L (chronic 
phase but more than 1 year after diagnosis and accelerated phase as defined by 
classical criteria) and normals by a multistep selection method including F i c o l l -
Hypaque separation, counterflow elutriation, sheep erythrocyte rosetting, 
immunomagnetic bead depletion fol lowed by a four-parameter F A C S sort 3 0 . 
These studies demonstrated that the total number of L i n ~ C D 3 4 + H L A - D R ~ cells, 
thought to contain the hematopoietic stem ce l l , recovered from 10 cc B M 
obtained from normals or patients wi th E C P C M L was not significantly different. 
However, significantly fewer L i n - C D 3 4 + H L A - D R " cells were present i n 10 cc of 
A P C M L marrow than i n normal or E C P C M L marrow. Norma l and E C P C M L 
L i n - C D 3 4 + H L A - D R ~ cel ls contained an equivalent number of p r imi t ive 
progenitors that can initiate and sustain ex v ivo long-term cultures ( L T C - I C ) . 
L i n ~ C D 3 4 + H L A - D R - cells from the majority of E C P patients were BCR/ABL 
negative when examined either immediately fo l lowing F A C S selection (3 of 3 
patients) or after 1-2 weeks (8 o f 8 patients) or 5 weeks (10 of 13 patients) o f 
culture. A l l L i n " C D 3 4 + H L A - D R ~ cells that were BCR/ABL m R N A negative on 
day 0 or after 1 week o f culture remained BCR/ABL negative at 5 weeks o f 
culture. In contrast to L i n ~ C D 3 4 + H L A - D R ~ cells selected from E C P C M L 
marrow, L i n ~ C D 3 4 + H L A - D R ~ cells from >50% of A P C M L patients were 
contaminated with BCR/ABL m R N A and P h positive cells and L T C - I C . These 
studies demonstrate that L i n ~ C D 3 4 + H L A - D R ~ cells obtained from 80% of E C P 
C M L patients (12 of 15 patients) are highly enriched i n BCR/ABL m R N A and P h 
negative cells and L T C - I C , and may thus contain benign stem cells. In contrast 
to normal L i n ~ C D 3 4 + H L A - D R ~ cells, E C P and A P C M L L i n ~ C D 3 4 + H L A - D R ~ 
cells contained L T C - I C which in a l l but one E C P C M L patients and al l A P C M L 
patients expressed the BCR/ABL m R N A when analyzed immediately fo l lowing 
the F A C S sort or fo l lowing culture for 1 or 5 weeks i n long-term cultures. These 
results were confirmed at the genomic level by cytogenetic analysis o f secondary 
C F C derived from D R + progeny, which were Ph positive when analyzed at 1-2 
and 5 weeks after culture (Figure 3). 

W e also examined i f C D 3 4 + H L A - D R ~ cells selected using c l in ica l ly applicable 
methods have the same functional and clonal characteristics as L i n ~ C D 3 4 + H L A -
D R " cells obtained using the multistep depletion method. Normal , E C P C M L and 
A P C M L B M was subjected to Ficoll-Hypaque separation, biotin-avidin column 
selection ( C E P R A T E Lab Columns, Cel lPro , Bothel l , W A ) for CD34+ cells and 
F A C S selection for C D 3 4 + H L A - D R " cells. The number of C D 3 4 + H L A - D R ~ cells 
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that was obtained by sequential F i c o l l , CD34-enrichment and F A C S selection from 
marrow o f E C P C M L patients was higher than the L i n ~ C D 3 4 + H L A - D R ~ ce l l 
fraction obtained after using the "research" method. Likewise , the number of L T C -
IC i n E C P C M L C D 3 4 + H L A - D R " cells obtained fo l lowing F i c o l l , C D 3 4 
enrichment and F A C S sort was similar to that seen in L i n ~ C D 3 4 + H L A - D R ~ ce l l 
populations obtained using the multistep "research" selection procedure. 
C D 3 4 + H L A - D R " cells obtained by sequential f icol l , C D 3 4 enrichment and F A C S 
sorting from 8 of 9 E C P C M L patients were BCR/ABL negative and L T C - I C 
present in these cells were BCR/ABL m R N A negative i n 3/3 patients. Furthermore, 
C D 3 4 + H L A - D R _ cells examined immediately fol lowing F A C S selection were also 
Ph negative at the genomic level ( F I S H negative for the BCR/ABL gene 
rearrangement in 2 of 2 patients) (Figure 3). 

These studies demonstrate that a sufficiently large number of C D 3 4 + H L A - D R ~ 
cells that are BCR/ABL m R N A and BCR/ABL D N A negative and contain "normal" 
numbers of L T C - I C can be selected from the steady state marrow of >80% of 
patients with early chronic phase C M L suitable for transplantation. However, once 
the disease exists for a longer period of time (late chronic phase) or has features of 
accelerated phase disease, the number of C D 3 4 + H L A - D R - cells that can be 
collected decreases, and these cells can be contaminated with BCR/ABL m R N A 
and D N A positive cells and L T C - I C in >50% of A P C M L patients. 

DEVELOPMENT OF A LARGE SCALE SELECTION METHOD 

For c l in ical transplants with ex v ivo selected C D 3 4 + H L A - D R " cells, we 
developed the fol lowing sequential selection method: 1) ficoll-hypaque separation 
was replaced by a C O B E Spectra mononuclear cel l separation; 2) large scale 
C D 3 4 + enrichment using the C E P R A T E S C C e l l Concentrator; 3) high speed cel l 
sorting for C D 3 4 + H L A - D R ~ cells. 

T w o hundred to 600 cc of marrow from C M L patients undergoing bone 
marrow harvest to serve as back-up stem cells for autologous or allogeneic 
unrelated transplants after informed consent was obtained using guidelines from 
the Human Subjects Committee at the Univers i ty of Minnesota. Mononuclear 
cells were collected using C O B E Spectra apheresis system. The total ce l l number 
present i n the harvested ce l l populations was 18.3 ± 3 . 6 X 1 0 9 cells. F o l l o w i n g 
C O B E ™ Spectra separation the total ce l l number was 5.6 ± 3 .3X 10 9 cells or 35 
± 8% y ie ld (Table 1). Mononuclear cells were incubated with biotinylated anti-
C D 3 4 antibody at room temperature, washed and loaded onto the C E P R A T E S C 
C e l l Concentrator. C D 3 4 unabsorbed cells were collected and after mechanical 
stirring in the column, C D 3 4 adsorbed cells were collected. A s for B M M N C or 
P B M N C obtained from patients wi th other diseases, 52 ± 26% o f a l l CD34+ cells 
and 61 ± 19% of C F C were recovered i n the C D 3 4 + absorbed fraction which 
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contained on average 60.6 ± 7.8% C D 3 4 + cells. 

T o make c l in ica l scale fluorescence activated cel l sorting of C D 3 4 + H L A - D R -

cells from C M L marrow possible, the fluidic system and software of the 
F A C S t a r p l u s F l o w Cytometry System at the Universi ty of Minnesota was 
modified by Becton Dick inson . This upgrade resulted in the capacity to F A C S 
select 10,000-12,500 cells per second, resulting in >60% recovery with a >94% 
purity and >95% viabi l i ty . C D 3 4 + ce l l enriched marrow of 2 patients was labeled 
w i t h an t i -CD34-b io t in antibodies, a n t i - H L A - D R - F I T C antibodies and 
Streptavidin-PE label, a l l of which are c l in ica l grade. Cel l s were washed and 
sorted at 10,000-12,000 cel ls /min, into a C D 3 4 + H L A - D R - and C D 3 4 + H L A - D R + 

population using gates based on low horizontal and side scatter properties and on 
isotype matched control stains. The resulting ce l l yields, C F C and L T C - I C 
yields, as we l l as the results from R T - P C R analysis of freshly sorted C D 3 4 + H L A -
D R " and C D 3 4 + H L A - D R + cells are summarized in Table 2. A calculated total 
number of 1.31 X 1 0 5 C D 3 4 + H L A - D R " cells/kg and 3.01 X 1 0 5 C D 3 4 + H L A - D R ~ 
cells/kg was collected after F A C S sorting. Culture of the C D 3 4 + H L A - D R ~ cells 
in methylcellulose progenitor culture demonstrated the presence of 26.5 and 62 
C F C / 1 0 0 0 C D 3 4 + H L A - D R - cells, and culture in l imi t ing dilutions onto stromal 
feeders for 5 weeks demonstrated 0.233% and 0.187% L T C - I C in the 
C D 3 4 + H L A - D R " cells. R T - P C R analysis of the sorted cells demonstrated that the 
C D 3 4 + H L A - D R ~ but not the B M M N C , C D 3 4 + cells or C D 3 4 + H L A - D R + were 
BCR/ABL m R N A negative. R T - P C R analysis of week 5 C F C demonstrated that 
L T C - I C were BCR/ABL m R N A negative. 

The exact number of F A C S selected C D 3 4 + H L A - D R ~ cells that is required for 
successful, durable engraftment fo l lowing autologous transplantation has not yet 
been determined. Autologous transplantation with partially purified C D 3 4 + cells 
collected from either marrow or peripheral blood has been performed in humans 
for the last 5 y e a r s . 3 5 - 3 9 These studies have demonstrated that the reinfusion of 
>0.5X 10 6 C D 3 4 + cells/kg recipient body weight results in timely (between day 10 
and day 28) and durable engraftment. Recent studies in which patients with 
multiple myeloma underwent autotransplants with C D 3 4 + T h y l . l + cells selected 
from chemotherapy/cytokine mobi l ized peripheral blood stem cells have indicated 
that reinfusion of 2 - 8 X 1 0 5 C D 3 4 + T h y l . l + cells from P B P C results in neutrophil 
recovery on average at 20 days after transplant. 4 0 A s for C D 3 4 + T h y l . l + cells, 
C D 3 4 + H L A - D R ~ cells are highly enriched in primitive progenitors, characterized 
in vitro as L T C - I C . 1 9 Since the majority of L T C - I C present in human C D 3 4 + cells 
are recovered i n the C D 3 4 + H L A - D R " cell fraction and approximately 10% of cells 
within the CD34+ cell population is C D 3 4 + H L A - D R " ce l l s . 2 0 Thus, we believe that 
1-2 X 1 0 5 C D 3 4 + H L A - D R - cells/kg should be sufficient for engraftment. 

These studies indicate that large scale cl inical selection of C D 3 4 + H L A - D R ~ 
cells in sufficient quantities for transplantation, which contain BCR/ABL m R N A 
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negative cells and L T C - I C , is possible. A protocol encompassing this approach, 

combined with ex vivo expansion of a fraction of the Ph negative progenitor pool 

and retroviral marking to determine the contribution of the graft to engraftment and 

possibly relapse after transplant, has recently obtained F D A approval and w i l l be 

started at the University of Minnesota in early 1997. 

PROBLEMS THAT REMAIN 

1) Al though ex v ivo positive selection of C D 3 4 + H L A - D R " cells can provide 
a graft which is significantly enriched i n Ph and BCR/ABL m R N A negative 
primit ive progenitors, the methods outlined above y ie ld a sufficient number of 
cells i n only a fraction of E C P C M L patients. Thus approaches that w i l l increase 
the number of P h negative stem cells w i l l need to be examined. W e are currently 
examining the phenotype and absolute number of P h negative progenitors i n 
marrow and blood obtained after i n v i v o mobil izat ion wi th M A C - G . I f these 
studies demonstrate that the total number of P h negative C D 3 4 + cells that can be 
collected is significantly higher than the number that can be obtained from steady 
state marrow and/or that P h negative C D 3 4 + cells can be obtained from patients 
wi th more advanced disease, the i n v ivo mobil izat ion approach could be merged 
with the ex v ivo positive selection of P h negative cells. This would then al low 
transplantation of a larger number o f patients with grafts containing almost 
exclusively Ph negative stem cells. 

2) The second problem that w i l l need to be addressed is the high l ike l ihood of 
persistent disease after transplant. Since allogeneic transplants for C M L are 
associated with relapses occurring at different time points after transplant, it is 
clear that the preparative regimen used for transplantation 
(cyclophosphamide/TBI or cyclophosphamide/busulfan) does not completely 
eliminate the malignant clonogenic ce l l pool i n patients wi th C M L . 4 1 Resurgence 
of malignant hematopoiesis fo l lowing autologous transplantation in C M L is 
therefore l ike ly not only due to incomplete removal of the malignant clone from 
the autologous marrow and/or peripheral blood i nocu lum, 4 2 but also from 
persistent disease i n the host after the preparative regimen. Approaches to 
maintain a Ph negative state after transplant are currently being evaluated. These 
include, interferon-alpha treatment, 4 3 treatment wi th interleukin-2 either a lone 4 4 

or in combination with activated natural k i l le r cells or T c e l l s , 4 5 4 6 as is discussed 
elsewhere in this issue. 
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ABSTRACT 

High-dose therapy followed by stem cell transplantation is increasingly applied in 

follicular non-Hodgkin's lymphoma ( N H L ) . However, its value and the need for 

purging have never been proven. To assess the impact of high-dose therapy and 

purging, a randomized trial was initiated in patients with relapsed follicular N H L . 

The design of the study and the first interim results are presented. The trial is still 

accruing patients. 

INTRODUCTION 

About one-third of al l patients with non-Hodgkin's lymphoma ( N H L ) have a 
follicular histology. The majority of these patients have stage III or I V disease at 
diagnosis and a median age of more than 50 years. Al though chemotherapy can 
induce complete remissions, eventually almost al l patients w i l l relapse. The 
available survival curves do not show any evidence of a plateau suggesting cure, 
although the median survival may be between 4 and 10 years. 1 

There are now substantial data on patients treated with high-dose chemotherapy 
followed by stem cell transplantation; however, the results from these studies are 
hampered by insufficient numbers or inadequate fo l low-up . 4 - 1 1 A l so , data from 
randomized studies are absent. Although promising, there is no evidence that 
treatment with high-dose therapy followed by stem cell transplantation may be 
beneficial for the patient. 

Patients with follicular N H L frequently have bone marrow infiltration. Therefore, 
there are some arguments that i f a high-dose therapy is considered in the treatment 
plan of a patient, then purging of the graft may be necessary. The first results from 
Gribben et a l . , 1 2 although not obtained from a controlled randomized study, support 
the value of purging. 

139 
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Design European (C)UP trial 

relapsed follicular NHL 

I 
3 cycles of chemotherapy 

I 
response (CR/PR) and minimal marrow involvement 

1 
randomization 

(3 more cycles high dose therapy high dose therapy 
chemotherapy) unpurged stemcells purged stemcells 

Figure 1. Design European (CUP) trial. 

To answer the questions on efficacy of high-dose therapy and purging in patients 
wi th foll icular N H L , a randomized trial was initiated comparing standard 
chemotherapy with high-dose therapy followed by unpurged stem cell transplantation 
or high-dose therapy followed by purged stem cell transplantation ( C U P trial). 

Study questions: 
1. What is the value of high-dose therapy in patients with relapsed follicular 

N H L ? 

2. What is the value of purging in patients treated with stem cell transplantation 
in follicular N H L ? 

DESIGN OF THE STUDY 

Patients are treated with three cycles o f chemotherapy. The choice of 
chemotherapy is free, although C H O P chemotherapy is recommended. Patients are 
eligible for randomization i f they respond after three cycles of chemotherapy. 
Response is defined as at least partial response according to standard criteria and 
minimal B-ce l l infiltration of the marrow (less than 20% B-lymphocytes). A t the 
outset, patients were randomized among three arms ( C U P trial), starting June 1996. 
Patients and doctors can also choose to have the patients randomized between the 
purged and unpurged high-dose arms ( U P trial). (See Figure 1.) 

Stem cells are collected as soon as possible after randomization, either bone 
marrow or peripheral blood stem cells after effective mobilization protocols. 
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Table 1. Patient characteristics at entry 
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sex 
male 60% 
female 40% 

age 
<30y 2.3% 
31-40 16.1% 
41-50 41.4% 
51-60 34.5% 
>60 5.7% 

stage IV 75% 
WHO0 70.8% 
LDH elevated 66% 
marrow aspirate >20% B-lymphocytes 57.1% 
marrow trephine positive 60.9% 
B symptoms 20% 
from last relapse 50% <24 months 
1st relapse 68.8% 

Table 2. Characteristics at randomization 

CHOP 87% 
CR 23.9% 
PR 47.8% 
<20% B lymphocytes 87% 
trephine negative 72% 

Table 3. Reasons for not being randomized 

NR/PD 48% 
died 8% 
>20% B lymphocytes 10% 
refusal 15% 
undergoing induction 17% 

Patients randomized to the purging arm will have their stem cells purged with a 
cocktail of anti-CD19, anti-CD20, anti-CD22, anti-CD23 and anti-CD37 plus 
immunomagnetic beads13 (supported by Baxter Immunotherapy). 

Patients randomized to the chemotherapy arm will be treated with three more 
cycles of the same chemotherapy. Patients in the stem cell transplantation arms will 
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E C U P 

1.0 -> 

0.8 

0.6 

? 0.4 

0.2 

0.0 

Patients at risk 
Treatment 

Treatment Events Total 
10 99 

9 12 
Months 

99 37 23 

Figure 2. Survival from entry. 

15 18 21 

be treated with high-dose cyclophosphamide (2X60 mg/kg), followed by T B I and 
stem cell transplantation. 

RESULTS 

In June, 1996, 100 patients were entered in the study. The baseline characteristics 
are shown in Table 1. 

O f the patients entered in the trial, 87% were treated with C H O P chemotherapy. 
After 3 cycles of chemotherapy, 61% of the patients had a response (see Table 2). It 
appeared that in the majority of patients the marrow was negative after 3 cycles of 
chemotherapy. 

Fifty-three patients are not yet randomized. In 48% of these cases this was due to 
the absence of a response following the chemotherapy. Other reasons for not being 
randomized included death, marrow infiltration, refusal and still undergoing 
induction chemotherapy (see Table 3). 

Figures 2 and 3 show the results of survival and disease-free survival from 
randomization. Because this is an ongoing randomized study, the results for the 3 
specific arms are not available. 
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E C U P 

Patients at risk 
Treatment 53 29 

Figure 3. Disease-free survival. 

DISCUSSION 

This is the only randomized trial currently ongoing that assesses the value of 
high-dose therapy and purging in patients wi th relapsed foll icular N H L . Since the 
trial has started to accrue patients, several centers have initiated transplantation 
of patients wi th relapsed foll icular lymphoma, although data supporting this 
decision are not convincing. This trend has increased since the general 
implementation of peripheral b lood stem cells has resulted i n decreased 
morbidity and mortality. This has had a great impact on the accrual o f patients in 
this trial . 

The basic questions to be answered by this trial are still valid. Therefore, after the 
technical problems related to purging of peripheral blood were solved 1 3 in 1995, the 
option to use peripheral blood support was included in the trial design. In addition, 
we included the possibility of randomizing between the two transplant arms. This has 
led to increasing accrual. However, new patients are still necessary. To answer the 
two questions posed in this trial, about 250 patients have to be randomized. 
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ABSTRACT 

One approach that has been taken to improve the treatment of poor prognosis 
patients with leukemia and lymphomas is the use of high-dose therapy earlier in the 
course of disease. W e report the results of a pilot study in previously untreated 
advanced stage patients with follicular lymphoma (FL) who underwent induction 
chemotherapy with C H O P followed by high-dose chemoradiotherapy and anti-B cell 
monoclonal antibody-purged autologous bone marrow transplantation (autoBMT). 
Eighty-three patients with previously untreated, low grade F L were enrolled on this 
study. After C H O P induction, only 36% achieved C R , with 77 pts undergoing bone 
marrow ( B M ) harvest. Prior to B M harvest, 70 had a known t(14;18) as determined 
by polymerase chain reaction (PCR) , in tumor tissue, and all remained P C R positive 
in the B M at harvest. After au toBMT the D F S and overall survival are estimated to 
be 63% and 89% at 3 years, respectively, with a median follow-up o f 45 months for 
the 43 patients who remain in C R . The patients whose B M was P C R negative after 
purging experienced significantly longer time to treatment failure than those whose 
B M remained P C R positive (p=0.0006). Continued P C R negativity i n follow-up B M 
samples was also strongly predictive of continued C R . This study suggests that a 
subset of patients with advanced F L may experience prolonged clinical and 
molecular remissions following high-dose ablative therapy. 

INTRODUCTION 

The use of high-dose therapy with intent to cure patients with previously relapsed 
F L has had limited impact to date. In several series, at best 40% of highly selected 
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Table 1. Patient characteristics 

total 77 
female 33 
male 44 

age at autoBMT (years) 
<35 12 
35-50 60 
>50 5 

histology 
follicular small cleaved 65 
follicular mixed 12 

stage 
III 13 
IV 64 

mass >10 cm 9 
mass >5 cm 48 
B symptoms 19 
extranodal (exclusive of BM) 19 
BM involvement 62 

patients with good performance status and sensitive disease are alive and in unmain-
tained remission at 4 years. 1 - 5 In addition, there is considerable patient selection 
before autologous bone marrow transplantation (autoBMT) in these patients and only 
approximately 50% of patients with relapsed F L who are initially considered as 
candidates for au toBMT actually undergo the treatment. Therefore, at best 20% of 
patients with relapsed disease may actually benefit from high-dose therapy. 

One strategy to improve the treatment of patients with leukemia and lymphomas 
with a poor prognosis is the use of high-dose consolidative therapy earlier in the 
course of disease. High dose therapy and autologous hematopoietic stem cell support 
for patients with F L in first remission may permit successful treatment for patients 
before the development of resistant disease following extensive conventional 
therapy. In this study, we report the results in patients with previously untreated 
advanced stage F L who, on an intent to treat basis, underwent uniform induction 
chemotherapy followed by high-dose chemoradiotherapy and anti-B cell monoclonal 
antibody-purged autoBMT. W e observed that 63% of patients are disease free at 36 
months after au toBMT and that 35 of 66 patients (53%) with a polymerase chain 
reaction (PCR)-amplifiable bcl-2/IgH rearrangement are in molecular remission at 
their last follow-up. Although still preliminary, these results suggest that a percentage 
of patients with advanced stage F L may experience prolonged remissions. 
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MATERIALS AND METHODS 

Selection of patients and treatment protocol 
Patients were eligible for this study i f they were 55 years old or less; had 

previously untreated F L as defined by the Working Formulation (WF) including 
follicular small cleaved cell (WF-B) and follicular mixed small cleaved and large cell 
(WF-C) ; and had lymphoma cells that expressed the C D 2 0 (B1 ) antigen as previously 
described. Patients had to have stage DTB, DTE or HI with masses >10 cm, or stage 
I V disease. Patients with stage rV disease by virtue of minimal adenopathy (<1 cm) 
and < 5% marrow involvement were excluded. Addit ional criteria for entry included 
the absence of comorbid disease of the heart, kidney, lung and liver and a Karnofsky 
score above 80%. A l l patients were treated with 6-8 cycles of C H O P . A t the 
completion of C H O P , patients in C R or with minimal disease went on to B M harvest. 
M i n i m a l disease status was defined as lymph nodal mass less than 2 c m in its greatest 
diameter and histologic evidence o f bone marrow involvement of 20% or less o f the 
intratrabecular space as determined by iliac crest biopsy. Patients with 1-3 masses >2 
c m after completion o f C H O P could receive involved field radiotherapy of 3000 cGy . 
Informed consent was obtained from all patients. 

Preparative therapy consisted o f cyclophosphamide, 60 mg/kg o f body weight, 
infused on each of two consecutive days before radiotherapy. T B I was 
administered i n fractionated doses (200 cGy) twice daily on three consecutive days 
(total o f 1200 cGy) in all patients. Supportive care was provided as previously 
described. 6 Bone marrow was obtained, treated in vitro with anti-B cell monoclonal 
antibodies as previously described. 6 

Evaluation 
Before treatment, all patients were evaluated by physical examination, blood-

chemistry profile, complete blood count, chest x-ray, abdominal-pelvic C T 
scanning (chest C T i f indicated), bone marrow aspirate and biopsy, as wel l as cel l 
surface phenotypic studies of peripheral blood and bone marrow mononuclear 
cells. Other studies such as gall ium scanning were done as needed to determine the 
extent o f disease. Fol low-up restaging was carried out every 6 months after 
transplantation or as cl inical ly indicated for the first 2 years post-autoBMT and 
yearly thereafter. Complete remission ( C R ) was defined as the disappearance of a l l 
measurable and évaluable disease. 

PCR analysis 
Nested P C R amplification at the major breakpoint region ( M B R ) and minor 

cluster region (mcr) of the bcl-2/IgH rearrangement of t(14;18) were performed as 
previously described. 7 Analysis was performed init ial ly on diagnostic material 
(lymph node biopsy, B M aspirate i f histologically involved). Samples were 
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analyzed at the completion of induction therapy and at the time of B M harvest. 
Assessment was also performed after ex vivo marrow purging. Serial B M and P B 
samples at the time of restaging after a u t o B M T were also analyzed. 

Statistical methods 
Failure was defined as relapse of disease or death in remission. Disease-free 

survival (DFS) was calculated from the day of marrow transplantation (day 0) to date 
of failure, or to date last known alive and disease-free. Time to relapse (TTR) was 
calculated from the day of marrow transplantation to the date of relapse; deaths in 
remission were considered censored for this analysis. D F S curves and time to relapse 
curves were estimated by the method of Kaplan and Meier, with confidence intervals 
calculated using Greenwood's formula, and compared by the logrank test. 8 , 9 The Cox 
proportional hazards model was used to assess prognostic factors for time to relapse 
and D F S , and to build multiple regression models. 

RESULTS 

Patient characteristics 
Eighty-three patients (median age 43) with previously untreated, advanced 

stage F L were eligible and registered on this study. A t diagnosis, 71 of the 83 
patients had follicular small cleaved cel l (FSC) histology; 12 had follicular mixed 
small cleaved and large cell lymphoma. Between A p r i l 1988 and June 1993, 77 
patients (93%) achieved a protocol eligible minimal disease state at the completion 
of induction and went on to au toBMT. Three patients failed to attain a protocol 
eligible P R , two further patients were diagnosed with second tumors (melanoma 
and seminoma) and one patient declined further therapy. The characteristics of the 
77 patients who underwent a u t o B M T are detailed in Table 1. 

Response to induction therapy 
A l l patients were treated with C H O P , and 10 patients received involved field 

radiation therapy to residual sites that were >2 cm at the completion of chemotherapy. 
Only 28 patients (36%) achieved clinical C R following induction therapy. Histologic 
marrow involvement was seen in 36 of the patients at harvest (47%). 

PCR analysis following induction 
O f the 77 patients who underwent B M harvest, 70 (91%) had a PCR-amplifiable 

bcl-2 translocation. Six patients had no evidence of a PCR-amplifiable bcl-2/IgH 
rearrangement at either the mbr and mcr breakpoints in diagnostic tissue and in one 
other patient no premarrow purging sample was available for analysis. In keeping with 
our findings in previously relapsed patients who were treated with a u t o B M T , 1 0 all 70 
patients continued to have PCR-detectable disease at the time of B M harvest, 
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Figure 1. Kaplan-Meier estimate of probability ofDFS (A) and overall survival for 77 
patients following autoBMT (B). 

irrespective of the presence or absence of histologic appearance of the marrow biopsy. 

Following ex vivo marrow treatment, 30 patients (43%) had no PCR-detectable 

disease whereas 40 patients (57%) were reinfused with marrow that contained residual 

PCR-detectable lymphoma cells. There was no significant association between the 

outcome of purging and the presence of histologic evidence of disease. 

Treatment outcome 
There were two acute in-hospital treatment-related deaths both from diffuse 

alveolar hemorrhage syndrome. Four late deaths from nonlymphomatous causes 
were observed. F i v e patients have developed myelodysplasia ( M D S ) post 
au toBMT. Three patients have died without evidence of lymphoma fol lowing 
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100 

Figure 2. Kaplan-Meier estimate of time to treatment failure following autoBMT, for 
70 informative patients who were either PCR negative (PCRr) or PCR positive (PCR*) 
following ex vivo purging. 

HLA-matched sibling and matched unrelated donor allogeneic bone marrow 
transplants at 24, 32 and 40 months, respectively. T w o additional patients remain 
alive: one patient relapsed at 13 months and developed M D S at 65 months; the 
other patient developed M D S at 18 months and remains without relapse of 
lymphoma at 35+ months post-autoBMT. A n additional patient committed suicide 
at 28 months. 

A s of November 1, 1995, there have been 28 relapses among the remaining 71 
patients. Forty-three patients remain in C C R with a median follow-up of 45 months 
(range 14-82 months). The Kaplan-Meier estimate of the percentage of patients 
alive and disease-free at 3 years is 63% (Figure 1A) . The estimate of the overall 
survival at 3 years is 89% (Figure I B ) . 

O f the 28 patients who relapsed, the overwhelming majority relapsed in sites of 
prior disease (Table 2). Entirely new sites o f disease were observed in only 6 
patients, and in 4 the new sites were the only sites of relapse. Eleven of the 28 
relapses involved the marrow, a l l o f whom had a history of bone marrow 
infiltration, 10 at the time of harvest. Fo l lowing relapse, 23 of 28 patients are alive 
at a median follow-up of 49 months after a u t o B M T . 

PCR analysis following autoBMT 
The effect of marrow purging was examined in the 70 informative patients who 

had a previously known bcl-2 rearrangement, a l l o f whom had post-lysis marrow 
samples. A m o n g the 30 patients who were P C R negative after purging, there have 



Lymphoma 151 

been 5 relapses, while there have been 21 relapses among the 40 patients who were 
P C R positive after purging. The 3-year time to treatment failure (TTF) for the P C R 
negative patients is 88%, while the T T F for the patients who were P C R positive 
post-lysis is 51% (p=0.0006) (Figure 2). 

B M samples were analyzed for assessment of minimal residual disease fol lowing 
au toBMT. N o samples were available for analysis from four patients who had a 
documented PCR-amplif iable bcl-2/IgH rearrangement. T w o patients died during 
the procedure and two patients had no follow-up B M samples sent for P C R analysis. 
The results obtained at the time of and following a u t o B M T in these patients are 
shown in Figure 3. In 28 patients, no B M samples analyzed had evidence of P C R -
detectable lymphoma at any time point after a u t o B M T (Figure 3 A ) . O f note, i n only 
4 of these 28 patients (14%) were PCR-detectable lymphoma cells detected after 
immunologic purging. Three of these patients (11%) have relapsed to date, 1 patient 
with lymphoma lacking a bcl-2 rearrangement. PCR-detectable minimal residual 
disease was detected in every B M sample obtained after a u t o B M T in 21 patients, 20 
of whom (95%) were infused with autologous B M that contained residual P C R -
detectable lymphoma (Figure 3B). Sixteen of these 21 patients (76%) have relapsed 
to date. The remaining 17 patients had different results obtained at different time 
points after au toBMT (Figure 3C). In nine of these patients, PCR-detectable 
lymphoma cells were detected early after au toBMT, but no PCR-detectable 
lymphoma cells could be detected in later samples. The time taken to convert from 
P C R positivity to P C R negativity varied from one year to almost three years after 
au toBMT. Only one of these patients has relapsed to date. In four patients ( U P N 
#1312, 1370, 1415 and 1487) no discernible pattern could be observed. In four 
patients ( U P N #1348, 1369, 1476 and 1496) no PCR-detectable lymphoma cells 
were observed early after au toBMT, but lymphoma cells were detected by P C R at 
later time points and persisted on subsequent sampling. The time to appearance of 
first detectable minimal residual disease in these patients varied from one year to 
four years after au toBMT. 

DISCUSSION 

In this report, we present the results of a study of previously untreated patients 
with advanced stage F L who were uniformly treated with C H O P induction followed 
by high-dose chemoradiotherapy and a u t o B M T i n first remission. Wi th in the 
context of studies of conventional therapy i n this disease, the followup is relatively 
short; however, considering that the median progression-free survival i n patients 
treated conventionally is approximately 2 years, 1 1 we have observed over a 2-fold 
increase in D F S in patients undergoing au toBMT in first remission. Considering that 
only 36% of the patients in the present study who underwent au toBMT were in 
clinical C R at the time of au toBMT, the current results are encouraging. 
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1360 • o 
1384 • o 
1395 • o 
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Figure 3. PCR analysis of BM samples before and after BM purging, and after 
autoBMTin 70 informative patients with t(14;18). (A) patients in whom all post autoBMT 
follow-up BM samples were PCR negative; (B) patients in whom all post autoBMT fol
low-up BM samples were PCR positive; and (C) patients in whom post autoBMT fol
low-up BM samples were both PCR positive and negative. • represents PCR positive 
results, O represents PCR negative result, • indicates relapse. 

In F L , the evaluation of any impact on remission duration and survival w i l l 

require exceedingly long follow-up. A t the time of this analysis it is not clear 

whether there w i l l be a plateau in the D F S curve for patients treated on this study. 

Therefore, endpoints other than remission duration and survival would be useful 

for examining the effect of au toBMT. W e have previously reported that detection 

of minimal residual disease by P C R following a u t o B M T is a very useful predictor 

of re lapse . 7 1 2 Analogous to our studies of patients transplanted i n second or greater 

remission, we demonstrate here that the continued absence of PCR-detectable 

lymphoma cells in follow-up B M samples is a sensitive predictor of continuous 

remission fol lowing a u t o B M T in first remission. Furthermore, those patients in 

whom PCR-detectable disease is present early after a u t o B M T and becomes 

negative over time, appear to remain i n c l in ical and molecular remission. 

Conversely, patients who were continuously P C R positive i n follow-up B M 

specimens, or who converted from negative to positive, w i l l almost invariably 
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relapse. These studies are in contrast to reports of persistent PCR-detectable 
lymphoma cells in a select subset o f patients, with both early and advanced stage 
disease, who remain in continuous cl inical remission fol lowing conventional 
treatment. 1 3 - 1 6 In those patients, it is unclear whether those PCR-detectable cells 
are capable of contributing to relapse or more l ikely whether with longer follow-up 
those patients w i l l have cl inical relapse. It appears from our studies of high-dose 
therapy in this specific patient population that the persistence or development of 
PCR-detectable lymphoma cells is highly predictive of relapse and may be a 
suitable surrogate endpoint for assessing the efficacy of a u t o B M T in a disease with 
a very long natural history. 

A major question is whether the patients treated on this study were in fact a 
subgroup of patients with a poor prognosis. The International Prognostic Index 
for Aggressive Lymphomas has been applied to patients wi th F L , and r isk groups 
of patients have been i d e n t i f i e d . 1 7 1 8 Us ing these criteria, the vast majority of 
patients wi th F L present with low or low-intermediate risk disease, wi th less than 
5% of patients at high risk with a median survival o f approximately 2 years. 
Vi r tua l ly a l l patients i n the present study were of low-intermediate r isk by virtue 
of stage III/IV disease and the presence of extranodal disease. W i t h conventional 
therapy these patients have a median survival of about 10 years . 1 8 B y these 
criteria, our patients do not appear to have a very poor prognosis. One factor that 
suggests an unfavorable prognosis i n the patients selected for this study is the C R 
rate of 36% fol lowing C H O P induction. This is markedly lower than the 70% C R 
rate to C H O P reported for advanced stage F L pa t i en t s . 1 9 2 0 Al though one interpre
tation is that 6-8 cycles of C H O P was inadequate therapy, we believe we d id not 
select patients wi th exquisitely sensitive disease wi th a favorable prognosis. 
Patients who do not achieve a C R after treatment wi th conventional therapy have 
a median survival o f 4 years and a D F S of 1 year . 1 9 Therefore, we believe that 
few i f any of our patients would experience long-term D F S with additional 
treatment short of myeloablative. 

If the 30 patients who are presently in a c l in ical and molecular C R remain so, 
these results would be superior to conventional treatment and a u t o B M T i n second 
remission. Since fol lowing relapse only 50% of patients are candidates for 
au toBMT, then only 20% of relapsed patients experience long term D F S . Therefore 
the results i n the present study appear to be encouraging and merit further 
exploration. The results of this study show that patients whose marrow can be 
purged of PCR-detectable lymphoma cells remain in cl inical and molecular 
complete remission. Whether purging contributes to relapse or is a prognostic 
marker is presently unknown. However, for the subset (40%) of patients who purge 
P C R negative, a u t o B M T may be sufficient therapy and no additional therapy 
appears warranted. In contrast, those patients who are P C R positive after purging 
and/or in follow-up B M samples have an overwhelming l ikel ihood of relapse and 
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merit novel approaches. Specifically, future studies using stem cell support in F L 
should be directed at attaining a P C R negative state through the development of 
more efficient purging techniques. 2 1 Moreover, for the patients who remain P C R 
positive after purging and who persist or develop PCR-detectable lymphoma in 
follow-up B M samples, additional treatment with antibodies, cytokines and/or 
vaccines are merited. W e believe that high-dose myeloablative therapy is a 
potentially important treatment approach for advanced stage poor prognosis 
patients with F L . T o improve the therapeutic index, future studies must be directed 
at decreasing toxicity and improving eradication of minimal residual disease. 
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ABSTRACT 

W e have performed autologous bone marrow (autoBMT) or peripheral stem cell 
transplants (PSCT) on 131 patients with relapsed or refractory follicular non-
Hodgkin's lymphoma ( N H L ) . Thirty-nine patients had follicular small cleaved cell 
histology (FSC), 56 had follicular mixed N H L ( F M ) , and 36 had follicular large cell 
N H L ( F L C ) . There were 72 males and 59 females. Median age was 45 (range 24-67). 
Currently, 82 patients are alive with a median survival o f 72 months. Overall survival 
(OS) at 5 years is projected to be 57%. Fifty-eight patients are failure-free with a 
median failure-free survival (FFS) of 26 months. Actuarial 5-year F F S is 39%. 
Patients with F L C histology had shorter O S (p=0.008) and F F S (p=0.06) compared 
with F S C or F M histology. N o significant differences in outcome were observed 
between patients who received total-body irradiation compared with those who 
received chemotherapy alone, or between au toBMT compared with P S C T . Among 
P S C T patients, no significant differences in OS or F F S were observed between those 
who had histologic evidence of bone marrow involvement at the time of stem cell 
collection, and those with negative marrow. When analysis is restricted to the 95 pts 
with F S C and F M histology, OS and F F S at five years are projected to be 65% and 
44%, respectively. Eleven patients (8%) died before day 100. Late relapses have 
occurred in nine patients between 2.1 and 6.2 years following transplantation. Seven 
patients have developed myelodysplastic syndromes between 12 and 66 (median 30) 
months following transplantation. Long-term F F S is possible following au toBMT or 
P S C T for follicular N H L . The development of second malignancies and late relapses 
mandate prolonged follow-up for these patients. It is not clear whether patients are 
cured or the natural history of disease is altered. 

INTRODUCTION 

High-dose therapy followed by autologous bone marrow and peripheral stem 
cel l transplantation has become accepted therapy for patients with relapsed 
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intermediate-grade and high-grade non-Hodgkin's lymphoma ( N H L ) . Prospective 
randomized trials have demonstrated the superiority of this approach over conven
tional-dose salvage chemotherapy. 1 Despite the widespread use of transplantation 
for patients with aggressive lymphomas, there is relatively little experience with 
this form of therapy for follicular lymphoma. This report w i l l review our 
experience with high-dose therapy followed by autologous hematopoietic rescue 
for patients with follicular N H L . 

PATIENTS AND METHODS 

Between A p r i l , 1983, and January, 1995, 131 patients with follicular N H L 
received high-dose therapy followed by autologous hematopoietic rescue. W i t h one 
exception, all patients had relapsed or failed to attain a complete remission after 
treatment with an anthracycline-containing or mitoxantrone-containing regimen. A 
single patient had received only pelvic irradiation prior to transplantation. 
Classification into follicular small cleaved cell , follicular mixed or follicular large 
cell histologic subtypes was performed using the counting method described by 
Berard et a l . 2 Patients with transformed lymphomas, composite lymphomas and 
mixed architectural pattern were excluded from analysis. 

Patients were eligible for transplantation i f they had failed to achieve an initial 
remission or had relapsed after attaining a remission with conventional therapy. 
Transplant protocols were approved by the institutional review board and informed 
consent was obtained from all patients before transplantation. 

During the early period of patient accrual, al l patients were transplanted with 
unpurged autologous bone marrow. A bone marrow biopsy within one month of 
harvest was required to be morphologically free of lymphoma, although patients 
may have had previous bone marrow involvement. Dur ing the latter period of 
patient accrual, al l patients with follicular small cleaved cell and follicular mixed 
histology were transplanted with peripheral blood stem cells, even i f a bone 
marrow biopsy had never contained lymphoma. 

Prior to A p r i l , 1991, peripheral blood stem cells were collected without 
chemotherapy or cytokine mobilization. Thereafter, peripheral blood stem cells 
were collected after mobilization with either granulocyte-macrophage colony 
stimulating factor, granulocyte colony stimulating factor, erythropoietin or P I X Y -
321, depending upon trials in place at that time. 

Eighty-nine patients were treated with cyclophosphamide (60 mg/kgX2) and 
1200 c G y total-body irradiation (TBI) administered in six fractions. The majority of 
the remaining patients (n=30) received B E A C (carmustine 300 m g / m 2 X 1, etoposide 
100 mg/m 2 X8, cytarabine 100 mg/m 2 X8 and cyclophosphamide 35 mg/kgX4). The 
remaining patients received carmustine, etoposide, cyclophosphamide and 
hydroxyurea (n=7), cyclophosphamide, cytarabine and T B I (n=l), cyclophos-
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Table 1. Patient characteristics 

median age 45 (Range 24-67) 

gender M 72 (55%) 
F 59 (45%) 

histology FSC 39 (30%) 
FM 56 (43%) 
FLC 36 (27%) 

prior chemotherapy 1 27 (21%) 
2 54 (41%) 
3 23 (18%) 
34 27 (21%) 

regimen with TBI 92 (70%) 
without TBI 39 (30%) 

rescue autoBMT 16 (12%) 
PSCT 115 (88%) 

phamide, thiotepa and T B I (n=l), melphalan and T B I (n=l), ifosfamide, carboplatin 
and T B I (n=l), or cyclophosphamide, carmustine and etoposide (n=l). 

Transplant outcome was analyzed with respect to overall survival and failure-
free survival (FFS). Overall survival was defined as time from the date of transplant 
until death from any cause. F F S was defined as time from the date of transplant until 
relapse, disease progression or death from any cause. Survival curves were 
calculated according to the method of Kaplan and Meie r . 3 Comparisons of these 
time-to-event distributions were calculated using the logrank test. 

RESULTS 

Between A p r i l , 1983, and January, 1995, a total of 131 patients with relapsed or 
refractory follicular lymphoma received autologous bone marrow or peripheral 
stem cel l transplants at the University o f Nebraska Med ica l Center. Thirty-nine 
patients had follicular small cleaved cel l histology, 56 had follicular mixed 
histology, and 36 had follicular large cel l histology. Characteristics of patients in 
each of these groups are displayed in Table 1. 

A s o f July, 1996, 82 patients are alive and 58 patients remain failure-free. 
Overall survival is estimated to be 57% (95% confidence interval [CI], 47 to 68%) 
at five years, and median survival is 72 months (Figure 1). F F S is estimated to be 
39% at five years (95% C I , 30 to 50%), and median F F S is 26 months (Figure 1). 
Overall survival was significantly worse for patients with follicular large cel l 
histology, compared with follicular small cleaved cell and follicular mixed histology 
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Figure 1. Overall survival and FFS following high-dose therapy for follicular 
lymphoma (n=131). 
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Figure 2. FFS according to histology (p=0.06). 
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Figure 3. FFS according to number of conventional chemotherapy regimens received 
prior to transplantation (p=0.0002). 

(p=0.008). Similarly, F F S was inferior for patients with follicular large cel l 
histology (Figure 2). F F S at five years was estimated at 39% (95% C I , 25 to 61%) 
for patients with follicular small cleaved cell histology, 47% (95% C I , 34 to 64%) for 
patients with follicular mixed histology, and 18% (95% C I , 6 to 53%) for follicular 
large cell histology (p=0.06). Overall and F F S at five years for the 95 patients with 
follicular small cleaved cell and follicular mixed histology were estimated at 65% 
(95% C I , 55 to 77%) and 44% (95% C I , 34 to 57%), respectively. 

Transplant outcome was significantly associated wi th the number of 
chemotherapy regimens patients had received prior to transplantation. Overal l 
survival at five years was estimated at 63% (95% C I , 45 to 89%) for patients who 
were transplanted after receiving only one conventional chemotherapy regimen. 
Patients who had previously received two, three or more regimens had overall 
survival rates projected to be 72% (95% C I , 60 to 87%), 50% (95% C I , 31 to 82%) 
and 32% (95% C I , 17 to 61%), respectively. F F S at five years was estimated at 
45% (95% C I , 26 to 79%) for patients transplanted after receiving only one 
chemotherapy regimen, 53% (95% C I 40 to 71%) after two regimens, 22% (95% 
C I , 10 to 50%) after three regimens, and 17% (95% C I , 7 to 41%) after four or more 
regimens (Figure 3, p=0.0002). 
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Figure 4. FFS according to rescue source (p=0.65). 

There were 11 (8%) deaths within 100 days of transplantation. The cause of 
death for these patients was progressive disease (n=4), multi-organ failure (n=4), 
infection (n=l), central nervous system hemorrhage (n=l) and Epstein-Barr virus 
lymphoproliferation (n=l). Seven patients have developed a myelodysplastic 
syndrome between 12 and 66 months fol lowing transplantation. Four of these 
patients died within one year of developing myelodysplasia, while three remain 
alive between four and 29 months fol lowing diagnosis. One patient developed a 
squamous cell carcinoma of the tongue 77 months after transplantation and another 
patient died two months after transplantation with a disseminated Epstein-Barr 
virus-related lymphoproliferative disorder. In addition, nine patients have relapsed 
or progressed between 2.1 and 6.2 years fol lowing transplantation. 

Transplant outcome was analyzed with respect to transplant regimen, rescue 
source and presence of bone marrow involvement at the time of peripheral stem 
ce l l collection. F F S at five years was estimated at 4 1 % (95% C I , 31 to 55%) for 
patients who were transplanted with a TBI-containing regimen, compared with 
33% (95% C I , 20 to 53%) for patients who received a regimen consisting only of 
drugs (p=0.13). F F S was estimated at 49% (95% C I , 29 to 81%) for patients 
transplanted with unpurged bone marrow, compared with 37% (95% C I , 28 to 
49%) for patients transplanted with peripheral stem cells (Figure 4, p=0.65). The 
five-year F F S rate was estimated at 36% (95% C I , 24 to 54%) for the patients 
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transplanted with peripheral stem cells who had histologic evidence of bone 

marrow involvement at the time of stem ce l l col lect ion. Patients wi th normal 

bone marrow at the time of peripheral stem ce l l collection had a F F S estimated 

to be 26% (95% C I , 11 to 63%, p=0.56). 

DISCUSSION 

Aggressive conventional chemotherapy regimens for patients wi th low-grade 
lymphomas may prolong disease-free survival compared with observation or less 
aggressive therapy. 4 5 Nevertheless, a continuous relapse pattern has been observed 
for these patients without evidence of cure or prolonged survival. These results 
have led to trials of high-dose therapy followed by autologous hematopoietic 
rescue for patients with low-grade lymphoma. 

Although several reports have described the results of transplantation for low-
grade lymphoma, there is relatively little experience in contrast to that of more 
aggressive histologic subtypes. 6" 1 3 L i k e the results o f conventional chemotherapy, 
our results and most other reports of transplantation for low-grade lymphoma show 
a continuous pattern of relapse without evidence that patients are cured or the natural 
history of disease is altered. Rohatiner et al. reported that relapse-free survival for 
follicular lymphoma patients transplanted in second remission was superior to 
historical controls, although overall survival was not statistically different.9 

The long natural history of disease mandates prolonged follow-up after 
transplantation. W e observed nine cases where disease progressed more than two 
years fol lowing transplantation. Relapses as long as nine years fol lowing transplan
tation for follicular low-grade lymphoma have been reported. 7 In addition, the 
development o f secondary malignancies and myelodysplasia provide additional 
evidence of the need for prolonged follow-up. 

Overa l l survival and F F S rates were significantly associated wi th the extent 
of therapy prior to transplantation. Rohatiner et a l . also reported a correlation 
between the number of pr ior chemotherapy regimens and overal l survival 
fo l lowing transplantation for fo l l icular l ymphoma . 9 S imi l a r ly , Bas t ion et a l . 
noted inferior overal l survival and F F S i n patients transplanted at a later stage 
of disease. 1 3 These observations can be interpreted to indicate that transplan
tation should be performed early for these patients. Al ternat ively , these 
observations may reflect the results o f an intervention that is performed early 
i n the course o f a disease wi th a long natural history. 

Results o f therapy for follicular lymphoma are complicated by difficulties i n 
reproducibly classifying these malignancies. 1 4 In addition, there is controversy 
concerning the natural history of these diseases. Whi l e some investigators feel that 
all follicular lymphomas have a similar natural history, there is evidence that 
patients with follicular large cel l histology may have a natural history l ike that of 



164 Chapter 4 

intermediate-grade l y m p h o m a s . 1 5 1 6 Some reports of transplantation for low-grade 
lymphomas have included patients with follicular large cell h i s t o l o g y . 8 ' 9 1 1 , 1 3 

Differences in outcome among various series of transplantation for follicular 
lymphoma may be partly explained by inclusion of histologic subtypes with a 
spectrum of cl inical behaviors. 

Because of these controversies, we have attempted to evaluate outcome based 
upon subclassification of foll icular lymphomas. W e noted no differences in 
outcome between patients wi th fol l icular small cleaved cel l and fol l icular mixed 
histology. However, patients wi th foll icular large cel l histology had a worse 
overall survival and F F S than other fol l icular lymphoma patients. His tology had 
no influence on transplant outcome in the series reported by Colombat et a l . 8 

W e found no significant differences in outcome between patients receiving 
TBI-containing regimens and those transplanted with regimens that contained 
drugs alone. Although many investigators have used TBI-containing regimens for 
transplantation for low-grade lymphomas, other investigators have noted 
equivalent results when drug-only regimens have been used . 8 ' 1 0 , 1 3 The choice of 
preparative regimen needs close examination in light of the occurrence of 
myelodysplasia observed i n our patients and evidence that TBI-containing 
regimens may contribute to this complicat ion. 1 7 

The use of peripheral stem cells as a source of hematopoietic rescue has superseded 
the use of autologous bone marrow. W e have found no difference in transplant 
outcome between patients transplanted with autologous peripheral stem cells as 
compared with unpurged autologous bone marrow. Our results using unpurged bone 
marrow are comparable to other series that have used purged autologous bone 
marrow, 6 ' 9 or unpurged peripheral stem cel ls . 1 3 Although our data are retrospective, 
they demonstrate that long-term F F S is possible following transplantation with 
unpurged autologous bone marrow for low-grade lymphoma. 

Our results have also failed to show a significantly poorer outcome in patients 
with histologic evidence of bone marrow involvement at the time of peripheral 
stem cell collection. Bastion et al . showed no difference in survival when bone 
marrow was involved at the time of stem cel l col lec t ion. 1 3 Colombat et al. noted 
that a history of bone marrow involvement did not influence F F S . 8 Haas et al . failed 
to show any relapses among 22 patients transplanted with peripheral stem cells that 
were positive for t(14;18). S ix of these patients subsequently lacked evidence of 
t(14;18)-containing cells in blood or bone marrow. 1 1 Although indirect evidence 
suggests that transplanted lymphoma cells may contribute to relapse, 1 8 the 
European Bone Marrow Transplant Group and others have failed to show a benefit 
from purging in low-grade l y m p h o m a s . 8 1 0 ' 1 2 It is possible that transplanted 
lymphoma cells in blood or marrow may not be clonogenic, that insufficient 
numbers of tumor cells are being reinfused, or that host mechanisms may be able 
to eliminate malignant cells. 
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Our results demonstrate that long-term F F S is possible fol lowing transplan
tation for follicular N H L . Patients with follicular large ce l l histology had an 
inferior outcome when compared with other follicular lymphoma patients. W e 
were unable to demonstrate that the preparative regimen or rescue source 
influenced outcome. Late relapses and second malignancies occurred and our data 
do not al low us to answer the fundamental question of whether patients are cured 
with this approach or whether the natural history of disease is altered. The 
management of low-grade lymphoma continues to be difficult since no form of 
therapy has conclusively been shown to be curative or to prolong survival, either at 
diagnosis or at relapse. Prospective randomized trials comparing conventional 
chemotherapy and high-dose therapy for follicular lymphoma are underway. The 
role of transplantation in first remission and the role o f allogeneic bone marrow 
transplantation are being evaluated. 
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ABSTRACT 

Between July , 1991, and M a r c h , 1996, 100 patients wi th low-grade non-
Hodgk in ' s lymphoma ( N H L ) underwent high-dose condi t ioning therapy wi th 
peripheral b lood stem ce l l ( P B S C ) transplantation. Fi f ty- two patients were 
males and 48 females wi th a median age of 46 years (range, 22-60) . A c c o r d i n g 
to the K i e l classification, 79 patients had centroblastic-centrocytic (cb-cc) 
N H L , 14 patients had centrocytic (mantle cel l ) , 6 patients had lymphocyt ic and 
one patient had marginal-zone N H L . F o l l o w i n g high-dose cytarabine and 
mitoxantrone ( H A M ) , a median o f 2 leukaphereses (range, 1-7) were 
performed during f i lgrast im (RmetHuG-CSF)-suppor ted marrow recovery. 
Forty-seven patients received a second cycle of H A M for further tumor 
reduction. A t the time of autografting, 62 patients were i n first complete or 
partial remission, whereas 38 patients were i n second remission fo l lowing a 
history of relapse or progressive disease. The high-dose condi t ioning therapy 
consisted of total body irradiation ( T B I , hyperfractionated, 14.4 G y ) and 
cyclophosphamide (200 mg/kg). There were 5 patients who received B E A M 
(carmustine, etoposide, cytarabine, melphalan) because o f previous 
radiotherapy. F o l l o w i n g in fus ion o f 5 . 9 5 X I 0 6 C D 3 4 + c e l l s / k g (range, 
2.1-41.0), the median time to reach a neutrophil count o f 0 . 5 X 1 0 9 / L and a 
platelet count o f 2 0 . 0 X 1 0 9 / L was 13 and 12 days, respectively. The rate of 
transplantation-related mortali ty was 5%. Seventy-four patients are al ive and i n 
remission after a median fol low-up time of 23 months (range, 4 -52) . Relapses 
were observed i n 16 patients wi th a history of previous treatment failure and i n 
4 patients autografted whi le they were i n first remission. The probabil i ty of 
event-free survival for patients autografted i n first remission was 85% at 23 
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months i n comparison wi th 70% for patients wi th a history of treatment failure 
(p<0.01). Myeloabla t ive high-dose therapy wi th P B S C transplantation might 
therefore be envisaged for patients in first remission when the tumor burden is 
l o w and before drug resistance develops. Select ion of C D 3 4 + cells may help to 
reduce the r isk of reinfusing tumor cel ls , and the use of interferon-a is 
currently considered for maintenance therapy post-transplantation to prolong 
remission duration. 

INTRODUCTION 

Low-grade non-Hodgkin ' s lymphoma ( N H L ) is a heterogeneous group of 
lymphoproliferat ive diseases wi th an indolent c l i n i ca l course i n most o f the 
cases. 1 , 2 The malignant cells may in i t ia l ly respond to cytotoxic treatment, but 
i n patients wi th advanced-stage disease definite cure is rarely achieved 
fo l lowing conventional cytotoxic chemotherapy. The probabil i ty of disease-
free survival ( D F S ) at 5 years is around 2 5 % , 3 whi le long-term remissions were 
observed fo l lowing high-dose therapy and autologous bone marrow transplan
tation ( a u t o B M T ) . 4 - 7 The curative potential o f this treatment modal i ty has been 
shown for patients wi th high-grade N H L in sensitive relapse by P h i l i p et a l . 8  

W i t h a 5-year fo l low-up time, 53% of the transplanted patients were al ive and 
46% disease-free compared wi th 32% and 2% i n patients treated wi th a conven
tional "salvage" therapy, respectively. Peripheral b lood stem cells ( P B S C ) are 
increasingly used for the support o f high-dose therapy, inc lud ing myeloablat ive 
condi t ioning r e g i m e n s , 9 1 0 particularly because they reconstitute hematopoiesis 
more rapidly than does bone m a r r o w . 1 1 1 2 Better survival rates were reported 
for patients wi th aggressive N H L when P B S C were re-infused instead of 
unpurged bone mar row. 1 3 In this regard, it might be relevant that the P B S C 
harvests collected post-chemotherapy contain a significantly smaller number of 
B - l y m p h o i d progenitors and B-ce l l s than bone m a r r o w . 1 4 1 5 

W e report on the efficacy of a high-dose therapy wi th total body irradiat ion 
(TBI) and b lood stem ce l l transplantation in 100 patients wi th advanced-stage 
low-grade N H L . 

PATIENTS AND METHODS 

Patients 
Since July 1991, 100 patients were enrolled in the study. Forty-eight 

patients were females and 52 were males. Thei r median age was 46 years wi th 
a range between 22 and 60 years. A c c o r d i n g to the K i e l classif ication, 79 
patients had centroblastic-centrocytic (cb-cc) N H L , wh ich largely corresponds 
to fo l l icular lymphoma wi th in the W o r k i n g Formulat ion. Fourteen patients had 
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Table 1. Disease status at time of PBSC mobilization 

CB-CC MC Others Total 
no. of patients 
first remission (%) 
second remission (%) 
relapse/progressive disease (%) 

79 
62 
18 
20 

14 
64 
22 
14 

7 
57 
29 
14 

100 
62 
19 
19 

mantle ce l l N H L . In addition to histopathological examination, the latter 
diagnosis was confirmed by immunohistochemistry or F A C S analysis to 
demonstrate co-expression of C D 2 0 and C D 5 on the lymphoma cells . S i x 
patients had lymphocyt ic N H L , and one patient had marginal-zone N H L . The 
patients had a median o f 6 cycles o f previous cytotoxic chemotherapy (range, 
0-21) and 16 had undergone previous radiotherapy. Forty-eight patients had 
bone marrow involvement at the time of P B S C mobi l iza t ion by histopatho
log ica l examination. 

Six ty- two patients were included whi le they were i n first remission, whereas 
19 patients had achieved a second remission. Nineteen patients were included 
whi le they were i n relapse or because of progressive disease. 

A l l patients received high-dose cytarabine (2 g / m 2 q l 2 hours on day 1 and 
2) and mitoxantrone ( H A M ) (10 m g / m 2 q24 hours on day 2 and 3) fo l lowed by 
a standard dose of R - m e t H u G - C S F (Fi lgrast im, A m g e n , Thousand Oaks, C A ) 
of 300 pg per day, subcutaneously. 

The study was conducted under the guidelines o f the E th ica l Commit tee o f 
the Univers i ty o f Heidelberg. 

P B S C co l l ec t i on was performed us ing a F e n w a l C S 3000 (Baxter 
Deutschland G m b H , M u n i c h , Germany) or a Spectra (Cobe Laboratories, 
Lakewood , C O ) ce l l separator when a W B C > 1 . 0 X 1 0 9 / L was reached and a 
dist inct C D 3 4 + c e l l popula t ion was detectable by immunof luorescence 
analysis. Between 10 and 20 liters o f b lood were processed per apheresis at 
f low rates between 50 and 150 m L / m i n . The apheresis product o f 50 m L was 
mixed wi th the same volume o f min ima l essential medium ( M E M ) containing 
20% dimethyl sulfoxide ( D M S O ) . The f inal 100 m L ce l l suspension was 
transferred into freezing bags (Delmed, N e w Brunswick , N J ) and frozen to 
- 1 0 0 ° C using a computer-controlled cryopreservation device (Cryoson B V - 6 ; 
Cryoson Deutschland, Germany) . The frozen cells were transferred into the 
l i qu id phase of nitrogen and stored at - 1 9 6 ° C . 

PBSC collection and cryopreservation procedure 
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Figure 1. Correlation between the concentration of circulating CD34+ cells in the 
peripheral blood and the yield in the respective leukapheresis product. The regres
sion analysis is based on 223 paired samples from 100 patients with low-grade NHL 
mobilized during first remission (hollow circles) or during second remission (filled 
circles). The dotted lines and the corresponding numbers indicate the mean (±SEM) 
values of the grouped data, showing a 2.5-fold greater yield for patients mobilized 
in first remission. 

Pre-transplant conditioning regimens and intensive care post-transplant 
High-dose condi t ioning therapy consisted of T B I (14.4 G y , hyperfrac-

tionated, over 4 days) and cyclophosphamide (200 mg/kg , over 4 days) in 95 
patients, whi le 5 patients received the B E A M protocol (carmustine 300 m g / m 2 , 
etoposide 120 m g / m 2 , A r a - C 800 m g / m 2 and melphalan 140 mg/m 2 ) . The 
patients rece ived p rophy lac t i c par t ia l gut decontaminat ion . A n t i b i o t i c 
combinat ion therapy was administered for fever o f greater than 3 8 . 5 ° C , and 
amphotericin-B was added for documented fungal infection or persistent fever. 
A platelet count o f greater than 2 0 X 1 0 9 / L was maintained by H L A - A / B 
matched platelet transfusions and packed red cells were g iven when the 
hemoglobin was below 8 g /dL. 
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Table 2. Non-hematological toxicity 

days of fever >38.5°C 
median 5 
range 0-18 

days of IV-antibiotics 
median 13 
range 0-33 

red blood cell transfusions 
median 4 
range 0-18 

platelet transfusions 
median 5 
range 1-25 

Immunofluorescence staining and flow cytometry 

For dual-color immunofluorescence analysis, 1 X 1 0 6 mononuclear cells or 
20-50 u L of whole b lood were incubated for 30 minutes at 4 ° C wi th the 
fluorescein (FITC)-conjugated monoclonal antibodies ( m A b ) H P C A - 2 (CD34) 
and H L e - 1 (CD45) and the phycoerythrin (PE)-conjugated m A b Leu-12 
( C D 19). Isotype ident ica l antibodies served as control (Simultest) . A l l 
antibodies were obtained from Becton D i c k i n s o n , Heidelberg, Germany. The 
cel ls were analyzed using a Bec ton D i c k i n s o n F A C S c a n , as described 
p rev ious ly . 1 6 

Statistical analysis 

The c l in ica l and laboratory data of the patients were analyzed according to 
standard statistical methods using a commercial ly available computer program 
(Statworks, Cr icket Software, Philadelphia, P A ) . The results are given as mean ± 
standard error of the mean ( S E M ) or as median and range. Statistical significance 
between differences of grouped data was determined using the student's Mest . A 
significance level o f p<0.05 was chosen. The relationship between the number of 
c i rcula t ing C D 3 4 + cel ls and y i e l d o f C D 3 4 + ce l l s /kg i n the respective 
leukapheresis product was assessed by simple linear regression and correlation 
analysis. The estimate of the survival curves was computed using the Kaplan-
Me ie r method. For comparison of the probability of disease-free and overall 
survival in different subgroups of patients the logrank test was used. 
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Figure 2. Probability of event-free survival in 100 patients with low-grade NHL fol
lowing high-dose conditioning therapy with peripheral blood stem cell transplantation. 
Patients auto-grafted in first remission (upper curve) have a better event-free survival than 
patients with a history of previous treatment failure (lower curve, p<0.01). 

RESULTS 

Circulating CD34+ cells and PBSC collection 
A close relationship was found between the number of c i rculat ing C D 3 4 + 

cells i n the peripheral b lood and the y i e l d obtained i n the respective 
leukapheresis product (Figure 1). The mean number of C D 3 4 + cells collected 
per k g body weight was approximately 2.5-fold greater i n patients who were i n 
first remission when compared wi th patients mobi l i zed i n second remission, 
relapse or during progressive disease (6.76 ± 0 .70X10 6 C D 3 4 + ce l l s /kg versus 
2.73 ± 0.35 X10 6 C D 3 4 + cel ls /kg). The proportion of B - l y m p h o i d progenitors 
and B cells as defined by direct immunofluorescence was extremely low. The 
proportion o f C D 3 4 + / C D 1 9 + cel ls contained i n the L P products was 1.35 ± 
0.24% [mean ± S E M ] , whi le the proportion of C D 1 9 + cells was 0.26 ± 0.10% 
[mean ± S E M ] . The number of these ce l l subsets in the L P products was not 
significantly different between the two patient groups. 



Lymphoma 173 

Autografting with G-CSF-mobilized PBSC 

In 95 patients, high-dose therapy consisted of T B I (14.4 G y , hyperfrac-
tionated over 4 days) and cyclophosphamide (200 mg/kg) . F i v e patients wi th a 
history of previous radiotherapy received B E A M . A t the time of high-dose 
therapy, 62 patients were i n first complete or partial remission, whi le 38 had 
achieved a second complete or partial remission. F i v e patients died of 
treatment-related complications between 13 and 188 days post-transplantation. 
The median time to recover a neutrophil count o f 0 . 5 X 1 0 9 / L was 13 days 
(range, 8-34), whi le the median time to achieve a platelet count o f 20.0 X 1 0 9 / L 
was 12 days (range, 6-51) . The reason for the delay i n platelet recovery 
observed i n 5 patients is not clear. The nonhematological toxic i ty encountered 
was moderate and mainly consisted of mucosit is and neutropenic fever. The 
median duration of hospitalization fo l lowing high-dose therapy was 18 days 
(range, 9-49) . The parameters reflecting the treatment-related toxici ty are 
summarized i n Table 2. 

Follow-up post-transplantation 

F o l l o w i n g a median time of 13 months (range, 5-42) , 20 patients relapsed 
(17 cb-cc, 2 mantle ce l l N H L and 1 lymphocyt ic N H L ) . Sixteen patients i n 
relapse had a history of previous treatment failure, and the relapses occurred at 
sites o f previous disease, including l y m p h nodes, bone marrow and extranodal 
sites. Four relapses were observed i n patients who were autografted whi le they 
were in first remission. In these patients, the sites o f relapse included new 
localizations different from those invo lved at the time of in i t i a l diagnosis. One 
patient i n complete remission developed a necrotizing fungal pneumonia wi th 
sepsis and died ten months post-transplantation. 

Fif ty- two patients transplanted in first remission and 22 patients autografted 
i n second or greater remission are al ive and disease-free wi th a median fo l low-
up time of 23 months (range, 4 -52 months). This translates into a probabil i ty 
of event-free survival o f 85% for patients transplanted i n first remission and 
70% for patients wi th a history of previous treatment failure at the median 
fol low-up time of 23 months (Figure 2). The difference between both patient 
groups is statistically significant (p<0.01). Dependent on the k i n d of previous 
first- and second-line cytotoxic chemotherapy the patients i n relapse received a 
pall iat ive treatment that consisted either o f cyclophosphamide, vincrist ine, 
prednisone ( C O P ) , prednimustine wi th H A M (Noste), fludarabine, interferon-
a or loca l radiotherapy. W i t h a median observation per iod o f 9 months (range, 
3-33) , 14 patients are al ive after relapse, whi le 6 patients died due to disease 
progression. The probabil i ty of overal l survival for patients autografted i n first 
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remission is 9 1 % , whereas patients wi th a history of previous treatment failure 
have a probabil i ty of overal l survival o f 8 2 % at the median fo l low-up time of 
26 months. 

DISCUSSION 

In this single-center study, the efficacy and tolerabili ty o f a high-dose 
condi t ioning therapy wi th P B S C was evaluated in a group of 100 patients wi th 
low-grade N H L . The patient population was heterogeneous wi th respect to the 
his tological subtypes included, the stage and disease status at the time of entry 
into the study. The type o f previous chemo- and radiotherapy was also different 
among patients. Regardless o f this heterogeneity in the patients' character
istics, a l l patients received high-dose cytarabine and H A M wi th G - C S F support 
as consolidat ion or salvage therapy i n an attempt to decrease the tumor load 
before high-dose therapy and to collect P B S C during marrow recovery. A 
sufficient amount o f C D 3 4 + cells could be harvested during the course of 2 
leukaphereses (median, 1-7). It turned out that patients mobi l i zed i n first 
remission obtained a 2.5-fold greater number of C D 3 4 + cells than patients wi th 
a history of previous treatment failure. This f inding argues for P B S C 
harvesting early during the course of the disease. A t the same time, the amount 
of B - l y m p h o i d progenitor cells ( C D 3 4 + / C D 1 9 + ) and B cells in the autografts 
( C D 1 9 + ) was extremely low and not related to the disease status at the time of 
mobi l iza t ion . 

The event-free survival o f 23% at the longest fo l low-up time for patients 
wi th a history of previous treatment failure is disappointing. The 16 relapses 
observed in this patient group occurred at sites o f previous disease, suggesting 
that relapse may have developed from resistant tumor cells i n v i v o rather than 
from reinfused lymphoma cells . The group of Nadler et a l . 1 7 and Rohatiner et 
a l . 1 8 reported sl ightly better results for a s imi lar group of patients wi th 
fol l icular N H L in chemosensitive relapse. The high-dose therapy consisted of 
T B I and cyclophosphamide, but purged bone marrow was used for autografting 
instead of P B S C . The question of whether this accounts for the difference i n the 
c l i n i ca l outcome or whether patient selection was effective cannot be answered. 

T o improve the D F S , the administration of interferon-a is envisaged post
transplantation for maintenance therapy. M o r e recently, it cou ld be shown that 
the probabil i ty of D F S in patients wi th advanced-stage low-grade N H L i n first 
remission could be significantly prolonged fo l lowing conventional cytotoxic 
therapy when in ter feron-a was g i v e n . 1 9 - 2 1 In addi t ion , i n v o l v e d - f i e l d 
radiotherapy could be administered post-transplantation to sites o f previous 
bu lky disease. The majority o f patients i n relapse received pal l iat ive treatment, 
wh ich consisted of C O P , prednimustine wi th H A M , fludarabine, interferon-a 
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or loca l radiotherapy. Fourteen patients are al ive wi th a median fo l low-up time 

of 9 months (range, 3-33) after relapse. 

Fi f ty- two patients transplanted i n first remission are al ive and disease-free. 

The probabil i ty o f D F S of 85% at 23 months is encouraging compared wi th the 

data reported for patients who received conventional cytotoxic chemotherapy. 

It should be also noted that this group of patients includes 9 patients wi th 

mantle ce l l N H L , wh ich is rarely cured by conventional chemotherapy. S t i l l , 

caution is warranted i n interpreting the data, since the median fol low-up time 

is s t i l l relatively short. 

To reduce the r isk of reinfusing tumor cells i n patients wi th B - c e l l 

malignancies ex-v ivo methods for the selection of C D 3 4 + cells are envisaged, 

as prel iminary data suggest that C D 3 4 + cells do not contain lymphoma cells 

bearing the t(14;18) translocation. The impact o f these ex-v ivo procedures on 

the c l in i ca l outcome cannot be answered yet and wou ld require gene marking 

studies. 

In summary, a G-CSF-suppor ted cytotoxic chemotherapy wi th cytarabine 

and H A M is an efficient anti-neoplastic treatment and permits the mobi l iza t ion 

of P B S C in patients wi th low-grade N H L . PBSC-suppor ted high-dose therapy 

may be particularly beneficial for patients who are i n first remission fo l lowing 

conventional cytotoxic chemotherapy. 
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INTRODUCTION 

C h r o n i c lymphocy t i c l eukemia ( C L L ) is a c lona l expansion o f smal l 
lymphocytes , usual ly o f B - c e l l l ineage, wi th a l o w prol iferat ive index and 
prolonged ce l l su rv iva l . It is the most common type of l eukemia i n adults and 
typ ica l ly occurs i n persons over 50 years o l d . The disease has an indolent 
natural history, and is incurable wi th convent ional treatments. In most cases 
advanced age makes pa l l i a t ion of symptoms and prolongat ion of surv iva l the 
therapeutic g o a l s . 1 2 Current ly , new agents such as fludarabine have been 
demonstrated to be effective as pr imary or salvage chemotherapy, wi th h igh 
percentages o f transient, complete or near complete bone marrow ( B M ) 
remissions, rarely achieved wi th previous chemotherapy p rograms . 1 ' 3 , 4 

These developments suggest that intensive therapy may have a role i n the 
management of C L L . For younger patients wi th high risk features, who have a 
median survival o f less than 3 years with standard treatment, the collection o f 
autologous marrow minimal ly involved by malignant clone may be feasible. 
Recently, high-dose chemoradiotherapy with ex vivo purged autologous bone 
marrow transplantation (autoBMT) has been performed i n patients <60 years of 
age at different stages of disease and preliminary results seem encouraging. 5 - 7 The 
use of peripheral b lood stem cel l ( P B S C ) transplantation in C L L has not been 
fully investigated, especially in patients previously treated with fludarabine. 9 In 
order to test the feasibility o f this procedure, we performed intensification with 
high-dose chemotherapy followed by unmanipulated P B S C rescue in 8 young 
patients with C L L who had minimal residual disease after fludarabine treatment. 

MATERIALS AND METHODS 

Patients wi th B-l ineage chronic lymphocy t ic leukemia ( C L L ) wi th m i n i m a l 
disease after fludarabine therapy, were e l ig ib le for the study. E l i g i b i l i t y also 

177 
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Table 1. Disease status at autograft 

Pt BM biopsy: BM biopsy: CD5/CD20+BM CD5/CD20+PB 
pattern % involvement (%) (X109/L) 

1 int 10 9 0.259 
2 int/nod 30 1.52 0.014 
3 int 15 0.3 0.021 
4 int 30 1.32 N.E. 
5 int 10 2.64 0.439 
6 int 10 1.05 0.054 
7 nod 20 4.95 0.04 
8 int/nod 10 0.72 0.016 
median 12.5 1.42 0.04 

included 60 years o f age or less and stage B disease, pr ior fludarabine 
treatment, as def ined by the Internat ional W o r k s h o p on C L L . G o o d 
performance status was required, wi th absence o f concomitant disease o f the 
lungs, l ive r and heart. Informed consent was obtained from a l l patients. Before 
admiss ion a l l patients were evaluated by phys ica l examinat ion, b lood-
chemistry profi le , complete b lood count ( C B C ) , serum protein immunoelec-
trophoresis, chest X - r a y , chest C T scan, abdominal-pelvic ultrasound and/or 
computer tomography scanning. C l i n i c a l complete remiss ion ( C R ) was 
defined as the absence o f any detectable disease. 

Immunophenotype analysis was performed on B M and per ipheral -blood 
samples before and after t ransplanta t ion by f l o w cy tomet ry u s ing 
simultaneous dual -color staining. Res idua l disease was determined by co-
expression either o f C D 1 9 or C D 2 0 and C D 5 on B lymphocytes . The presence 
of more than 10% o f the total lymphocyte populat ion co-expressing C D 5 and 
C D 2 0 was considered posi t ive for residual disease. 

F o r a l l patients, before and after transplantation, B M samples were 
cryopreserved for Ig gene rearrangement analysis . 

Patients were nursed in a double room, in a general hematologic ward. A 
central venous l ine was inserted in a l l patients before the procedure. P B S C 
co l l ec t ion was performed after high-dose cyc lophosphamide (7 g/sqm) 
f o l l o w e d by subcutaneous recombinan t human granu locy te c o l o n y 
st imulat ing factor (rh G - C S F ) administrat ion at 5 mcg/kg/day. Cytaphereses 
were performed dur ing the hematopoietic recovery phase as soon as the 
leukocyte count reached at least 1 X 1 0 9 / L or as soon as C D 3 4 + mononuclear 
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cel ls were detectable i n the peripheral b lood . Aphereses o f 7 - 1 0 liters were 

processed us ing appropriate b lood c e l l separators. The required number o f 

C D 3 4 + ce l ls was > 2 X l 0 6 / k g . Co l l ec t ed cel ls were cryopreserved after 

obtaining samples for steri l i ty, differentials and C F U - G M cultures. The 

preparative regimen was ident ica l for a l l patients and consisted o f B E A M 

( B C N U , etoposide, A r a - C , melphalan). Prophylac t ic a l lopur ino l , antiemetics 

and hyperhydrat ion were administered throughout the ablative chemotherapy 

per iod. Melpha lan - induced stomatitis was prevented w i t h an appeal ing and 

cheap supportive therapy: popsic le eating dur ing melphalan i n f u s i o n . 1 0 

W i t h i n 24 hours of the comple t ion of chemotherapy, patients received 

cryopreserved autologous stem cel ls ( S C ) . Af te r S C reinfusion, the patients 

received r h G - C S F (5 mcg/kg/day) unt i l neutrophi l recovery. 

Prophylac t ic oral antibiotics and intravenous a c y c l o v i r (15 mg/kg/day) 

were g iven routinely during aplasia, and broad spectrum I . V . ant ibiot ic 

therapy was instituted i n case of fever > 3 8 ° C . A l l b l ood products g iven after 

high-dose chemotherapy were irradiated. Platelet transfusions were g iven i f 

the platelet count was < 1 0 X 1 0 9 / L , or i f c l i n i c a l l y indicated. 

PATIENT DETAILS AND RESULTS 

A s o f August , 1996, eight C L L patients w i t h m i n i m a l residual disease 
( M R D ) f o l l o w i n g fludarabine therapy had undergone autologous transplan
tation after B E A M condi t ion ing regimen (Table 1). M e d i a n age was 48 years 
(range, 43 to 56). Seven were males. M e d i a n interval f rom diagnosis to 
transplant was 41 months (range, 12 to 67). A c c o r d i n g to B i n e t ' s c lass i f i 
cat ion, a l l patients were stage B before fludarabine treatment. 2 A t the t ime o f 
i n i t i a l evaluat ion for transplant, the majori ty of patients had res idual 
intersti t ial l ymphocy t i c inf i l t ra t ion on B M biopsy. The degree of residual B M 
involvement as assessed by percentage o f intertrabecular space infi l t rated 
var ied from 10 to 30%. A t the t ime o f transplantation, 3 patients were i n first 
c l i n i c a l and immuno log i ca l C R after fludarabine alone, and 5 were i n second 
C R either after fludarabine alone (1 patient) or after fludarabine combined 
wi th A r a - C and mitoxantrone (4 patients). The median number o f previous 
regimens was 2 (range, 1 to 5) . A l l patients comple ted the p lanned 
mobi l i za t ion schema wi th high-dose cyclophosphamide and r h G - C S F . Due to 
unsatisfactory P B S C co l lec t ion , three patients underwent marrow co l lec t ion 
and reinfusion (total number o f nucleated ce l l s o f 1.6, 1.9 and 3 . 2 6 X l 0 8 / k g , 
respect ively) . The other 5 patients received P B S C : median number o f 
cytaphereses was 4.5 (range, 1 to 7) and median number o f C D 3 4 + cel ls was 
3.9 (range, 1.5 to 11.3) X 10 6 / kg . A l l patients rece ived r h G - C S F (5 
mcg/kg/day) f rom day +5 to neutrophil recovery. A l l patients engrafted; 
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Table 2. Recovery and follow-up 

Pt Day Day Follow-up 
+ (XlCP/kg) PMN >0.5 PLTS >20 (months) 

1 BM 21 115 14+, A&W 
2 11.3 12 15 11+, A&W 
3 1.5 15 63 11+, A&W 
4 3.9 9 55 8+, A&W 
5 BM 24 52 4+, A&W 
6 3.55 12 14 4+, A&W 
7 BM 12 24 1+, A&W 
8 3.9 14 31 1+, A&W 
median 3.9 13 42 

median time to recovery was 13 days (range, 9 to 24) for granulocytes greater 
than 0 . 5 X 1 0 9 / L , and 33 days (range, 14 to 115) for platelets greater than 
2 0 X 1 0 9 / L . Four patients developed fever wi th documented posi t ive b lood 
cultures dur ing aplasia: two patients had staphylococcus, one had strepto
coccus and one had staphylococcus and streptococcus species bacter iemia. 
Because of prophylact ic popsic le consumption, only one patient experienced 
severe mucosi t i s . Late compl ica t ions inc luded two cutaneous herpes zoster 
infections, at 3 and 4 months after transplant. 

A t 6 months median fo l low-up (range, 1 to 14), a l l 8 patients are a l ive and 
w e l l i n persist ing unmaintained C R (Table 2). 

DISCUSSION 

C L L is one of the few hematologic malignancies for wh ich high-dose 
myeloablative therapy and B M T have played a l imi ted therapeutic role. A small 
number of h ighly selected patients wi th C L L have been treated wi th allogeneic 
B M T . 5 , 7 - 8 Unfortunately, this disease predominantly affects elderly patients 
who are not e l ig ible for allografts. Recent advances in chemotherapy wi th 
fludarabine-based regimens have produced B M remissions rarely achieved 
wi th conventional chemotherapy regimens. Th i s offers the opportunity to 
collect autologous B M when it is min imal ly invo lved by the malignancy. E x 
v i v o treatment of harvested autologous marrow has been effectively performed 
to deplete malignant lymphoma cells and appears to be a log ica l approach for 
C L L . 6 A n alternative approach to the problem of reinfusion of malignant 
lympho id cells has been the use of peripheral b lood stem cells , on the basis that 
these are less l i k e l y to be contaminated with tumor c e l l s . 6 ' 1 1 A l though 
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autologous b lood stem ce l l transplant is used increasingly i n mult iple myeloma 
and lymphoma, only 2 C L L patients have been autografted wi th P B S C 
collected after fludarabine, according to one report. 9 Delayed hematopoietic 
recovery was observed i n both patients: one died i n aplasia 3 months post-
transplant and the other has persistent thrombocytopenia 12 months after the 
procedure. Our results show that it is possible to collect a sufficient number of 
P B S C in C L L patients (5 of 8 patients treated) after fludarabine treatment. 
Furthermore, rapid recovery and absence of serious toxici ty show that intensi
fication wi th P B S C support seems to be feasible i n young patients wi th h igh 
risk C L L . N o life-threatening complications were observed despite the immune 
deficiency associated wi th the underlying disease and the previous fludarabine 
treatment. Our results, although obtained i n a heterogeneous group of patients 
wi th a short fo l low-up, are encouraging and justify further investigation of this 
therapeutic approach. 
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ABSTRACT 

Lymphob la s t i c l y m p h o m a is a dist inct subgroup o f n o n - H o d g k i n ' s 
lymphomas that the W o r k i n g Formula t ion categorizes as a high-grade 
mal ignancy . It is characterized at diagnosis by frequent medias t inal 
involvement. However , bone marrow ( B M ) and subsequent peripheral b lood 
involvement are common. F r o m a histologic and cytologic point o f v iew it is 
ident ical to acute lymphoblast ic leukemia. Sequential chemotherapy has 
improved the prognosis of this lymphoma i n terms of survival and disease-free 
survival ( D F S ) . However , several negative prognostic factors present at 
diagnosis seem to reduce survival and D F S due to the high r isk of relapse. Fo r 
this reason, small groups of patients i n complete remission ( C R ) were treated 
wi th high-dose therapy and autologous bone marrow transplantation ( au toBMT) 
after convent ional chemotherapy. A n international randomized study is 
presently underway to determine the usefulness of a u t o B M T for patients 
responding to front-line therapy. 

INTRODUCTION 

Lymphoblastic lymphoma is an aggressive non-Hodgkin's lymphoma that the 
Work ing Formulation places i n the group of high-grade malignancy lymphomas 
(Group I /WF) . 1 It is more common in males and tends to affect adolescents and 
young adults with frequent mediastinal involvement at diagnosis. 2 Bone marrow 
involvement at, or immediately fol lowing diagnosis is common and leukemic 
evolution may frequently be the final event. Involvement of the central nervous 
system is not common at presentation. 

Lymphoblastic lymphoma among adults is rare, making up approximately 
3-4% of a l l cases of non-Hodgkin's lymphomas. 3 F r o m both a histologic and 
cytologic point of view it is indistinguishable from acute lymphoblastic leukemia. 
This often leads to problems in identifying the two diseases. C l in i ca l development 
of the lymphoma is usually characterized by the presence of init ial adenopathy or 
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signs of mediastinal involvement without initial cl inical signs of bone marrow 
( B M ) involvement. However, this region is nearly always compromised i f 
diagnosis is delayed and the cl inical picture is identical to that of leukemias with 
nodal activity. In other cases, diagnosis of B M involvement coincides with that of 
mediastinal and nodal activity. 

Since there are no reliable criteria to identify the two illnesses, the extent of B M 
involvement is used as the distinguishing factor. Thus, a case characterized by less 
than 25% B M involvement without circulating blasts is identified as lymphoblastic 
lymphoma. 4 Other studies have included cases with less than 10% circulating blasts 
in this category of patients.5 

There is no doubt that both lymphoma and lymphoblast ic leukemia derive 
from precursors o f the T and B lines i n various stages of differentiation. Ce l l s 
characterized by these lines are found i n various parts o f the body. Thei r 
tumoral counterparts tend to be found i n the same region once there is c l i n i ca l 
evidence of disease. Pre-B cells are main ly found i n B M and so resulting 
neoplasms are usually leukemias. The precursor T cells originate i n the B M , 
migrate to the thymus and are then active in secondary l ympho id organs, wh ich 
include B M . So T neoplasms can be present as lymphomas or leukemias. This 
explains how a patient may present a c l i n i ca l picture o f both lymphoma and 
leukemia at the same time or how these may co-exist i n a variety of forms 
during the course of i l lness. 

IMMUNOPHENOTYPE 

E v e n though the lymphoblast ic lymphoma immunophenotype presents 
considerable heterogeneity, 4 5 there is no doubt that the T phenotype is dominant. 
Various T marker cells are present according to the stage of differentiation. The 
less mature cells can therefore register the transferrin receptor C D 7 1 and an 
antigen often present on activated lymphocytes and plasma cells such as C D 3 8 . 
A t the intermediary stage of differentiation thymocytes register C D l a , C D 4 and 
C D 8 . This continuous differentiation is seen from the fact that cells can register 
both C D 4 and C D 8 receptors at the same time, and also are C D 3 positive. 

Usually lymphoblastic lymphoma cells show intermediate (cortical thymic) or 
mature (medullary thymic) phenotypes. However, cases do exist that register only 
prethymic markers. 

Final ly, there are a small number of cases of pre-B origin, or cases positive only 
for the H L A - D R and C D 10 antigens as reported in Table 1 (two cases identified as 
non-T/non-B). 6 

T w o pre-B cases which were positive for the H L A - D R , C D 10 and C D 2 0 
antigens registered a small percentage o f cells which were also positive for C D 7 1 
and C D 3 8 . Similar observations have been reported by others. 7 , 8 
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Table 2. Clinical features of 45 lymphoblastic lymphomas at diagnosis (observed by the 
NHLCSG) 

number of patients 45 

sex: males 28 females 17 
median age 20 years (range 15-51) 
stage: 

IIbulky>15 cm 2 
III 2 
IV 41 

mediastinal involvement 39 (86%) 
mediastinal bulky disease >10 cm 20 (44%) 
BM involvement 24 (53%) 
spleen involvement 15 (33%) 
extranodal localizations: 

pleura 16 
liver 10 
kidney 7 
pericardium 6 
CNS 3 
gut/bone/skin/lung 2 
muscle/pancreas 1 

BM=bone marrow; CNS=central nervous system. 

EPIDEMIOLOGY 

While some information is available about Burkitt 's lymphoma, there are very few 
epidemiological data for lymphoblastic lymphoma, although on the whole the latter 
appears to be more frequent. Lack of data is probably due to the difficulty in distin
guishing between acute lymphoblastic leukemia and lymphoma. Lymphoblastic 
lymphoma represents approximately 5% of all non-Hodgkin's lymphomas i n the 
United States and Europe. 9 Lymphoblastic lymphoma is generally considered to be an 
illness which affects children and young people, with the highest incidence between 
10-20 years of age. 1 0 A n exception to these data is reported by Nathwani in a study of 
97 patients in which 50% were over 30 years of age. 1 1 Median age of males was 27 
and of females 50 with a ratio between them of 2:1. Males showed a bimodal distri
bution of incidence according to age with a maximum incidence of the disease 
between 10-20 years of age and again in their 70s. 

CLINICAL FEATURES AND STAGING 

Mediast inal involvement is the most common presentation of lymphoblastic 
lymphoma (50-70% of cases). Lennert reports this in more than 80% of examined 
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Table 3. Clinical features at diagnosis of 26 lymphoblastic lymphomas undergoing 
autoBMT in 1st CR (treated by the NHLCSG)  

number of patients 26 

sex: males 17 females 9 
median age 25 years (range 15-43) 
stage (no.): 

m 2 
IV 24 

mediastinal involvement 23 
BM involvement 11 
spleen involvement 8 
LDH > 150% maximum level 13 
extranodal localizations: 

pleura 5 
liver 4 
kidney 4 
pericardium 3 
lung 2 
gut/muscle/skin/bone 1 

cases. 1 0 In the 45 patients studied by our Group, the Non-Hodgkin ' s Lymphoma 
Co-operative Study Group ( N H L C S G ) , mediastinal involvement was seen in 86% 
(Table 2). Pleural localization may be seen i n a certain number of cases. 
Associated symptoms include dyspnea, dysphagia, pain and sometimes precava 
obstruction syndrome. Adenopathy is usually l imited to the epinephral region, but 
numerous cases show involvement of the abdominal region and spleen, l iver and 
kidney involvement. 

L i k e a l l aggressive lymphomas, lymphoblastic lymphoma can involve any 
structure or organ (Table 2). Involvement of B M is common. In our patients, for 
whom 25% of B M involvement was considered the max imum below which 
lymphoblastic lymphoma was identified, over 50% presented B M involvement. 
Local iza t ion i n the central nervous system ( C N S ) is relatively rare and is usually 
found in cases i n which the illness is located i n the head and neck. C N S 
involvement may consist o f meningeal involvement, intracerebral disease, 
cranial nerve infiltration and paraspinal masses. C N S localizat ion is more 
common i n patients who show B M involvement; however, i n rare cases, the two 
may not be connected. 

Precise diagnosis is essential to therapy choice. Noda l biopsy and examination 
of pleural fluid when present is usually requested. B M examination is essential for 
staging and can be helpful in diagnosis. Mediastinal biopsy or biopsy v ia 
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Figure 1. Survival curves according to status of the disease (p<0.0005) (from Mazza 
etal.,14). 

parasternal access is necessary when the disease is l imited to the mediastinum. A l l 
examinations, including radionuclide scans, are mandatory for correct staging to 
establish the hidden areas of illness as most adult patients affected by this 
lymphoma are presented at an advanced stage (Table 2). 

CONVENTIONAL TREATMENT AND NEGATIVE PROGNOSTIC FACTORS 

Early studies on children and adults treated with first and second generation 
chemotherapy regimens report extremely disappointing results with a probability 
of survival and disease-free survival (DFS) of around 15-30%. 

The first encouraging results are to be seen with the introduction of sequential 
chemotherapy by Wol lner et a l . 1 2 This study used the L S A 2 - L 2 schedule, 
developed from a chemotherapeutic sequence used in acute lymphoblastic 
leukemia. This schedule of intensive therapy including 10 drugs is made up of three 
phases: induction, consolidation and maintenance. It offers a 60% probability of 
long-term D F S for advanced stage patients. The reason for the success of this 
sequential and intensified therapy is not clear but it certainly introduces more drugs 
than standard protocols and maintains a sequence of administration that can be 
considered more suitable for a process that is similar i n many ways to an acute 
lymphoblastic leukemia. 
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In 1983, given the good results obtained with the C O M P protocol in the 
treatment o f Burkit t ' s lymphoma, Anderson et a l . compared it wi th the L S A 2 - L 2 
schedule in a randomized study of 234 young people and adolescents affected by 
non-Hodgkin's lymphoma. 1 3 Analysis of results showed how histotype of the 
illness and the therapeutic approach can change the outcome of patients with 
extensive disease. The L S A 2 - L 2 protocol was seen to be significantly more active 
than the C O M P in advanced stage lymphoblastic lymphoma, with a D F S of 76% 
compared with the 26% seen with C O M P regimen (p=0.008). 

A subsequent study by Coleman et al . in 1986 showed a 100% response 
(CR=95%; partial response=5%) in a group of 44 patients treated with two 
different intensive regimens, one schedule being developed from the other. W i t h a 
median observation time of 26 months, results showed an overall D F S of 56% at 3 
years. 5 Analysis of prognostic factors in advanced stage patients ( IV according to 
A n n Arbor) showed which factors were l ike ly to indicate poor D F S : L D H > 300 
IU/Lt . , B M or central nervous system involvement at diagnosis. Patients were 
divided into " l o w " and "high" risk groups according to whether one of these factors 
was present. Probability of D F S at 5 years was 94% and 19%, respectively. 

A l s o in 1986, a study by Slater et al . reported 51 patients treated with 5 
successive, individual sequential-type acute lymphoblastic leukemia protocols over 
a period of 15 years. 4 Patients with more than 25% B M involvement or with 
peripheral blasts were classified as "leukemic" lymphoblastic lymphoma. The 
percentage of complete remission for the whole group was 78% with an actuarial 
survival curve at 5 years o f 45%. Survival o f the 51 patients was similar to that o f 
a group of 111 patients with acute lymphoblastic leukemia treated with similar 
protocols. In addition, no difference was seen between the survival of normal and 
"leukemic" patients. Prognostic factors associated wi th poor survival were: over 30 
years of age, peripheral leukocytosis with white blood cells >50X 10 9 /Lt. , no C R or 
C R obtained more than 4 weeks after the start of therapy. 

In the same year, a study by M a z z a et al . of 64 patients compared a L S A 2 - L 2 
type protocol with a CHOP- type protocol . 1 4 Entry into remission phase showed the 
advantage of sequential therapy (50% compared with 38%). Factors l ikely to 
compromise survival were identified as: advanced stage, B symptoms, the presence 
of large tumor mass and B M involvement. The actuarial survival curve at 3 years 
for advanced stage patients repeatedly forecast a probability of around 20% for 
stage III and 10% for stage I V (Figure 1). 

Today, the L S A 2 - L 2 type sequential regimens are widely used i n the treatment 
of lymphoblastic lymphoma. Our group has adopted a modified schedule of this 
type, obtaining an overall response of 79% (CR=68%; PR=11 %) i n the group of 45 
patients reported in Table 2. 

A n analysis o f the above shows how once the most suitable treatment has been 
established, the relationship between prognostic factors and outcome o f 
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Figure 2. Actuarial overall survival (A) and progression-free survival (B) for 105 
patients undergoing autoBMT in first CR (from Sweetenham et al.20). 

lymphoblastic lymphoma in adults remains unpredictable. One important fact that 
emerges is the contrast between the strong possibility of obtaining C R and the high 
chance of relapse in this particular type of lymphoma. This is very evident when 
we analyze the data of Coleman et al . referring to advanced stage patients. 5 The 
same may be said of the data of M a z z a et a l . 1 4 The most important point to be 
noticed is that in this very aggressive disease, survival and D F S are almost 
identical. However, the correlation between prognostic factors on the one hand, and 
survival and D F S on the other, is by no means clear. This could be l inked to patient 
groups included in the individual studies which are too small for reliable statistical 
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Figure 3. Probability ofDFSfor26 successive lymphoblastic lymphoma patients in first 
CR following an autograft (experience of the NHLCSG). 

analysis. The advanced stage of the disease certainly plays an important role in the 
case history of these patients. Bone marrow involvement may also be important. 

In 1988, V idza l a et a l . treated 76 patients under the age o f 21 with a schedule 
of 6 drugs ( A - C O P ) or a modified L S A - L 2 schedule in a randomized comparative 
study. 1 5 F ina l results showed survival and D F S for the two groups to be identical. 
The significance of these data is represented by the fact that probability of D F S at 
3 years was less than 20% in stage I V patients. 

It is worth remembering the study of M o r e l et a l . in 1992, which included 80 
patients over the age of 15 . 1 6 O f these, 66 (82%) obtained C R . The actuarial 
curves at three years show a probability of survival and D F S of 5 1 % and 46%, 
respectively. Negative prognostic factors indicating poor possibility of complete 
remission were: age over 40 years, L D H more than two times normal level , and 
involvement of two or more extranodal sites at diagnosis. In addition, poor 
survival is associated with B symptoms or hemoglobin levels less than 100 g /L . 
Bone marrow involvement does not seem to have a negative influence on 
outcome. A g e and L D H levels are the most important negative prognostic factors 
in this study. 

The role o f negative prognostic factors remains, therefore, controversial. These 
factors, though varying from one study to another, do, however, underline the fact 
that consistent tumor mass reduces the probability of survival and D F S . 
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Consideration of transplantation techniques developed over the last ten years as a 

val id therapeutic approach for this category of patients is therefore justified. 

AUTOLOGOUS BONE MARROW TRANSPLANTATION (autoBMT) 

W h i l e conventional therapy has improved the prognosis of lymphoblastic 
lymphoma, survival and D F S in some groups of advanced stage adult patients 
have been disappointing. Al logeneic or autologous transplantation may offer a 
val id alternative therapy for these patients. However, the rarity of this illness has 
meant that few specific studies have been carried out. Once C R has been obtained 
in lymphoblastic lymphoma the possibilities of relapse are extremely high, so 
most studies have looked at the role of a u t o B M T in first C R to increase the 
possibili ty o f D F S . 

In 1989, M i l p i e d et al . reported a series o f 25 patients wi th a median age of 
23 years (range 16-43) who were treated in first C R with high doses of 
cyclophosphamide or melphalan and total body radiation (TBI) after a variety of 
sequential induct ions . 1 7 A r o u n d 50% of patients received allogeneic and 50% 
autologous transplantation. The actuarial forecast at 4 years showed a 
probabil i ty o f D F S of 69% with no difference between allogeneic and 
autologous transplantation. 

In 1991, Santini et al . reported a group of 36 patients treated with a modified 
L S A 2 - L 2 schedule. 6 Eighteen of 24 patients in C R were then treated with high-
dosage Cytoxan and T B I . Probability of D F S at 5 years for these patients was 74%. 

In 1992, Baro et al. reported a D F S of 77% at two years in 14 patients 
transplanted in first C R . 1 8 In the same year, Verdonk et al . reported a group of nine 
patients in C R treated with Cytoxan plus T B I . 1 9 Actuar ia l curves show a 
probability of D F S of 67% with a median observation time of 53 months. 

Final ly , in 1994, a study conducted by Sweetenham for the European Group 
for Bone Mar row Transplantation ( E B M T G ) analyzed the results o f a u t o B M T i n 
214 patients affected by lymphoblastic l ymphoma . 2 0 This study showed how 
patient status at transplantation is an important factor i n outcome. Possibil i ty o f 
survival for the 105 patients treated in first C R is 63.5%. This decreases to 31% 
for patients transplanted in second C R and to 15% for patients wi th a resistant 
disease. In fact, progression-free survival o f patients treated in first C R is 62.8%, 
almost identical to the probability of survival (Figure 2). 

A s part of these studies, the statistical relationships between prognostic factors 
and D F S were analyzed. However, there seem to be no factors that can indicate 
the outcome of transplantation in patients treated in first C R . In other words, 
transplantation seems able to reduce the importance of the negative factors at 
diagnosis which could indicate possible relapse. In our experience, the 26 patients 
who underwent transplantation by the end of 1992 presented a median of two 
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negative prognostic factors at diagnosis, which indicated a poor outcome, as we l l 

as advanced stage (Table 3). In spite of this, the statistical forecast at a little under 

10 years shows a D F S probability of 57% (Figure 3). 

CONCLUSIONS 

In conclusion, it would seem that autologous transplantation represents an 
efficient weapon in the treatment of lymphoblastic lymphoma, and there is some 
reason to believe that it is more efficient than conventional therapy in preventing 
relapse in advanced stage patients in C R after conventional chemotherapy. 
However, many questions still remain. If on the one hand some studies on conven
tional treatment have given negative results, on the other there are studies that have 
shown overall results not so very different in terms of D F S as those reported using 
au toBMT. The role of negative prognostic factors in indicating possible relapse of 
patients treated with only conventional therapy remains very uncertain. A u t o B M T 
offers a greater homogeneity of results. However, since entering C R is in itself a 
positive prognostic factor, a randomized study is needed to compare the usefulness 
of high dosage therapy plus au toBMT with a conventional consolidation therapy. 
This study is at present underway as part of the work of the E B M T G and the United 
K ingdom Group for the Study of Lymphomas ( U K L G ) . 
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TRIALS FOR DIFFUSE, INTERMEDIATE AND HIGH 
GRADE NON-HODGKIN'S LYMPHOMA OF THE 

ITALIAN NHL COOPERATIVE STUDY 
GROUP (NHLCSG) 

A. Porcellini and G. Santini for the NHLCSG 

It has been proposed that the prognosis of patients with intermediate- and high-
grade non-Hodgkin's lymphoma ( N H L ) would be improved by using second and 
third-generation chemotherapeutic agents. 1" 3 In 1987, the Italian Non-Hodgkin ' s 
Cooperative Study Group ( N H L C S G ) started a randomized study to compare a 
second-generation regimen, P R O M A C E - M O P P , with a third-generation one, 
V A C O P - B . Between January, 1987, and August, 1991, 221 patients with diffuse 
intermediate- to high-grade N H L (Working Formulation groups F , G , H and K ) 
were randomized to receive one of the two regimens. N o difference was found in 
complete remission (CR) , disease-free survival (DFS) and O S . 4 However, when al l 
patients were stratified for risk factors at diagnosis, according to the International 
Index (age, stage, PS , L D H , 2 or more extranodal involvements), it was noted that 
the prognosis worsened according to number of risk factors present. 4 

O n the other hand, patients who achieve a partial response to first-line treatment 
and those who are refractory or with relapsed disease are rarely cured with conven
tional salvage chemotherapy. 5 Noncontrolled studies using ablative therapy with 
autologous bone marrow transplantation reportedly offer 3-year freedom-from-
progression rates between 35 and 50% for partially responding or chemotherapy-
sensitive relapsed patients. 6 - 9 However, the definitive role played by autologous 
bone marrow transplantation in the treatment of N H L is still unclear and results o f 
randomized studies are necessary. 

Based on our previous experience, in 1992 we initiated a study aimed at 
clarifying the role of autologous bone marrow transplantation. Patients aged 15 to 
59 years, with diffuse intermediate-to high-grade N H L (Working Formulation 
groups F , G , H and K ) stage II, III or I V were divided into three study groups: 205 
patients were enrolled into studies A , B and C . 

The endpoint o f Study A was to clarify whether third generation chemotherapy 
offers satisfactory survival in patients with low tumor burden. In this study, 41 
patients with stage II or III N H L with no adjunctive negative prognostic factors at 
diagnosis, were treated with V A C O P - B . 

Study B was designed with the a im of understanding whether autologous bone 
marrow transplantation is able to improve survival i n poor prognosis patients. One 
hundred twenty-four N H L patients stage II and III with one or more prognostic 
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factors at diagnosis and stage I V , were randomized to receive either V A C O P - B 
(and possible second line therapy in the event that C R was not attained) or 
V A C O P - B + A B M T . 

In Study C , 40 patients with the same histotype as that in the other groups but 
with bone marrow involved at diagnosis were included. The patients received 
V A C O P - B until maximum response (minimum 4 weeks; in fact, patients received 
an average of 8 weeks). About 20-30 days after discontinuation of chemotherapy, 
cyclophosphamide at a dose of 7 g /m 2 followed by G - C S F (5 meg/Kg) was 
administered. About 45 days after high dose therapy patients underwent transplant 
with P B S C rescue. 

A n interim analysis of our data indicates no advantage of the A B M T arm versus 
the conventional chemotherapy arm; however, our follow-up is too short to draw 
definite conclusions. 
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AUTOLOGOUS BONE MARROW TRANSPLANTATION 
VERSUS SEQUENTIAL CHEMOTHERAPY IN 

AGGRESSIVE NON-HODGKIN'S LYMPHOMA IN FIRST 
COMPLETE REMISSION 

Corinne Haioun 

High-dose therapy with autologous stem-cell support has been proposed as a 
potentially curative treatment for patients with recurrent lymphoma sensitive to 
standard chemotherapy. 1 - 7 Recently, the Parma study validated the superiority of 
high-dose chemotherapy and autologous bone marrow transplantation (au toBMT) 
over standard salvage therapy for the treatment of sensitive-relapsed patients. 8 

The c l in ica l benefits o f such an approach may be increased by use i n the 
ini t ia l phase of treatment in poor risk patients unl ikely to be cured by conven
tional strategies. 9 - 1 2 

In a first interim analysis of lymphoma patients with unfavorable characteristics 
and responding to induction treatment, we found no advantage of consolidative 
high-dose chemotherapy followed by autologous bone marrow transplantation over 
sequential chemotherapy. 1 3 This series, however, exhibited marked prognostic 
heterogeneity on the basis o f the international index . 1 4 Whether such an approach 
might benefit patient subgroups identified according to this index was explored. 

Results of our updated analysis (541 complete remission randomized patients), 
which focuses on high-intermediate and high risk patients, are now in press. 1 5 

PATIENTS AND METHODS 

Between October 1987 and February 1993, 1043 patients were enrolled i n the 
L N H 8 7 - 2 study. E l ig ib i l i t y criteria were age under 55 years; newly diagnosed 
intermediate- or high-grade non-Hodgkin 's lymphoma according to the W 
Formulation; and at least one of the fo l lowing adverse factors: E C O G status of 2 
to 4, two or more extranodal sites, tumor burden of at least 10 cm, bone marrow 
or central nervous system involvement and Burki t t or lymphoblastic subtypes 
(the latter two without bone marrow or central nervous system involvement). 
Patients were retrospectively staged according to the age-adjusted international 
prognostic index . 1 4 

The induction treatment randomly compared four courses of two anthracycline-
containing regimens given every two weeks: the L N H 8 4 induction regimen 1 6 with 
doxorubicin 75 mg/m 2 ( A C V B arm) or mitoxantrone 12 mg/m 2 ( N C V B arm). The 
N C V B arm was stopped in December 1991, because of a significant advantage of 
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A C V B regimen in terms of complete response rate. 1 3 

Patients who achieved a complete remission were subsequently randomized 

between a sequential chemotherapeutic consolidation as defined in the L N H 8 4 

regimen (high-dose methotrexate, ifosfamide plus etoposide, L-asparaginase and 

cytarabine) or an intensive consolidation with the C B V regimen followed by 

a u t o B M T . 1 3 

RESULTS 

Nine hundred sixteen patients were eligible for analysis with 526 in the A C V B 

group and 390 in the N C V B group. Their main characteristics were median age 40 

years, large-cell subtypes (72%), E C O G status >2 (27%), stage III, I V (66%), 

number of extranodal sites >2 (24%), tumoral mass >10 c m (53%), and bone 

marrow involvement (24%), L D H > I N (61%). Us ing the age-adjusted interna

tional index, the fol lowing distribution was observed: no risk factor, 13%; one 

factor, 36%; two factors, 36%; and three factors, 15%. 

Sixty-eight percent of the 916 eligible patients had complete remission after 

induction treatment: 69% in the A C V B and 62% in the N C V B induction groups 

(p=0.01). 
F ive hundred forty-one complete-remission patients were randomized to receive 

the consolidation treatment of sequential chemotherapy (273) or autologous 
transplant (268). M a i n initial characteristics of the randomized patients did not 
differ between the two consolidative arms. 

A l l analyses were performed on an intention-to-treat basis. The results are 
reported as of September 31, 1995, providing a median follow-up of 54 months. 

The 5-year disease-free survival (DFS) was 52% in the sequential chemotherapy 
arm and 59% in the C B V arm. In the higher risk population (patients with 2-3 factors, 
n=236), C B V was superior to sequential chemotherapy with 5-year D F S of 59% and 
39%, respectively (p=0.01) (Figure 1). The 5-year survival also differed; 65% as 
compared with 52% (p=0.06). 

CONCLUSION 

Evaluating the role of high-dose therapy for initial treatment of higher risk 
patients is a current challenge in lymphoma management. When this study began in 
1987, the benefit of such an approach was suggested by pilot studies mentioned 
above . 9 - 1 2 Recently, Pettengel et a l . 1 7 reported a retrospective comparison between 
standard ( V A P E C - B ) and intensive treatment (three cycles o f ifosfamide/cytarabine, 
high-dose busulfan/cyclophosphamide followed by autologous blood progenitor-
cell support). They concluded that high-dose therapy in high-risk (2-3 factors) 
patients was promising and needed to be confirmed by randomized trials. 

Our prospective L N H 8 7 - 2 study contributes to the resolution of this issue by 
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Figure 1. Estimated DFS according to randomized consolidation procedure for high-
intermediate and high risk patients. ( ) Sequential chemotherapy (patients at risk, n 
= 111; 5-year estimate, 39%); ( ) AutoBMT (patients at risk, n=125; 5-year esti
mate, 59%). p=0.01. 

demonstrating a benefit of consolidative high-dose C B V followed by a u t o B M T i n 
a large series o f high-risk patients. 
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ABSTRACT 

Improvements i n chemotherapy and supportive care have enhanced the 
feasibility of dose-intensive treatment fol lowed by hematopoietic stem ce l l 
transplant i n relapsed Hodgkin ' s disease. This treatment modality is generally 
reserved for patients with disease responsive to standard dose therapy. Even 
though patients wi th primary refractory disease or sensitive relapse have a lower 
survival probability, a proportion of them do achieve long-term survival after 
autotransplant. In our experience, refractory patients who could be given two 
successive autotransplants had a disease-free survival (DFS) equivalent to that of 
patients wi th sensitive disease. The e l iminat ion o f carmustine from the 
condit ioning regimens coincided wi th a drop i n peri transplant mortality. 
Prognostic factors other than previous response, which should also be taken into 
account before deciding for dose intensive treatment, are different from those 
considered for standard dose salvage therapy and include previous radiation as an 
adverse characteristic. 

Greater knowledge of histocompatibility, improved methods of hematopoietic 
support, identification and use of new cytokines and combinations of cytokines, 
development of new chemotherapeutic regimens for dose intensive therapy, and 
better understanding of the actual disease processes have all led to improvements 
in the management of patients with hematologic neoplasia i n general and 
Hodgkin 's disease in particular. 1 

In diseases such as Hodgkin 's disease in which the graft-versus-tumor effect 
was not considered to be important, autologous marrow transplantation was 
employed. For patients with marrow involvement by Hodgkin ' s disease or those 
with fibrotic inaspirable marrows, peripheral blood progenitor cells ( P B P C ) were 
demonstrably useful as a means of providing sustained hematologic reconstitution. 2  

In addition, P B P C led to faster hematologic recovery after potentially myeloab-
lative therapy. 3 Whi le init ially steady state, non-mobilized P B P C were used, it soon 
became apparent that larger numbers of P B P C could be mobil ized with cytokines 
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alone or in combination with myelosuppressive chemotherapy and subsequently 
collected for cl inical use. 4 Cytokines l ike G M - C S F and G - C S F were identified as 
being useful in accelerating neutrophil recovery after marrow transplantation and 
standard dose chemotherapy. 5 Newer cytokines and combinations of cytokines 
were shown to accelerate lineages other than neutrophils alone or to potentially 
effect multiple lineages. 6 The availability of better supportive care techniques has 
allowed for dose intensive therapy to be administered with relative facility. Newer 
conditioning regimens have had considerable impact on the outcome of such 
pat ients . 1 ' 7 - 1 0 Whi l e total body irradiation was and still is used frequently as part o f 
the conditioning pretransplant regimen in patients with hematologic malignancies, 
several trials demonstrated that total body irradiation was probably not as useful as 
part of the conditioning regimen for dose intensive chemotherapy in patients with 
recurrent Hodgkin ' s disease. 1 1 

High-dose chemotherapy with autologous marrow rescue was shown to be 
useful in achieving long-term disease-free survival (DFS) in patients with recurrent 
or relapsed Hodgkin ' s disease. 1 Regimens using cyclophosphamide, etoposide and 
carmustine have been used o f t e n . 8 1 2 - 1 4 Regimens employing higher doses of these 
three agents are associated with higher response rates albeit with greater 
peritransplant morbidity and mortality. 8 

B y and large, dose intensive therapy has been noted to be effective in a subset 
of patients: patients with disease that is responsive to salvage therapy appear to 
benefit most from such treatment. 1 5 1 6 However, dose intensive chemotherapy 
administered as a single cycle still results in 40-70% of such patients relapsing. 
Moreover, patients with disease refractory to standard dose therapy, when 
administered initially or as salvage, are often not considered to be candidates for 
such therapy. 

N e w treatment strategies for patients identified as being less l ike ly to benefit 
from dose intensive regimens, i.e., those with disease resistant to ini t ia l or 
subsequent therapy, have been evaluated at N e w Y o r k M e d i c a l Col lege and other 
institutions. The results of three consecutive trials in 148 patients confirm that 
response to previous standard-dose treatment is a predictor o f survival . Figure 1 
shows the survival probability of our first cohort of 67 patients, wi th 5 years 
median fol low-up. But our results also indicate that a proportion of patients wi th 
resistant disease can achieve long-term survival . The D F S of refractory patients 
is equivalent to those whose disease is sensitive to salvage therapy i f dose 
intensive therapy can be administered twice. It should be noted that in addition 
to response to previous treatment, the fo l lowing ini t ia l characteristics were 
unfavorable: previous irradiation, ini t ial diagnosis o f Stage II disease, age over 
30 and male sex . 1 0 

Regimens without carmustine result in long-term survival equivalent to dose 
intensive regimens with carmustine. In our experience, peritransplant mortality, as 
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Figure 1. Actuarial survival of 67patients treated with the BEC (carmustine-etoposide-
cyclophosphamide) + TMJ (thiotepa-mitoxantrone-carboplatin) protocol. Circles: 
patients with no evidence of disease at transplant; squares: patients in partial remission; 
triangles: primary refractory disease; solid line: patients in refractory relapse. 

wel l as deaths due to pulmonary or hepatic complications, were reduced when the 
dose of carmustine was lowered in the carmustine-etoposide-cyclophosphamide 
combination. Mortali ty was further reduced with the introduction of a regimen 
without carmustine. Cases of lethal or potentially lethal pulmonary toxicity 
dropped from &4 (25%) with 600 mg/m 2 of carmustine to %i (13%) with 450 
mg/m 2 of the drug, to 3Ai (6%) with the T M J (thiotepa-mitoxantrone-carboplatin) 
combination; the respective figures for hepatic toxicity were 3AA, %I and 3Ai.3 

Early treatment with dose intensive therapy may wel l be useful in patients at 
particularly high risk of relapse after standard dose therapy. The group at Genoa, 
in collaboration with various investigators, has been investigating the potential 
utility of dose intensive therapy and A B M T for such patients. 1 3 Entry criteria to this 
multinational trial include presence of extranodal disease, B symptoms, abnormal 
l iver function tests and other unfavorable prognostic variables. These factors have 
been identified as being important for prognosis after standard dose therapy. 

Factors that influence overall and D F S after dose intensive therapy are different 
from those that influence survival after standard dose therapy, also in our 
exper ience . 1 7 - 1 9 Whi l e investigating the utility of dose intensive therapy for 
patients at risk of relapse, one should consider the impact and influence of 
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prognostic factors that have been identified as being significant for patients 
undergoing dose intensive therapy. 

N o w that cures are not infrequent in recurrent or refractory Hodgkin ' s disease, 
the "price of cure" in terms of long-term side effects including late myelodysplasia 
and acute leukemia need to be cons idered . 2 0 2 1 Extramedullary toxicity also needs 
to be borne in m i n d . 2 2 , 2 3 The use of conditioning regimens without carmustine was 
associated with significantly reduced acute and subacute mortality. This series of 
paradigm shifts has made dose-intensive therapy safer to administer and allowed 
for less toxic regimens to be used successfully. W i t h the knowledge thus gained, 
one is able to better identify factors that impact on the prognosis of patients with 
Hodgkin ' s disease after failure of initial therapy and thus provide improved care for 
these patients. 
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ABSTRACT 

Although dose-intensive therapy (DIT) plus autologous hematopoietic stem ce l l 
transplantation (autoHSCT) is now an accepted part of the therapeutic armamen
tarium for Hodgkin ' s disease, a number of questions regarding proper utilization 
remain. Chie f among these is the fol lowing question: What, i n terms of disease 
status, is the optimal timing for employing this procedure? 

W e propose that for the majority of patients, the first sign of failure of conven
tional chemotherapy is currently optimal, with failure defined as the inability of 
induction chemotherapy to produce initial complete remission (CR) ("primary 
induction failure"), or as the first sign of relapse after chemotherapy. Whi l e our 
approach is supported by Phase II data, it is unlikely that the question of optimal 
timing w i l l be definitively answered, or even addressed, by a randomized cl in ical 
trial. Registry data w i l l become increasingly available but are also unlikely to be 
conclusive. Despite such limitations, we believe available evidence supports the 
time of initial failure of chemotherapy as a standard indication for the use of D I T 
and au toHSCT for Hodgkin ' s disease patients. 

INTRODUCTION 

B y the mid-1990s, the use of DIT plus autologous hematopoietic stem cel l 
transplantation (autoHSCT) was an accepted part of the therapeutic repertoire for 
patients with Hodgkin's disease. A s indicated in unreviewed data from the A B M T R , 
roughly 403 patients were transplanted in 1994, and it is likely that a substantial number 
of unreported patients have been transplanted as well. These data report considerable 
variation in disease status at transplantation, indicating-to a degree-some uncertainty 
regarding the proper timing at which to intervene with autoHSCT (of course, the 
disease status at transplant does not always represent a specifically selected timing for 
the use of autoHSCT; primary induction failure is perhaps the clearest example). 
Finally, it should be appreciated that, for a variety of reasons, a critical evaluation of 
autoHSCT using randomized clinical trials to better define optimal timing vis-a-vis 
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disease status wi l l not likely be performed. Table 1 lists the potential timing options for 
use of DIT and autoHSCT. 

In order to even roughly analyze the results from the Phase II studies discussed 
herein, it is important to be aware of existing historical data regarding conventional 
therapy and the limitations thereof. In this regard, the Hodgkin's disease work of Longo 
et al . 1 is of particular note. In that analysis, a relatively large number of patients with 
primary induction failure and relapse after chemotherapy were treated with conven
tional salvage regimens at the National Cancer Institute. A key finding was that no 
primary induction failure patient experienced long-term survival with further conven
tional salvage regimens. In the 107 patients who relapsed after achieving a complete 
remission, long-term survival was 17% at 20 years. Those with an initial 
chemotherapy-induced remission lasting more than one year had a survival of 24%, 
compared with 11% in those with a shorter initial remission duration. Most failures 
were due to subsequent relapse or secondary malignancies—acute myelogenous 
leukemia occurred in 5 of 37 patients entering a second remission of Hodgkin's disease 
and was invariably fatal. These data highlight the problems of disease recurrence and 
nonrelapse mortality seen with conventional salvage therapy in this disease. 

Our previous efforts to use D I T and au toHSCT in Hodgkin ' s disease patients 
concentrated on several issues, in particular the prompt identification and 
subsequent transplantation of patients failing chemotherapy. (These studies were 
performed in conjunction with Drs. Joe Connors and Paul K l i m o at the Bri t ish 
Columbia Cancer Agency, whose assistance with the study, as wel l as ability to 
organize the care of al l Bri t ish Columbia lymphoma patients in a centralized 
facility, was of critical importance to this effort.) 

PATIENTS AND METHODS 

Between 1985 and early 1994, a total of 107 patients with Hodgkin ' s disease, 
not in remission, were autografted in Bri t ish Columbia. A l s o in that interval, an 
additional 18 patients were evaluated but not transplanted, primarily due to either 
the desire of the medical oncologists to treat certain patients with conventional 
therapy or to patient refusal; these patients have been previously reported. 2 , 3 Table 
2 lists the cl inical features of the patients autografted. 

Details of protocol therapy w i l l not be completely outlined, as they have been 
reported p rev ious ly ; 2 , 3 however, two cycles of conventional-dose salvage 
chemotherapy (usually with nitrogen mustard, vinblastine, procarbazine and 
prednisone [ M V P P ] ) was utilized in most patients. It should be emphasized that 
M V P P was not used to determine chemosensitivity and thus determine eligibil i ty 
for D I T and autoHSCT, but was given as a means of holding the disease under 
control while a transplant admission was arranged—all patients who received 
M V P P subsequently underwent autoHSCT. Other key points of our therapeutic 
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Table 1. Timing options for DIT and AHSCT in Hodgkin's disease 

primary failure of induction chemotherapy 
first relapse after chemotherapy 

untested 
sensitive after salvage chemotherapy/radiotherapy 
resistant after salvage chemotherapy/radiotherapy 

second remission after salvage chemotherapy/radiotherapy 
second relapse after salvage chemotherapy/radiotherapy 
> second remission/relapse 

program included modifications of the original " C B V " (cyclophosphamide, B C N U 
[=carmustine], VP16-213 [=etoposide]) regimen, mainly with dose augmentation 
and schedule adjustment, but more recently with the addition of cisplatin i n 
conventional doses. Addit ional ly, local radiotherapy was used aggressively— 
usually before, but occasionally after, the transplant. 

In these studies, unmanipulated marrow was used as the source of stem cells in 
91 patients, mobil ized blood in 13 and both sources in 3; in none of these instances 
was the stem cel l product purified. Hematologic growth factors were utilized in the 
more recently transplanted patients, as per other protocols. 

RESULTS BY DISEASE STATUS AT TRANSPLANT 

Primary induction failure 
Thirty patients who failed induction chemotherapy were autografted after D I T 

with C B V ± cisplatin. Twenty-eight had received both M O P P and A B V D - l i k e 
regimens; such 7-8 drug regimens were the initial therapy in 22 patients. The 
majority had achieved a partial remission and then progressed, off therapy, during 
a period of observation; eight had progressed during induction chemotherapy. 

F ive early nonrelapse deaths were seen after au toHSCT, while recurrent disease 
was noted i n 11. The actuarial progression-free survival (PFS) is 42% (95% 
confidence interval [CI] 21-61%) with a median follow-up of 4 years (range 
0.2-8.2 years). N o late nonrelapse events have occurred. Late relapses, known to 
occur particularly i n nodular sclerosing disease, have occurred only rarely. These 
results are superior to those that would be anticipated with nontransplant therapies; 
however, we again emphasize that any such comparisons involve Phase II studies 
and are therefore not definitive. 

First relapse 
The 58 patients autografted in a first relapse after primary chemotherapy have 

now been followed a median of 5 years (range 2.75-10.3 years). These patients were 
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Table 2. Characteristics of 107 Hodgkin's disease patients receiving CBV ± P and AHSCT 

Characteristic Value 
median age (range) 29(13-53) 
sex, male:female 62:45 
features at diagnosis 

stage I—II 47 
stage III-IV 60 
"B" symptoms 58 
extranodal disease 41 

prior therapy 
median # drugs (range) 7 (4—12) 
median # regimens (range) 1 (1-6) 
radiotherapy 42 

prior marrow involvement 12 
disease status at protocol entry 

1st untested relapse 58 
>2nd untested relapse 13 
induction failure 30 
resistant relapse 6 

Karnofsky performance status <80% 44 
"B" symptoms at protocol entry 35 

entered onto the study "untested" by chemotherapy, although the majority received 
M V P P and/or local radiotherapy, as previously described, before D I T and 
autoHSCT. 

The actuarial P F S has been stable at 63% since our first report of these patients 
in 1994. 2 Negative prognostic factors for P F S have been identified in multivariate 
analysis: these include first remission duration of less than 1 year, extranodal 
disease at relapse, and " B " symptoms at relapse. In the most recent analysis of this 
patient group, the P F S was 90% (95% C I , 47-99%) in patients with no adverse 
factors, compared with 68% (95% C I , 42-84%) in those with one factor, 5 1 % (95% 
C I , 26-72%) in those with two factors and 0% in a few patients with al l three 
factors. A l l patients had satisfactory "engraftment," and only 2 early nonrelapse 
deaths were observed. Disease progression was the primary problem, occurring in 
14 patients, for a probability of 26% (95% C I , 16-40%). Four late nonrelapse 
deaths have occurred, including two from secondary solid tumors, one due to an 
automobile accident and one from interstitial lung disease. However, no cases of 
secondary acute myelogenous leukemia have been seen. (We speculate that the low 
risk of secondary hematologic malignancies is due to the "lesser" degree of 
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cumulative potentially leukemogenic salvage chemotherapy these patients received 
prior to stem cell harvest compared with those in other transplant studies.) 

Similar results have been noted by others. However, relatively few studies have 
reported these patients alone. The series of Bierman et a l . 4 is an exception and 
generally confirms these results. 

Other timing options 
Although a major emphasis of the above effort was the "early" use of D I T and 

autoHSCT—as soon as disease progression was evident after combination 
chemotherapy—a minority o f patients were autografted in a more advanced disease 
status. For 13 patients i n second or greater untested relapse, long-term P F S was 
approximately 25%. Nonrelapse mortality was high in these patients, presumably 
due at least in part to more extensive prior exposure to cytotoxic therapy and/or to 
the "augmented" doses of the C B V regimen used. Our only instance of secondary 
acute myelogenous leukemia was seen in one of these patients, who was harvested 
and transplanted i n second relapse after heavy alkylator exposure. 

Only six truly "chemorefractory" patients were treated with this regimen; none 
of those survived. Both nonrelapse mortality and disease progression were seen in 
this group. However, other workers have reported a salvage rate of approximately 
30% in such patients. 5 Therefore, although better results are seen when D I T and 
autoHSCT is used earlier i n the disease course, patients with more extensively 
treated disease should not routinely be excluded from this procedure. 

SUMMARY AND CONCLUSIONS 
Our data suggest that D I T and autoHSCT is indicated in most patients who fai l 

induction chemotherapy, a setting in which conventional therapies are largely 
ineffective. In first-relapse patients, D I T and au toHSCT can produce prolonged 
P F S in approximately 60% of patients, with a low incidence of early nonrelapse 
mortality. Certain disease features present at relapse allow identification of 
prognostic groups for P F S . The incidence of recurrent disease despite transplan
tation remains the primary challenge for improving this strategy in the future. 
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INTRODUCTION 

Multiple myeloma ( M M ) is characterized by the accumulation of malignant 
plasma cells in the bone marrow that secrete monoclonal immunoglobulin (Ig) 
proteins. 1 Despite the sensitivity of these cells to alkylator-based chemotherapy, 
median patient survival remains at 30 months with the use of standard doses of multi-
agent chemotherapy. 2 In an attempt to improve upon these results, dose-intensive 
chemotherapy with hematopoietic support has been used to treat these patients. 
Despite some encouraging results in single arm trials, 3 ' 4 many patients relapsed early 
or died from treatment-related toxicity. Although early results with allogeneic bone 
marrow transplantation (a l loBMT) suggested an improvement in long-term survival, 5 

a more recent update was less encouraging with high rates of both relapse and 
toxicity related largely to graft-versus-host disease ( G V H D ) . 6 Because of the 
advanced age of most patients with M M , few patients with M M are eligible for this 
type of hematopoietic support; most cannot receive this therapy. A s a result, 
autologous bone marrow transplantation (autoBMT) has been performed in a greater 
number of patients and has produced 3-year progression-free survival (PFS) rates of 
40-60%. Although complete response rates are high, most patients relapse and there 
does not appear to be a plateau in the survival curve. 4 , 7 ' 8 

A major potential problem of autoBMT is autograft contamination. Since M M is a 
BM-based disease, the autograft product is most likely heavily contaminated; therefore, 
malignant cells are re-infused into the patient after the myeloablative chemotherapy has 
been completed. In order to reduce this tumor cell contamination, peripheral blood stem 
cell (PBSC) transplants have been performed. This should reduce the burden of tumor 
cells in the product and appears to speed hematological recovery, potentially reducing 
treatment related morbidity and mortality. However, it is clear from studies in our own 
laboratory and others that the peripheral blood remains contaminated by tumor cells in 
M M patients, although to a lesser degree. 9 1 0 In fact, recent studies have documented 
contamination of the mobilized leukapheresis product prior to reinfusion, 1 1 - 1 3 and have 
shown that the mobilization regimen may increase tumor contamination in the stem cell 
product. Thus, attempts to reduce this contamination have been made using a wide 
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variety of purging techniques, although many prior attempts have resulted in delayed 
engraftment without demonstrated reduction in tumor burden. 7 8 

Recent studies show that cells positively selected for C D 3 4 , an antigen expressed 
on early hematopoietic cells, can support recovery fol lowing myeloablative 
chemotherapy. 9 Since M M is thought to be a malignancy of mature B lymphoid cells 
(plasma cells), positive selection using an antigen expressed on early progenitors, 
C D 3 4 , may produce a tumor-free autologous product. To verify this, we initially 
selected CD34-expressing cells from the B M of M M patients with advanced disease 
by passage over a C E P R A T E immunoadsorption column (CellPro, Bothell , W A ) . 
Ut i l iz ing a sensitive PCR-based technique with patient-specific immunoglobulin 
gene primers, this initial selection resulted in a 1.5-2.5 log reduction in tumor 
contamination. 1 0 When the C D 3 4 + cells were further purified by FAC-sor t ing using 
the H P C A - 2 antibody (Becton Dickinson, Mountain V i e w , C A ) , no malignant cells 
were detectable in this highly purified population. Consequently, cells selected for 
expression of the C D 3 4 antigen should yield a product capable of supporting 
hematopoietic reconstitution following myeloablative chemotherapy with a reduction 
in M M tumor cell load. 

Thus, we have attempted to ask several questions regarding the autologous 
product in patients undergoing high-dose therapy for M M : 

1. Is there more tumor contamination in B M harvests than in leukapheresis 
products? 

2. Does mobilization with chemotherapy and growth factors increase tumor 
contamination in the peripheral blood? 

3. H o w effectively does positive selection of P B S C s with the C D 3 4 antigen 
reduce tumor in P B S C products, and does this lead to a delay in engraftment? 

MATERIALS AND METHODS 

We initially conducted a multi-institutional pilot trial using CD34-selected P B S C s 
to support hematopoietic recovery following high-dose chemotherapy in the treatment 
of advanced M M . 1 8 Fifty-one patients with M M aged 34-69 years (median 52 years) 
were entered with a median time from diagnosis to treatment of 9 months (range 4-47 
months). A l l patients had received prior therapy with alkylator-based (31 pts) or V A D 
chemotherapy (16 pts), or dexamethasone alone (4 pts), and had to show either a 
response or lack of progression to this treatment. Three patients had nonsecretory 
disease but had evidence of treatment response by bone marrow analysis. After 
enrollment, bone marrow was harvested as a potential source of hematopoietic support 
i f the CD34-selected P B S C product delayed engraftment. Progenitor cells were 
harvested 14 days after intermediate dose cyclophosphamide (2.5 g/m 2 IV) , prednisone 
(2 mg/kg P O Q D X 4) and G - C S F (10 mg/kg S Q Q D X 14). Leukaphereses were 
performed for 2-5 days and C D 3 4 + progenitor cells were enriched using a cellular 
immunoadsorption method (CellPro, Bothell, W A ) by passage over a column of avidin-
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coated beads after labeling with a biotin-conjugated 12-8 anti-CD34 antibody. 
In order to evaluate the tumor cell contamination in the stem cell products, we used 

a quantitative PCR-based assay using patient-specific immunoglobulin (Ig) gene 
primers. Since our previous studies have shown that the Ig heavy chain produced by 
the M M cells shows a high degree of somatic mutation without clonal diversity, 1 9 the 
Ig heavy chain variable region ( V H ) sequence can be used as a specific marker capable 
of identifying all malignant cells. The V H sequence was determined from c D N A using 
reverse transcriptase-PCR. A t least three clones were sequenced and needed to be 
identical to show that the sequence was from the malignant M M cell . The M M V H 

sequence was then compared with all known germline sequences using a D N A s i s 
program (Hitachi, San Bruno, C A ) in order to identify both the V H gene used and the 
sites of somatic mutation. Oligonucleotide primers complementary to the V H comple
mentarity determining region ( C D R ) sequences with a high degree of somatic 
mutation were then designed for use in the patient-specific tumor detection assay. A 
pair of primers (CDR1 and C D R 3 ) for each patient should be extremely unique for the 
myeloma V H sequence because of the additional nucleotide mutations that were 
present in the C D R s . In order to improve assay sensitivity and more accurately 
quantitate tumor contamination, we used a quantitative P C R technique based on 
Poisson distribution analysis of positive P C R results. 2 0 First, D N A was extracted from 
the sample and serially diluted in placental D N A to maintain a final D N A quantity of 
0.6 mg. Next, five P C R reactions were performed at each serial dilution, and tumor 
burden was quantitated by the percentage of positive reactions at each level of serial 
dilution and Poisson distribution statistics. Assay specificity was corifirmed by the 
absence of product when placental or a different patient's leukapheresis or bone 
marrow D N A was substituted for sample D N A . Six-tenths of a microgram of D N A 
was used in each P C R , the approximate quantity of D N A present in 100,000 cells. 
Since at least five replicate reactions were performed at each dilution, the assay 
sensitivity should be one tumor cell in 500,000 normal cells i f the P C R could detect 
one target gene copy. This degree of sensitivity was confirmed by P C R of the same 
patient's B M D N A serially diluted with placental D N A . Using an assay sensitivity of 
1:100,000 per tube, the calculated tumor contamination rate of the B M obtained by 
this assay matched the percentage of plasma cells noted on the original cytospin of the 
same B M sample. 

RESULTS 

The adsorbed (CD34-selected) fraction represented 0.2-2.0% (median, 0.6%) of the 
starting leukapheresis cell population and the C D 3 4 purity of the collection ranged from 
27 to 91% (median, 77%). A median of 7.0X10 6 adsorbed cells/kg (range: 
1.6-35.3 X10 6 cells/kg) were reinfused 1 day after preparative conditioning with 
busulfan (0.875 mg/kg q6h X 16 doses) and cyclophosphamide (60 mg/kg q.d. X 2). 
Following stem cell infusion, G M - C S F (500 mg I V P B ) was given daily until 



218 Chapter 5 

hematopoietic recovery. Patients who achieved a complete or partial remission 
following the autologous transplant received alpha-interferon-2b ( 3 X 1 0 6 IU/m 2 ) TTW 
and decadron (20 mg/m 2 q.d. X 4 every four weeks) beginning 100 days after transplan
tation and continued for one year or until there was evidence of progressive disease. 

Since a B M back-up was required in this trial, it was possible to determine the 
relative amount of tumor in the B M harvest compared with the unselected P B S C 
product. 1 1 In 13 patients analyzed, the percentage of tumor cells contaminating the B M 
harvest (median 0.74% with a range of 0.12-6.98%) was higher (median 238-fold; range 
18 to >34,900-fold) than in the P B S C specimens (median 0.0024% with a range of 
<0.0002-0.352%). However, because of the increased total number of cells required for 
P B S C support compared to B M transplant in these patients, the increase in tumor cell 
contamination in the total P B S C autograft compared to the B M harvest was less marked 
( B M : P B S C total tumor contamination ratios ranging from 0.9 to >4,500; median, 14). 

Next, we determined the amount of tumor contaminating the P B S C product 
before and after C D 3 4 selection. Prior to C D 3 4 selection, tumor cells were detectable 
in the leukapheresis product in 11 of 18 patients analyzed. In the 11 patients with 
detectable tumor, the percentage and total number of tumor cells/kg in the unselected 
product varied from 0.0006-0.23% and 3660-2,139,000 tumor cells/kg, respectively. 
B y contrast, tumor contamination of the CD34-selected autologous product was 
detectable in only three patients (0.0005%, 0.0030% and 0.0190%). In the 11 patients 
with detectable tumor in the unselected product, C D 3 4 selection reduced the total 
number of tumor cells in the final product by >2.7 to >4.5 logs and by 2.8, 3.0 and 
3.2 logs in the three patients with detectable tumor in the CD34-selected product. 

Despite this marked reduction in tumor contamination, engraftment was rapid with 
a median time to both A N C > 500/mm 3 (range, 11-16 days) and untransfused platelets 
>20,000/mm 3 of 12 days (range 9 to >52 days), respectively. The median number of 
units of P R B C s and platelets transfused were 7 (range 2-27) and 3 (range 0-71), 
respectively. The threshold dose to achieve rapid hematopoietic recovery was 2 X 1 0 6 

C D 3 4 cells/kg, below which platelet engraftment was prolonged and incomplete. 
Seven patients could not be evaluated because of early death or nonsecretory disease, 

while the remairiing patients all showed either a complete (6 pts), partial (35 patients) or 
minimal response (3 patients). Nineteen patients have relapsed after a median follow-up 
of 27 months (range 2-36 months). Twenty two patients (43%) remain alive in 
continued remission without evidence of disease progression. The 3-year actuarial 
progression-free and overall survival for these patients is 34 and 55%, respectively. 

Because of these results, a large multi-center phase III trial has been undertaken 
involving 133 patients, and has recently finished accrual. This trial compares both 
tumor contamination in the stem cell product and engraftment in patients undergoing 
either CD34-selected or unselected P B S C transplantation for advanced multiple 
myeloma. Precise measurement of tumor burden using the P C R assay in stem cell 
products, peripheral blood or bone marrow before and following transplant is being 
done in our laboratory. Although overall results from this trial are not yet available, 
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we were able to analyze the amount of tumor in the peripheral blood before 
mobilization chemotherapy and during leukapheresis in 16 patients to date. 
Peripheral blood was collected on the day of mobilization chemotherapy (day 0) and 
on the first day of leukapheresis. The mononuclear cells were separated by density 
gradient centrifugation. A l l stem cell collections were completed on each patient 
within 24 hours of the latter blood sample except in three cases (within 48-72 hours). 
There was a 0.2 log decrease (range 0.8 logs increase-2.39 logs decrease) in the 
percentage contamination in the peripheral blood mononuclear cell ( P B M C ) fraction 
on the first day of leukapheresis compared with day 0 (before the mobilization 
regimen). N o tumor was detected in the granulocyte layer. Thus, the total number of 
tumor cel ls /mm 3 was determined by multiplying the percentage of tumor in the 
P B M C s by the total number of P B M C s / m m 3 . Overall , this showed the amount of 
tumor in the peripheral blood before mobilization and during leukapheresis to be the 
same (median 0.0 logs; range 1.0 logs increase-2.0 logs decrease) comparing the first 
day of leukapheresis with day 0. Whether individual increases or decreases in tumor 
burden during mobilization predict overall outcome remains to be determined. 

DISCUSSION 

These results demonstrate several important cl inical findings for multiple 
myeloma patients undergoing high-dose therapy with autologous support. Overall , 
unselected P B S C products contain approximately 14-fold fewer tumor cells than 
bone marrow harvests. Second, a mobilization regimen employing chemotherapy and 
G - C S F does not significantly increase tumor in the peripheral blood. Third , C D 3 4 -
selection of P B S C s greatly reduces tumor in the stem cell product, and remains an 
effective form of purified hematopoietic support for patients with multiple myeloma 
undergoing myeloablative chemotherapy. Other attempts to reduce tumor contami
nation in stem cell products from M M patients have used flow-sorting with multiple 
surface markers to identify a tumor-free stem cell population, 2 2 but clinical results 
with use of these purified products are not yet available. Whether a reduction in 
tumor contamination in the autologous stem cell product using any of these 
techniques improves overall survival remains to be answered. 
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Mult ip le myeloma is a debilitating hematologic malignancy that is charac
terized by painful bone destruction, recurrent infections and renal failure affecting 
patients predominantly over the age of 50 years. 1 Chemotherapy at standard doses 
produces good palliation with significant tumor cytoreduction in half of the 
patients, and extension of median life expectancy to three years; but seldom is the 
response complete (<5%) and it is probably never curative. 2 ' 3 Several studies i n the 
eighties showed that escalation of doses of alkylating agents results i n higher 
complete responses. 4 5 More recently, our "Total Therapy" approach with double 
autotransplants as wel l as the randomized cl inical trial comparing standard 
chemotherapy with high-dose therapy for newly diagnosed myeloma patients have 
shown convincingly that high-dose therapy induces higher complete remission 
(CR) rates and indeed prolongs remission duration and s u r v i v a l . 6 7 Feasibility of 
high-dose therapy for patients up to 70 years and for those with renal impairment 
has clearly made this therapy within reach of the majority of myeloma patients. 6 8 

Bone marrow ( B M ) involvement with plasma cells is a hallmark of this 
disease. 9 G iven the fact that myeloma patients seldom achieve a C R with standard 
therapy, tumor cel l contamination of marrow harvest is expected even in C R , i f 
more sensitive tools to detect minimal residual disease are used. In our program, 
marrow contamination up to 30% plasma cells has been allowed at the time of the 
harvest, especially in relapsed or refractory patients. N o adverse cl inical outcome 
could be shown i n either remission duration or overall survival that could be 
attributed to reinfusion of tumor c e l l s , 7 1 0 indicating that the amount of tumor cells 
remaining in the body after high-dose chemotherapy is considerable and higher 
than the amount of tumor cells infused with the B M . It is impossible to evaluate the 
role o f tumor ce l l contamination of the stem cel l graft i n disease relapse. However, 
gene marking studies of autologous B M by Brenner and others have clearly 
indicated that re-infused tumor cells do cause relapse. 1 1 

A m o n g patients with less than a year o f prior therapy, blood stem cells collected 
after high dose cyclophosphamide and G M - C S F provided significantly faster 
granulocyte and platelet recoveries to critical levels than B M autografts (Figure 1). 
A s a result, the treatment-related mortality has declined from 10-15% range to 
<2%. 1 2 It was presumed initially that peripheral blood stem cells would perhaps 
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HEMATOLOGIC RECOVERY POST TRANSPLANTATION 
<, 12 MONTHS OF PRIOR THERAPY 

GRANULOCYTES > 500/M PLATELETS > 50,000/pl 

15 30 45 
DAYS FROM TRANSPLANT 

30 60 90 
DAYS FROM TRANSPLANT 

Figure 1. Rapid granulocyte and platelet recovery after peripheral blood stem cell res
cue compared with autologous marrow transplant in patients with less than one year of 
prior chemotherapy. 

have less tumor cell contamination. B y applying P C R for C D R I I I region of the 
immunoglobulin heavy chain, Bil ladeau showed that the peripheral blood of newly 
diagnosed myeloma patients contain 0.001 to 1.0% circulating tumor cells, signif
icantly lower than in the marrow. 1 3 However, there are indications that these 
circulating tumor cells may actually harbor phenotypically more immature cells 
( C D 1 9 + ) that include drug-resistant clonotypic cells that may underlie relapse, 1 4 

and did have a higher proliferation rate. 1 5 

While in steady-state the number of circulating clonotypic may be very low, 
several groups have shown that the process of stem cel l mobilization with 
chemotherapy and/or growth factors also results in tumor cell m o b i l i z a t i o n . 1 5 1 6 

Gazitt et al showed that there was differential mobilization of stem cells and tumor 
cells; C D 3 4 + cells were seen in higher frequency during the early phase of recovery 
from cytopenia when W B C had reached 500/uL whi le plasma cells were mobi l ized 
in greater numbers later when W B C had already reached (5000/uL. 1 5 However, 
L e m o l i et al noted no differential mobilization of stem cells and tumor ce l l s . 1 6 In 
some patients these mobil ized tumor cells have a high labeling index. Thus, 
depletion of these tumor cells from the stem cel l product prior to transplantation 
could potentially prolong the remission duration especially in good risk patients 
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who have attained a C R following the transplant. 

C D 3 4 + / T h y l + / L i n e a g e - v e cells are a subset o f C D 3 4 + cells that contain a l l the 
pluripotent hematopoietic stem cells. These cells are capable of multilineage differ
entiation with extensive self renewal capacity. 1 7 Fo l lowing high-dose cyclophos
phamide at 6 g /m 2 and G M - C S F C D 3 4 + / T h y l + / L i n - v e cells are mobil ized i n the 
peripheral blood with the same kinetics as C D 3 4 + cells though they represent 
typically 10-50% of the C D 3 4 population and may be present more transiently than 
the C D 3 4 + cells. In preclinical studies, stem cel l purification ( C D 3 4 + / T h y l + / L i n -
ve) led to an overall enrichment by about 50-fold in all 10 patients studied with 
purity reaching up to 90%. Quantitative P C R amplification of patient-specific 
C D R H I D N A sequences showed depletion of clonal B cells by 2.7 to 7.3 logs, with 
the highest log reduction noted in the samples init ially containing the most tumor 
ce l l s . 1 8 

A s a substantial number of patients do not achieve a C R after an autotransplant, 
it is unlikely that in vitro manipulation of stem cell product alone w i l l result i n 
long-term disease control in a substantial proportion of myeloma patients. 
Preliminary results to date indicate that there is not a substantial difference i n the 
relapse pattern of the disease fol lowing tumor ce l l p u r g i n g . 1 6 1 9 2 0 Immune 
recovery, especially T cel l function recovery, is delayed fol lowing such highly 
selected stem cell transplants because all of the mature T cells are removed. This 
could potentially result in early relapse in those patients who did not achieve a C R 
fol lowing the selected stem cell transplant. Post-transplant immune modulation 
such as idiotype vaccine or dendritic cel l vaccine to stimulate cel l mediated 
cytotoxicity against tumor may be required for ultimate cu re . 2 1 , 2 2 
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INTRODUCTION 

Little progress has been made during the last 30 years in extending the overall 
survival o f patients with multiple myeloma using standard therapy. N o cures have 
been observed and fewer than 5% of patients live longer than 10 years. Recent studies 
indicate an improved C R rate, event-free survival and overall survival in patients who 
receive high-dose chemo/radiotherapy with autologous stem cel l s . 1 , 2 Nevertheless, 
relapses after autologous stem cell transplants are frequent and it is still unclear 
whether any patient can be cured with this approach. 3 One of the problems with 
autologous stem cell transplants is the contamination of the grafts with tumor cells. 
It has recendy been shown that C D 3 4 selected or C D 3 4 + L i n ~ T h y ^ stem cells do 
contain significantly fewer clonal myeloma cel ls . 4 , 5 However, the major reason for 
relapse is not contamination of the graft, but persistent disease in the patient. 
Although further intensification with tandem autotransplants seems to further 
increase the C R rate and event-free surv iva l , 2 it is very l i ke ly that 
chemo/radiotherapy-resistant myeloma cells persist in a large proportion of patients 
post-transplantation. A different treatment approach is required to cure this disease. 

The advantage of an allogeneic transplant is that not only is a tumor-free graft is 
provided, but also a graft-versus-myeloma ( G V M ) effect can be exploited. W e and 
others have recently shown that a G V M effect exis ts . 6 7 However, allogeneic 
transplantation in multiple myeloma is associated with an exceedingly high 
transplant-related mortality. In a recently published study of the European Group for 
B lood and Marrow Transplantation, autologous stem cell transplantation was 
compared with allotransplantation.8 In that study, the transplant-related mortality of 
the allogeneic group was 41% versus 13% for the autologous stem cell transplant 
group. This higher transplant-related mortality of allogeneic transplantation was not 
compensated for by a lower rate of relapse and disease progression. The risk of 
relapse in the autologous transplant group was 70% at 48 months compared with 50% 
i n the a l l o B M T group. However, in patients alive at one year post-transplantation, a 
significantly better progression-free survival was seen for allotransplant patients 
when compared with autologous stem cell transplants. This suggests that allogeneic 
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transplantation provides a more durable response and that cures may be obtained at a 
higher frequency with this intervention. 

Graft-versus-host disease ( G V H D ) is caused by the recognition of histocompati
bility antigens by donor lymphocytes and is probably triggered by a "cytokine 
storm." Evidence for the existence of a graft-versus-leukemia and a graft-versus-
lymphoma effect in humans has mainly been indirect. Patients with acute and/or 
chronic G V H D have a lower relapse rate than those with no or minimal G V H D . 9 

Direct experimental evidence of a graft-versus-leukemia effect in humans was first 
reported by K o l b and subsequently confirmed by others. 1 0" 1 2 The highest frequency 
(75%) of durable complete remissions with donor lymphocyte infusions after relapse 
post-allotransplants has been seen in chronic myelogenous leukemia ( C M L ) . This 
compares with 29% in A M L and 0% in acute lymphocytic leukemia ( A L L ) 
according to the E B M T data. 1 3 However, infusion of donor lymphocytes has a 
substantial complication rate. G V H D grades 2^1 is seen in 41% of patients, 
myelosuppression in 36% and death in 12%, due to pancytopenia in 4%, G V H D in 
6% and infections in 2 % . 1 3 

Four cases of myeloma w i l l be presented in which a G V M effect was seen with 
donor cell infusions only, while in one patient a G V M effect was seen only after high-
dose chemotherapy with infusion of donor stem cells and lymphocytes. 

CASE ONE 

A 40-year-old female with IgG kappa stage I IA, presented with bone marrow 
( B M ) plasmacytosis o f 70% at diagnosis and more than 2% plasmablasts. M-protein 
was 3.3 g/dL. Cytogenetics were normal. She received one course of V M C P and 
two courses of dexamethasone pulsing. Her disease was progressive with a B M 
plasmacytosis o f 75% and M-prote in of 5.8 g /dL. She then received an 
autotransplant with melphalan 100 mg/m 2 and peripheral blood stem cell support. 
She had a transient decline in M-protein from 6.2 to 2.5 g/dL with a subsequent 
rapid increase to 4.3 g/dL. Because of her young age, she then received a matched 
unrelated donor transplant after conditioning with hyperfractionated total body 
irradiation of 1375 c G y , thiotepa 10 mg/kg and cyclophosphamide 120 mg/kg 
combined with antithymocyte globulin at 120 mg/kg. T cells were removed from the 
marrow graft by a two-step soybean lectin agglutination and sheep red blood cell 
rosetting procedure. Post-transplantation the myeloma protein decreased from 4.3 to 
1.7 g/dL on day +21 with a subsequent increase to 3.4 g/dL on day +67 (Figure 1). 
B M plasmacytosis on day +67 was 90%. On day +116, she received fresh donor 
peripheral blood cells from 100 m L of donor blood. Fourteen days after infusion she 
developed a skin rash. Sk in biopsy was diagnostic for G V H D grade I V . She also had 
mi ld diarrhea up to a maximum of 1100 mL/day, while liver functions were only 
mildly elevated. She was started on a combination of methylprednisolone and 
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cyclosporine with slow improvement of the acute G V H D . Forty-two days after 
infusion of the peripheral donor cells, no evidence of myeloma was present by 
immunofixation electrophoresis o f blood and urine nor by B M biopsy. D N A finger
printing indicated the presence only of donor cells. She subsequently developed 
signs of chronic G V H D about 360 days after the T cell-depleted transplant requiring 
prednisone and cyclosporine. Around day 480, a small serum M-protein of 0.5 g/dL 
was detected, which remained stale during the next three months. Unfortunately, the 
patient developed an invasive aspergillus infection of the lung while on prednisone 
and cyclosporine requiring ventilatory support and ultimately succumbed to this 
complication. 

CASE TWO 

A 42-year-old male with kappa light chain disease, stage I U B , had Bence-Jones 
proteinuria of 7 g/24 hours, creatinine 3 mg/dL, a complex cytogenetic karyotype 
including -13 and B M plasmacytosis of 70% at diagnosis. He was treated with 3 cycles 
of V A D to a moderate response. He then received high-dose cyclophosphamide 6 
g/m 2 for stem cell mobilization. A first autotransplant was performed with melphalan 
200 mg/m 2 resulting in a decrease in urine M-protein to 200 mg/24 hrs. A subsequent 
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rise in M-protein was seen with an increase in B M plasmacytosis. He subsequently 
received a matched unrelated donor transplant after conditioning identical to the 
regimen given in case one. Post-transplantation, the urine M disappeared completely, 
but reappeared (450 mg/24 hours) by day 45 (Figure 2). B M plasmacytosis was 30%. 
He then received donor peripheral blood stem cells with complete disappearance of 
urine M-protein and marrow plasmacytosis. His course was complicated by acute, and 
subsequently, chronic G V H D with mainly liver manifestations. Multiple B M biopsies 
performed subsequently remained negative for myeloma and urine M-protein 
remained 0. Eleven months after his matched unrelated donor transplant while on 
immunosuppressive therapy, the patient developed invasive pulmonary aspergillosis 
and died from this complication. 

CASE THREE 

A 34-year-old female with kappa light chain disease, stage IILA, presented with 
B M plasmacytosis of 23%, Bence-Jones proteinuria of 11.6 g/24 hours and a 
complex cytogenetic karyotype including - 1 3 . She received three courses of V A D 
and had some decrease in urine M-protein to 3 grams/24 hours, but no decrease in 
B M plasmacytosis. She then received high-dose cyclophosphamide for stem cell 
mobilization followed by an autologous transplant with melphalan 200 mg/m 2 . N o 
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further reduction was seen in urine M-protein or i n B M plasmacytosis after the 
autologous transplant and 3 months later the patient clearly had progressive disease 
with an increase in urine M-protein to 6 g/24 hours and B M plasmacytosis of 50%. 
She then received a matched unrelated donor transplant with the same conditioning 
as patients one and two. About 90 days after transplantation, she had an increase of 
urine M-protein from trace on day 30 to 2 g/24 hours and B M plasmacytosis from 10 
to 40% (Figure 3). She then received donor T cells with complete resolution of all 
disease. After T cell infusion, she developed acute, and subsequently, chronic G V H D 
requiring prednisone and cyclosporine. Eleven months after the matched unrelated 
donor transplant, she developed invasive pulmonary aspergillosis while on immuno
suppressive therapy and died of this complication. 

CASE FOUR 

A 30-year-old male with IgA kappa stage IIIA at diagnosis had immunoglobulin 
of 7.3 and IgG of 4.5 g/dL and Bence-Jones proteinuria of 167 mg/24 hours and a 
B M plasmacytosis of 80%. He had a complex chromosomal karyotype including 
t(13;20). He received three courses of V A D with no effect on I g A protein. B M 
plasmacytosis was 35%. He then received high-dose cyclophosphamide for stem cell 
mobilization and an autotransplant with melphalan 200 mg/m 2 . Serum M-protein 
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decreased to 0.9 mg/dL. However, two months later, serum M-protein progressively 
increased to 2.4 g/dL. He then proceeded with a matched unrelated donor transplant 
again with the same conditioning regimen as the prior patients. After transplantation, 
serum M-protein decreased to 0.4 g/dL, but beyond day 60 progressively rose to a 3.9 
g/dL by day +125 (Figure 4). After infusion of donor T cells, a decrease was seen in 
M-protein from 3.9 g/dL to 1.4 g/dL, but subsequently increased again to 3.6 g/dL. 
The patient never developed G V H D . It was then decided to treat h im with melphalan 
200 mg/m 2 and a non-T cell depleted allograft. Thirty days after transplant there was 
no evidence of disease as measured by immunofixation of the serum and B M biopsy. 
However, he subsequently developed acute G V H D , multi-organ failure and V O D of 
the liver and died 52 days after transplant. 

These cases clearly illustrate that a G V M effect can be seen after allogeneic 
transplantation. A l l four patients had a complete resolution of their disease. In the first 
three patients, the only manipulation performed was the infusion of donor cells. 
Therefore, the effect can be attributed only to a G V M effect. In the fourth patient, 
infusion of alio donor cells resulted in a temporary response, but no G V H D . In 
contrast, the first three cases all had acute and chronic G V H D . In the fourth patient, 
we reasoned that a lack of G V M effect was due to lack of activation of donor cells and 
that a cytokine storm might be necessary to activate donor T cells. A single dose of 
melphalan 200 mg/m 2 was given to this patient. This patient had been completely 
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refractory to melphalan 200 mg/m 2 and an autotransplant. It is therefore very unlikely 
that the complete resolution of the myeloma was effected by melphalan. However, 
after melphalan, the patient developed acute G V H D requiring treatment with 
prednisone and cyclosporine. The appearance of G V H D was associated with the 
complete disappearance of all evidence of myeloma. 

It is an amazing experience to see patients who are obviously completely 
refractory to high-dose chemotherapy and radiotherapy, subsequently attain complete 
remissions just by the infusion of donor lymphocytes. The graft-versus-tumor effect 
seen in multiple myeloma is probably equally potent as that observed in chronic 
myeloid leukemia ( C M L ) transplants. However, our findings are somewhat different 
from those reported with C M L . Whereas control of C M L seems to require large 
quantities of peripheral blood mononuclear cells, a complete response in our patients 
was seen after infusion of only 10 6/kg C D 3 cells. However, it is unknown whether 
this might be due to the fact that our patients had unrelated donor transplants. It may 
be that unrelated donor transplants require fewer T cells to elicit a graft-versus-tumor 
effect compared with sibling transplants. Whi le the best results in C M L are seen in 
patients in stable chronic phase with almost no effect seen in patients relapsing in 
blast crisis, our patients achieved a response upon administration of donor cells in 
fulminant and aggressive relapse. Finally, whereas i n C M L , there is a very slow 
disappearance of disease as measured by cytogenetics and molecular methods, in our 
patients a G V M effect was seen very early on. It is unknown whether a lasting G V M 
effect can be seen without the presence of acute G V H D and its major complications, 
as evidenced in our patients. Three of our patients died more than 11 months after 
transplantation due to invasive aspergillosis. Because of the high complication rate of 
acute and chronic G V H D , we have now instituted a new protocol, whereby donor T 
cells are transfected with a suicide gene, the viral thymidine kinase gene, that makes 
the lymphocytes susceptible to ki l l ing by ganciclovir. A s soon as evidence of acute 
G V H D is observed, administration of ganciclovir should then eliminate all the 
infused donor T cells. Murine leukemia data have shown that the antileukemic effect 
of an allograft is attained within 6 to 7 days and precedes the onset of severe 
G V H D . 1 4 Although the same cells may cause a G V M effect and G V H D , it is possible 
that the two entities are separable in time. 

It is l ikely that future progress in cancer therapy w i l l depend on the judicious and 
safe manipulation of the immune system rather than on further intensification of 
cytotoxic agents. 
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INTRODUCTION 

Three decades of standard dose chemotherapy trials research i n multiple 
myeloma ( M M ) have confirmed that, unfortunately, combination chemotherapy is 
not superior to the "gold standard" melphalan-prednisone (MP) (Figure l ) . 1 In 
reviewing the details of these trials, the lack of progress is perhaps not surprising 
considering that relatively low doses of individual agents with m i l d anti-tumor 
activity were combined so that, by design, the overall myelosuppressive activity 
was almost comparable in order to avoid excessive morbidity and mortality i n 
typically immunosuppressed elderly patients. Dose escalation was first tested with 
the V A D regimen incorporating high doses of dexamethasone, resulting i n 
unexpectedly high response rates in MP-refractory disease. 2 The late T i m 
M c E l w a i n and colleagues from the Roya l Marsden Hospital were the first to 
observe true complete remissions (CR) in about a dozen patients with high risk 
newly diagnosed or advanced and refractory M M fol lowing unsupported high dose 
melphalan at a dose of 140 m g / m 2 ( M E L 140). 3 This observation prompted our 
team to introduce autologous transplantation in the early 1980s, init ially i n support 
of M E L 140 4 and, subsequently, of truly myeloablative therapy with M E L 140 plus 
total body irradiation (TBI , 850 cGy) , using autologous bone marrow that could 
contain up to 30% plasma cells . 5 The underlying hypothesis was that the reinfusion 
of typically hypoproliferative tumor cells with typically low i n vitro clonogenic 
potential would not contribute significantly to disease recurrence. In this report, we 
update these early results and report on tandem autotransplants introduced in late 
1989 as a means of further increasing tumor cytoreduction i n an effort to increase 
C R rates and extend event-free survival (EFS) and overall survival (OS). The 
tandem autotransplant approach utilized, from the outset, peripheral blood stem 
cells ( P B S C ) collected after high dose cyclophosphamide ( H D C T X ) initially with 
G M - C S F and, in later years, with G - C S F . 6 A l l P B S C s were collected before the 
first autotransplant and, using the mobilization regimens mentioned, typically 
provided more rapid engraftment than autologous bone marrow transplants 
(autoBMT), thus reducing transplant-related mortality to wel l under 5%. 
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UPDATE ON ABMT WITH MEL 140 OR 
THIOTEPA 750 MG/M 2 + TBI 850 CGY 

A n update of the 55 patients treated with T B I 850 c G y and M E L 140 or, when 
intravenous melphalan was temporarily unavailable, with thiotepa 750 m g / m 2 

( T H I O 750) revealed 9-year E F S / O S rates of 10/20% in the case of M E L 140 + 
T B I and 0/0% with T H I O 750 +TBI (Table l ) . 7 The superiority of M E L 140 + T B I 
could not be explained by more favorable prognostic features, thus supporting, 
despite the relatively small number of patients in the T H I O 750 + T B I group, our 
notion that M E L has superior antitumor activity i n M M . Included in this table are 
results of trials with M E L 100 ± G M - C S F without hemopoietic stem ce l l support, 
conducted exclusively in refractory M M . 8 , 9 Examination of prognostic factors for 
al l 102 subjects revealed superior E F S and O S in the case of low beta-2-
microglobulin ( B 2 M , <2.5 mg/L) and younger age <50 years). A comparison of 
the 63 patients with low B 2 M and/or age < 50 yrs with the remaining 39 older 
subjects wi th B 2 M > 2.5 m g / L revealed that the former group had a lower 
mortality (<60 days) (8% versus 26%, p=0.01) but comparable C R rates (16% 
versus 10%, p=0.4) and enjoyed superior E F S / O S (15/36 months versus 3/5 
months, p=0.0001/0.0001). 
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Table 1. TBI + ABMT and MEL 100 + GM-CSF for refractory/advanced myeloma-
long-term follow-up 

Treatment N %ED %CR EFS OS 
MEL 140-TBI 37 16 24 15 34 
THIO 750-TBI 18 0 11 7 23 
MEL 100 23 22 0 3 5 
MEL 100 + 

GM-CSF 24 17 4 6 22 

P 0.2 0.1 0.008 0.03 

TANDEM AUTOTRANSPLANTS FOR MM—EXPERIENCE 
WITH 470 PATIENTS 

This group comprises 180 patients undergoing our "Total Therapy" program for 
newly diagnosed patients 1 0 and 290 referred to this center after having received 
prior treatment elsewhere. 1 1 Overal l patient characteristics are summarized i n 
Table 2, with approximately one-half over age 50, having stage III at diagnosis, 
B 2 M >2.5 mg/L , C R P >0.4 mg/dL and > 12 months of prior therapy prior to 
transplant. The transplant regimen consisted of melphalan 200 m g / m 2 ( M E L 200) 
with the first autotransplant and was repeated with the second autotransplant i n 
case >75% tumor mass reduction (PR, including normal marrow aspirate and 

Table 2. Tandem autotransplant for myeloma patient characteristics (N=470) 

Total "Total Therapy" Prior therapy 
Parameter n=470 n=180 n=290 P 

age >50 years 54* 47 58 .02 
stage III at diagnosis 48 50 47 .5 
Ig Isotype G 56 59 54 .3 

A 18 19 17 .5 
other 26 22 29 .06 

B2M >2.5 mg/L pretransplant 44 46 42 .4 
CRP >0.4 mg/dL pretransplant 49 42 53 .02 
<50% tumor cytoreduction 38 30 43 .006 

prior to transplant 
>12 months of prior therapy 54 0 72 .0001 
>3 lines of prior therapy 14 0 23 .0001 
Mel 200—Mel 200 42 61 31 .0001 
Mel 200—other/auto 28 16 36 .0001 
Mel 200-*other/allo 7 7 6 .6 
Mel 200-*no second transplant 23 16 27 .003 

*percent 
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biopsy) was sustained; otherwise, patients received M E L 140 + T B I (850-1125 
cGy) or M E L 200 + high dose cyclophosphamide ( H D C T X ) 4.8 g/m 2 . Nearly 80% 
of patients completed 2 transplants. The transplant-related mortality at 12 months 
was 7%, 36% achieved C R , and median durations of E F S / O S were 26/41 months, 
with 5 year projections of 30/40%, respectively. A m o n g the double transplant 
recipients, C R increased from 24% after one to 44% after 2 transplants including 
17% previously in P R and 3% with <PR status after the first transplant. 

A prognostic factor analysis revealed significantly superior E F S and OS 
durations in the case of low B 2 M and low C R P serum levels prior to first transplant, 
sensitive rather than refractory M M (defined by >50% tumor mass reduction with 
standard therapy prior to transplant), the absence of abnormalities of chromosomes 
11 and 13, serum creatinine <2 mg/dL, <12 months of prior therapy, Durie-Salmon 
stage < III and non-IgA isotype. On the basis of the 3 dominant favorable variables 
identified on multivariate regression analysis ( B 2 M < 2.5 mg/L, C R P < 0.4 mg/dL, 
no abnormalities of chromosomes 11/13), 4 distinct risk categories could be defined 
(Figure 2). Patients with > 2 favorable variables enjoyed distinctly superior E F S and 
OS durations (319 patients) as opposed to the 151 remaining patients with <2 
favorable parameters; a particularly poor outcome was noted among the 32 patients 
lacking any of these favorable features with E F S / O S durations of 9/10 months. Thus, 
we were able to identify, among a large cohort of uniformly treated patients, a 
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particularly high risk group in whom novel potentially hazardous treatment 
approaches would appear justified. In order to appreciate the impact o f obtaining C R 
and of the timely application of 2 transplants within 6 months, a 6-month landmark 
analysis was performed among the 440 patients surviving this time interval. Both 
C R and timely application of 2 transplants emerged as significant variables in 
addition to the pretransplant parameters already mentioned, supporting our 
hypothesis that "more is better"; i.e., greater tumor cytoreduction, effected by a 
second cycle of high dose therapy and reflected in a higher biochemically and 
hematologically defined C R rate, was associated with superior prognosis. In cl inical 
practice, disease- and patient-related variables cannot be modified, whereas the 
timing and type of therapeutic intervention are flexible. E F S and O S durations were 
significantly longer among the 176 patients who received a "timely double 
transplant (TDT) , " i.e., first transplant within 12 months of initiation of standard 
therapy and second transplant within 6 months of the first transplant with median 
E F S / O S durations of 44/66+ months compared to 23/40 months for the remaining 
264 patients (p=0.0001/0.0003, respectively). 

O f considerable cl inical importance is our observation that impaired renal 
function did not affect melphalan pharmacokinetics, 1 2 so that we have performed 
autotransplants in 23 patients with serum creatinine levels >2mg/dL including 7 
patients on hemodialysis. Compared to 46 patients wi th serum creatinine levels <2 
mg/dL, who were matched for C R P , Ig isotype, duration of prior therapy and 
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sensitivity to standard therapy. The renal failure group had an early mortality of 0% 
versus 2% among the remaining patients, and engraftment kinetics were identical 
with median times to granulocytes >500/uL of 11/11 days (p=0.3) and to platelets 
exceeding 50,000/uL of 16/22 days (p=0.4). Thus M E L 200 as one of the most 
active regimens for M M no longer needs to be withheld in patients with renal 
failure that is usually a result of high tumor burden with hypercalcemia and 
excessive Bence Jones proteinuria; in fact, improvement in renal function 
(creatinine <1.2 mg/dL) as a result of PBSC-supported M E L 200 was observed 
among 43% of the 23 patients treated. 

Another critical variable in M M therapy pertains to patients' frequently 
advanced age, which has been one of the main obstacles to investigating dose 
intensification in this disease. Examination of survival after first autotransplant 
revealed no difference as a function of age by decade (Figure 3 ) . 1 3 In fact, we have 
now treated 23 patients over the age of 70 including one at age 82, employing M E L 
200 in 11 and M E L 140 i n 12 patients ("minitransplant"). T w o patients died within 
60 days, C R was achieved in 21%, and median E F S / O S durations are 9/23 months, 
reflecting these patients' overall less favorable pretransplant prognostic features 
rather than their advanced age. 

SALVAGE THERAPY FOR POST-TRANSPLANT RELAPSE 

A n important issue concerns the question of "life after relapse post-transplant" 
posed by patients and referring physicians a l ike . 1 4 W e therefore examined the 
outcome of 196 patients who had relapsed, including 91 after a scheduled tandem 
transplant. The median time from relapse post-transplantation to salvage therapy 
was 9 months (range 3^44 months). Standard dose therapy was employed in 147 
and a further transplant in 49 patients; eventually, 63 o f 105 relapsing after a single 
transplant and 19 of 91 relapsing after a tandem transplant received an additional 
transplant regimen. Ten percent died within 2 months, 8% achieved C R , and post-
salvage E F S / O S were 8/14 months, respectively O n multivariate regression 
analysis, E F S and O S were longer with primary salvage transplant and low pre-
salvage B 2 M < 2.5 mg/L. A s summarized in Table 3, 60 day post-transplant 
mortality was 0%, 9% and 13% (p=0.1), respectively, among the 25 patients 
exhibiting both favorable features as opposed to the 76 with one unfavorable 
parameter and 95 patients lacking both favorable factors; the corresponding C R 
rates were 32%, 7% and 3%, respectively (p=0.0001); and median E F S / O S 
durations were 64+/64+ months, 9/15 months, and 5/9 months (p=0.0001/.0001, 
respectively). In addition, those with only one prior transplant had longer E F S , 
whereas O S was longer when relapse had occurred >12 months after transplant. 
When examined separately among the 105 patients with only one prior transplant 
and the 91 with relapse after two transplants, differences in prognostic factors 
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Table 3. Clinical outcome according to low pre-salvage B2M and primary salvage 
transplant 

B2M < 2.5 presalvage 
Primary salvage TX 

N %ED P %CR P EFS p OS P 
both 25 0 

0.04 
32 

0.001 
64+ 

0.0001 
64+ 

0.005 
either/or 76 9 

0.7 
7 

0.3 
9 

0.004 
15 

0.0001 
none 95 13 3 5 9 

P 0.1 0.0001 0.0001 0.0001 

associated with E F S and O S were noted: in case of relapse after only one 
transplant, low B 2 M and primary salvage transplant both favored prolonged E F S 
(64+ versus 9 months, p=0.0001) and O S (64+ versus 11 months, p=0.0001); by 
contrast, with relapse fol lowing a tandem transplant, late relapse >12 months after 
transplant rather than an additional transplant emerged as a second key variable i n 
addition to low pre-salvage B 2 M (EFS, 8 versus 5 months, p=0.05; O S , 15 versus 
9 months, p=0.0003). Collect ively, these data indicated that post-transplant relapse 
should not be considered as ultimate treatment failure. Those patients with only one 
prior transplant definitely benefit from timely administration of further high dose 
therapy (in line with our current practice o f a scheduled tandem transplant within 
6 months); thus, in case only a single autotransplant is planned, sufficient P B S C 
should be obtained before first transplant for an eventual subsequent transplant 
procedure. Final ly , selected patients relapsing after a tandem transplant procedure 
deserve further therapeutic consideration, especially when B 2 M is low and relapse 
occurred more than one year after the last transplant. 

SUMMARY AND CONCLUSION 

Autotransplants, especially with mobil ized P B S C providing rapid hemopoietic 
recovery, have become an indispensable armamentarium in the management o f 
patients afflicted with M M and can be conducted with a high degree of safety even 
i n high risk patients presenting with renal failure and advanced age. Not 
unexpectedly, the best results are obtained when this approach is applied early 
during the illness with superior results when implemented within the first 12 
months from initiation of therapy. Formal comparisons of autotransplant-supported 
high-dose therapy and standard-dose chemotherapy are now available. Thus, the 
French Mye loma Intergroup Tr ia l ( I F M 90) has recently concluded that the 100 
patients randomized to M E L 140 + T B I 800 c G y enjoyed higher C R rates (22% 
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versus 5%, p=0.001) and superior 5-year E F S (28% versus 10%, p=0.01) and O S 
(52% versus 12%, p=0.03) than the 100 patients receiving V M C P / V B A P standard 
chemotherapy. 1 5 Our Total Therapy experience, using remission induction with 
mutually noncross resistant V A D , H D C T X and E D A P followed by tandem 
autotransplants and interferon maintenance, has yielded superior outcome when 
evaluated in a pair mate analysis vis-a-vis standard S W O G tr ials . 1 0 Thus, on an 
intent-to-treat basis, the 124 Total Therapy patients with a minimum follow-up of 
24 months had a C R rate of 25% after one and 40% after two transplants, median 
E F S was 49 months and 5-year O S expectation was 61%; by comparison, the 124 
pair mates receiving standard therapy had median durations of E F S / O S of 20/46 
months (p=0.0001/0.003). The apparently greater tumor cytoreduction effected by 
a tandem versus a single transplant has prompted the current I F M randomized trial 
of one versus two transplants, also comparing P B S C versus A B M T . Investigators 
in the United States and Canada are participating in a North American Intergroup 
Tr ia l ( S W O G 9321) that compares M E L 140 + T B I 1200 c G y with P B S C support 
versus V B M C P standard chemotherapy in a randomized fashion, regardless of 
response to induction with V A D X 4 and H D C T X 4.5 g/m 2 ; al l those achieving at 
least P R status (>75% tumor cytoreduction) are then randomized to interferon 
maintenance versus observation, in order to determine the role of this controversial 
maintenance strategy after autotransplantation. The mandatory P B S C collection 
also on the standard treatment arm and the plan for salvage transplantation upon 
relapse on V B M C P assure that a l l patients are candidates for myeloablative 
therapy, an important ethical issue in light of improved prognosis with high dose 
therapy suggested by several phase II autotransplant t r ia ls 1 0 and, more recently, by 
the I F M randomized t r i a l . 1 5 S W O G 9321 w i l l answer the question of optimal 
timing of myeloablative therapy, i.e., early fol lowing remission induction versus 
salvage after failure on standard V B M C P . 

Studies in progress in our program address, among good risk patients (favorable 
cytogenetics, <12 months of prior therapy, non-IgA isotype), the role of C D 3 4 
s e l ec t i on 1 6 1 7 in order to reduce the contribution to relapse from tumor cel l 
reinfusion in the process of autografting. In the poor risk category, we are 
evaluating post-double transplant chemotherapy with our D C E P regimen that 
combines high dose dexamethasone and 96-hour continuous infusions of 
cyclophosphamide, etoposide and cisplatin, administered every 3 months X 4. 
Wi th the notion of a profound graft-versus-myeloma ( G V M ) effect in the process 
of allotransplants 1 8 that are, however, associated with a high one-year transplant-
related mortality of 30^10%, a trial is underway at our Center that utilizes T cell 
depletion of allografts to avoid G V H D . Fo l lowing hemopoietic engraftment, a 
small dose o f thymidine kinase gene-transduced donor mononuclear cells is 
infused to exert the therapeutically beneficial G V M effect; in case G V H D ensues, 
ganciclovir w i l l induce donor T cell suicide. 1 9 Based on pilot trials in acute 
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leukemia by Nagler et a l . , 2 0 we are also evaluating the safety and efficacy of haplo-
identical donor mononuclear cell transfusion together with a second autograft as a 
means of exerting a G V M effect during the cytokine storm elicited i n the process 
of autotransplantation. Rejection of donor mononuclear cells is expected to ensue 
within 3^1 weeks so that the risk of severe G V H D is hopefully minimized. In 
collaboration with the National Cancer Institute, idiotype vaccination is being 
explored in the context of both autologous and allogeneic transplantation. 2 1 

Whi le research i n both autologous and allogeneic transplantation continues, 
new agent evaluation has to be pursued along with immunological approaches 
involving gene therapy to either enhance tumor immunogenicity (vaccination with 
G M - C S F - t r a n s d u c e d tumor cells) or augment host immuni ty (idiotype 
vacc ina t ion ; 3 , 2 0 infusion of autologous dendritic cells exposed ex v i v o to 
paraprotein for better tumor antigen presentation to cytoxic T lymphocytes). 
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ABSTRACT 

The objective of our study was to evaluate the efficacy and toxicity of a high-
dose therapy with peripheral blood progenitor ( P B P C ) transplantation in patients 
with multiple myeloma ( M M ) . Between June, 1992, and M a y , 1996, 100 patients 
(67 males/33 females) with a median age of 51 years (range 30-65) were 
transplanted at our center. Patients had been preheated until best response to 
conventional chemotherapy. P B P C s were collected during granulocyte colony-
stimulating factor ( G - C S F ) enhanced leukocyte recovery fol lowing treatment with 
high-dose cyclophosphamide ( H D - C Y , 88 patients) or dose-escalated 
ifosfamide/mitoxantrone (12 patients). Fifty patients were treated with total body 
irradiation (TBI) + melphalan 140 mg/m 2 while 50 patients received melphalan 200 
mg/m 2 . Fo l l owing P B P C autografting, the median time to reach platelets 
> 2 0 X 1 0 9 / L and neutrophils > 0 . 5 X 1 0 9 / L was 11 and 14 days with no difference 
between the treatment groups. In the T B I group, significantly longer periods of 
total parenteral nutrition were required due to severe mucositis, representing higher 
nonhematological toxicity. T w o patients from the T B I group died from transplant-
related complications. Fol lowing high-dose treatment, remission state improved in 
43 out of 98 patients. N o statistically significant advantage with respect to reaching 
C R or P R was observed with T B I + HD-melphalan compared with the treatment 
with HD-melphalan alone. The optimal conditioning regimen, with particular 
regard to the inclusion or omission of T B I , should be prospectively investigated. 

INTRODUCTION 

Multiple myeloma ( M M ) is a B cell disorder with a median patient survival of 3 
years using conventional chemotherapy.1 Most randomized trials have failed to show 
an improvement in survival with combination chemotherapy over melphalan with or 
without prednisone. 2 3 A promising treatment approach for multiple myeloma is based 
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Table 1. Patient characteristics (n= =100) 

TBI + 140mg/m2 200mg/m2 

melphalan melphalan 
n=50 n=50 P= 

age (years) 50 (30-60)* 54 (40-65)* 0.0070 
paraprotein 
G/A/BJ/D 29/13/7/1 26/8/12/2 0.6029 
asecretory 1 2 
males/females 32/18 35/15 0.5205 
stage I/II/III 3/11/36 0/10/40 0.1717 
stage B 6 patients 12 patients 0.4356 
no. of previous therapy cycles 7 (3-28)* 8 (3-25)* 0.8312 
previous radiation 18/50 24/50 0.3111 
^-microglobulin >6g/La 4 patients 3 patients 0.9999 
(3-microglobulin 2.5g/La 13 patients 15 patients 0.8240 
hypercalcemia" 8 patients 10 patients 0.7953 

*Median (range) 
"at diagnosis 

on reports of high complete remission rates after the administration of dose-escalated 
alkylating agents, which was piloted by T.J . M c E l w a i n in the early 1980s using dose-
escalated melphalan. 4 Hematopoietic progenitor cell transplantation allows a further 
increase in the dose of cytotoxic drugs and the addition of total-body irradiation (TBI). 
The randomized L F M 90 study showed a significantly longer event-free survival (EFS) 
and overall survival (OS) in patients treated with high-dose melphalan and T B I 
followed by autologous bone marrow transplantation.5 W e present our single center 
experience of 100 patients with multiple myeloma who were included in a high-dose 
treatment program with peripheral blood progenitor (PBPC) transplantation. 

PATIENTS AND METHODS 

From June, 1992, to M a y , 1996,100 patients with multiple myeloma were enrolled 
into this study. Inclusion criteria were high-risk M M , defined as stage III at diagnosis 
according to the Salmon-Durie classification 6 as well as progressive stage II disease or 
symptomatic stage I disease, and an age >18 and < 65 years. Sixty-seven patients were 
male and 33 patients female with a median age of 51 years (range 30-65). Patient 
characteristics are shown in Table 1. Patients had been pretreated with conventional 
chemotherapy ( V A D or M2-protocol) until the paraprotein level reached a plateau or 
complete remission was achieved. The median number of previous chemotherapy 
cycles was 7 (range 3-28) and 42 out of the 100 patients had a history of previous 
irradiation. Most patients had advanced disease (76 patients with stage III), 3 patients 
with symptoms of the disease were in stage I and were included on their own request. 
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Complete and partial remission were defined according to the E B M T criteria. 7 

For P R , a 50% reduction of the M-component in serum or 75% reduction of urine 
paraprotein are required. C R requires normal serum protein electrophoresis or 
proteinuria <0.25 g /L and less than 5% plasma cells in the bone marrow ( B M ) but 
a negative immunofixation is not required for C R . 

PBPC mobilization 
To mobilize P B P C and to reduce the tumor load before melphalan-containing 

high-dose therapy, 88 patients received high-dose cyclophosphamide ( H D - C Y , 14 
patients with 4 g/m 2 , 74 patients with 7 g /m 2 C Y ) or in case of pre-existing heart 
disease or amyloidosis with ifosfamide/mitoxantrone (12 patients). Twenty-four 
hours post-chemotherapy, Filgrastim (R-metHuG-CSF, 300 ug/ day, Amgen-
Roche, Miinchen, Germany) was commenced to increase the number of circulating 
hematopoietic progenitor cells during leukocyte recovery. Administration of G -
C S F was continued until P B P C harvesting was completed. Measurements of 
circulating C D 3 4 + cells were commenced when the W B C reached a level of greater 
than 1 .0X10 9 /L . P B P C collection was initiated when a distinct population of 
C D 3 4 + cells ( C D 3 4 + > 10 cells/uL) could be detected. 

Collection of PBPCs and cryopreservation procedure 
Harvesting was performed with a Fenwal C S 3000 (Baxter Deutschland, Miinchen, 

Germany) or with a Cobe Spectra (Cobe, Lakewood, C O ) . For each leukapheresis, 
10-20 L blood was processed at a flow rate of 50 to 150 m- i /min using large bore 
central venous catheters as previously described. 8 The apheresis product of a 50 m L 
cell suspension was mixed with the same volume of minimal essential medium 
containing 20% dimethyl sulfoxide ( D M S O ; Merck, Darmstadt, Germany). The final 
100 m L cell suspension was transferred into freezing bags (Delmed, New Brunswick, 
NJ) and frozen to - 1 0 0 ° C using a computer-controlled cryopreservation device 
(Cryoson B V - 6 ; Cryoson Deutschland, Germany). The frozen cells were transferred 
into liquid-phase nitrogen and stored at - 1 9 6 ° C . The P B P C mobilization and 
collection was considered successful i f >2.0X 10 6 C D 3 4 + cells/kg B W were harvested. 

Clonogenic assay for hematopoietic progenitor cells 
The concentration of hematopoietic progenitor cells in each single 

leukapheresis product and in the peripheral blood was assessed using a semisolid 
clonogenic culture assay (Terry F o x Laboratories, Vancouver, Canada) as 
previously described. 9 

Immunofluorescence staining and flow cytometry 
For immunofluorescence analysis, 20 u L of whole blood or 1 X 1 0 6 mononuclear 

cells were incubated for 30 minutes at 4 °C with the fluorescein isothiocyanate 
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Table 2. Toxicity following high-dose therapy with PBPCT 

TBI + 140mg/m2 200mg/m2 
melphalan melphalan 

(n=50) (n=50) P= 
days with fever >38.5°C* 4(1-11) 1(0-9) <0.0001 
days with antibiotic treatment* 12 (6-27) 6(0-41) <0.0001 
days with antimycotic treatment* 0(0-15) 0(0-0) 0.0003 
days of total parenteral nutrition* 11 (2-22) 0 (0-36) <0.0001 
no. of platelet transfusions* 4(1-16) 1 (0-50) <0.0001 
no. of erythrocyte transfusions* 2.5 (0-10) 2(0-8) 0.0495 
days in hospital* 18 (12-58) 17 (12-39) 0.2085 

*Median (range) 

(FITC)-conjugated monoclonal antibody (moAb) H P C A - 2 (anti-CD34, Becton 

Dick inson , Heidelberg, Germany) and analyzed using a Becton Dick inson 

F A C S c a n as previously described. 9 

Pretransplantation conditioning regimen and intensive 
care post-transplantation 

In 50 patients, the pretransplantation conditioning therapy consisted of T B I (14.4 
G y , hyperffactionated over 4 days) and 140 mg/m 2 melphalan or in 50 patients of 200 
mg/m 2 melphalan alone because of previous spinal radiotherapy, refusal of T B I or 
reduced pulmonary diffusion capacity. Following high-dose conditioning therapy, 
P B P C s were reinfused without additional B M or growth factor support. Patients 
received prophylactic bowel decontamination, and antibiotic combination therapy was 
administered for fever >38.5°C while amphotericin-B was added in case of 
documented fungal infection or persistent fever. A platelet count greater than 2 0 X 1 0 9 / L 
was maintained by HLA-A/-B-matched platelet transfusions, and packed red blood 
cells were given when the hemoglobin level was less than 8 g/dL. 

Table 3. Remission status in the course of treatment (98 patients) 

After conventional 
treatment 
TBI/MP 

After mobilization 
therapy 
TBI/MP 

After PBPCT 

TBI/MP 
CR 
PR 
MR 
P= 

IIA 
37/35 
6/11 

0.5287 

12/4 
36/40 
2/6 

0.0560 

24/16 
24/33 
0/1 

0.1527 
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Figure 1. Reconstitution of neutrophils and platelets after PBPCT of 100 patients with 
multiple myeloma. 

Statistical analysis 
The cl inical and laboratory data from the patients were evaluated according to 

standard statistical methods using a commercially available computer program 
(Statistica for Windows, Stat Soft, Tulsa, O K ) . 

PBPC collection and autografting with G-CSF-mobilized PBPC 
P B P C were harvested with a median of 3 leukaphereses (range 1-10) resulting 

i n 3.3 X 1 0 6 C D 3 4 + cells/kg B W (median; range 1.5 X 10 6 -58.3 X 1 0 6 C D 3 4 + cells/kg 
B W ) . Fifty patients received T B I followed by 140 m g / m 2 melphalan while 50 
patients were treated with 200 m g / m 2 melphalan alone. 

Autografts contained between 1.5 X 1 0 6 and 2 9 . 0 X 1 0 6 C D 3 4 + cells/kg B W 
(median 3.3) and between 4.0 and 181.4X 10 4 C F U - C / k g B W (median 15.45). On ly 
one patient was autografted with less than 2.0 X 1 0 6 C D 3 4 + cells/kg B W . A 
neutrophil count of 0.5 X 1 0 9 / L was reached after a median of 14 days with a range 
from 8 to 31 days. Platelets recovered rapidly reaching an increasing count o f more 

RESULTS 
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Survival Time In Months 

Figure 2. Overall and event-free survival after PBPCT of 100 patients with multiple 
myeloma. 

than 20 X 1 0 9 / L between 4 and 157 days (median 11) after transplantation without 
platelet transfusion. Hematologica l reconstitution is shown as cumulative 
frequency in Figure 1. Nonhematological toxicity is shown in Table 2. 

T w o transplantation-related deaths were observed in the T B I group (1 patient 
with severe mucositis and sepsis with multi-organ failure at day 23, a second 
patient with cardiac failure 13 days post-transplantation). 

Follow-up post-transplantation 
Fol lowing sequential high-dose therapy, the remission state improved in 43 of 

98 patients (24 patients from the T B I group and 19 patients from the melphalan 
group, Table 3). Fifty-eight patients are alive in remission after a median follow-
up time of 16.0 months (range 3-51), while 40 patients relapsed between 2 and 43 
months after transplantation. Ten patients died of relapsed disease, 4 patients of 
infectious complications after disease progression, one patient of C M V infection 
and one of pneumonia fol lowing allogeneic transplantation. 

The E F S is 50% 22 months post-transplantation and the O S is 78% after 36 
months (Figure 2). A plateau in E F S is not reached after P B P C T . In our patient 
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group, the main factors predicting relapse were elevated beta-2 microglobulin, stage 

III according to the Salmon-Durie classification, hypercalcemia and IgA subtype. 

DISCUSSION 

In patients with multiple myeloma, high-dose therapies have been shown to 
improve remission rates compared with conventional treatment. The final analysis 
of the French multicenter trial I F M 90 showed a significantly longer E F S and O S 
following high-dose treatment.5 Similar results were presented last year by 
Barlogie et al. at the A S H meeting 1 0 . The data from the R o y a l Marsden group 1 1 

show that high-dose melphalan is the most active agent in the treatment of M M . 
Data concerning the role of T B I in the high-dose concept are only available for a 
small patient group. In a retrospective analysis of 85 patients, the remission state i n 
chemosensitive patients was improved with T B I plus HD-melphalan compared to 
HD-melphalan alone. 1 2 In refractory patients, the toxicity of TBI-containing 
treatment is up to 2 0 % . 1 3 N o randomized study comparing T B I plus chemotherapy 
with HD-melphalan has yet been carried out . 1 4 

Our results from 100 patients show no advantage of the TBI-containing high-
dose therapy in reaching P R or C R over the treatment wi th HD-melphalan 
without T B I . O n the other hand, treatment-related toxicity was significantly 
increased in the T B I group, including the two toxic deaths documented. 
Prospective randomized studies are required to address the question of the 
optimal high-dose regimen before transplantation of autologous P B P C in patients 
wi th multiple myeloma. 
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USE OF NONCROSS-RESISTANT CHEMOTHERAPY IN 
COMBINATION WITH IRRADIATION AND SURGERY 

FOR TREATMENT OF REGIONALLY ADVANCED 
PRIMARY BREAST CANCER 

G.R. Blumenschein 

Arlington Cancer Center, Arlington, TX 

The treatment of Stage II-B (>9+ nodes), III-A and I H - B breast cancer with 

conventional-dose chemotherapy, surgery, and irradiation has resulted in improved 

relapse-free survival (RFS) for such patients with approximately 45-55% of 

patients remaining relapse-free at five years. 1 The presumed reason 45 -55% of 

patients fail conventional-dose chemotherapy in combination with irradiation and 

surgery is that conventional-dose chemotherapy may not be sufficient to eliminate 

all of the microscopic tumor burden containing drug-resistant clones of breast 

cancer. These clones later emerge as measurable metastatic disease. 

Three strategies have evolved in an attempt to eliminate these microscopic 

clones of cancer resistant to first-line conventional-dose chemotherapy. These 

include the use of high-dose chemotherapy, often with autologous bone marrow or 

stem cell rescue, the use of noncross-resistant combinations of chemotherapy, and 

the use of combinations of chemotherapy and PI70 glycoprotein-blocking drugs to 

overcome drug resistance. A four-year 74% R F S has been reported for Stage II-B 

(>9+ nodes) breast cancer patients treated with mastectomy, four induction courses 

of methotrexate/doxorubicin/5FU, one of high-dose chemotherapy with autologous 

bone marrow or stem cell rescue, and irradiation. 2 

W e have evaluated the use of a noncross-resistant combination of drugs 

fol lowing treatment of Stage II-B (>9+ nodes), III-A, and III-B breast cancer. After 

or before mastectomy, the patients received an init ial doxorubicin combination 

times six, followed by irradiation followed by a Cytoxan/methotrexate/5FU plus 

cis-platinum combination ( M c C F U D ) . In patients who had inflammatory breast 

cancer, hyperthermia was administered in combination with radiotherapy. The 

noncross-resistant program labeled " M c C F U D " has been shown to achieve a 70% 

response in metastatic disease fol lowing response to doxorubicin combination. 3 

METHODS 

Fifty-five breast cancer patients with diagnosed Stage II-B (>9+ nodes), III-A 

or III-B breast cancer were entered on study between January of 1986 and January 
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Table 1. Advanced primary breast cancer: Patient characteristics 

age: range 28-72 median 48 

histology: infiltrating duct 
inflammatory 
other 

35 (63%) 
12 (22%) 
8 (15%) 

stage: stage II (>9 + nodes) 
stage III-A 
stage III-B 

17(31%) 
21 (38%) 
17(31%) 

ER/PR: +/+, 26 (47%) +/-, -/+, - / - , 29 (53%) 

ploidy: aneuploidl4(25%) 
diploid 11(11%) 
unknown 30 (55%) 

S Phase: <5% 8(15%) 
>5% 16 (29%) 
unknown 30 (55%) 

of 1991. Generally, Stage II-B and III-A patients were seen after mastectomy and 
begun on chemotherapy. Stage III-B patients usually were started on chemotherapy 
and had mastectomy after receiving two or three courses o f induct ion 
chemotherapy. The initial combination program consisted of cyclophosphamide, 
doxorubicin, and V P - 1 6 ( C A V e ) . 4 After six courses of C A V e , the patients received 
radiation therapy to the chest wal l and peripheral lymphatics; they then started on 
M c C F U D chemotherapy. Three courses of M c C F U D were administered with a 28-
day treatment cycle. If patients had T 4 breast lesions or a diagnosis o f inflammatory 
breast cancer, they received hyperthermia in combination with irradiation. Patient 
characteristics and tumor prognostic factors are shown i n Table 1. The 
chemotherapy doses and schedules are outlined in Tables 2 and 3. 

Table 2. Advanced primary breast cancer: CAVe treatment schema 

Day 1 Day 2 Day 3 
Cytoxan 500 mg/M2 IV X 
VP-16 80 mg/M2 IV bolus X X X 
Adriamycin 50 mg/M2 IV continuous infusion X X X 
Repeat cycle every 21 days X 6 
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Table 3. Advanced primary breast cancer: McCFUD treatment schema 

Day 1 Day 2 Day 3 Day 4 Day 5 
methotrexate 120 mg/M2 X 

IV over 1 hour 
Decadron 10 mg IV q.6h X X 

(8 doses) 
5-FU 1000 mg/M2 IV over X 

1 hour, 6 hours after 
methotrexate 

cis-platinum 60 mg/M2 X 
IV 

leucovorin 15 mg p.o. X X 
q.6h (8 doses) 

Cytoxan 300 mg/M2 X X X 
C.I. X 3 days 

Cycle repeated every 28 days X 3 

RESULTS 

After a median follow-up period of 81 months, Kaplan-Meier projection of R F S 
is 62% at 7 years for the entire group of patients. There was a small difference 
between Stage III-A and III-B patients, although the subsets were small with results 
in the III-A group superior to the results i n the III-B and U - B subsets. The patients 
who were ER-posi t ive appeared to continue to relapse later than the ER-negative 
patients. When patients were ER/PR-posi t ive , they had received concomitant 
hormone therapy with chemotherapy and irradiation. This usually consisted of 
tamoxifen for a period o f 5 years; occasionally Lupron or oophorectomy was used 
i n combination with tamoxifen in the premenopausal patients. The combined R F S 
curve for the three stages are shown in Figure 1. Figure 2 shows the projected 
overall combined survival for the three subsets. Table 4 describes sites of relapse. 
It is interesting to note that 29% of the init ial sites of relapse occurred in the central 
nervous system. Other sites of relapse included liver, bone, lung and chest wal l . 
Regional relapses were minimal and occurred i n only two patients. Toxic i ty was 
manageable. N o patients died of chemotherapy-related toxicity. 

DISCUSSION 

E m p l o y i n g noncross-resistant combinat ion chemotherapy fo l lowing 
doxorubicin-induction chemotherapy and irradiation after mastectomy appears to 
be as effective a strategy for prolonged R F S in regionally advanced primary breast 
cancer as does using a treatment strategy of dose escalation to eliminate 
microscopic tumor burden. 
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Figure 1. LABC time to treatment failure. 

120 

Overall Survival 

Median 
Survival 

40 60 80 100 
Months To FU 

120 

Figure 2. LABC overall survival. 

The program described appears to have very reasonable efficacy. It can be 
administered in the outpatient setting and with the advent of granulocyte colony-
stimulating factor (G-CSF), can be done with very little risk of infection. Because 
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Table 4. Relapse 

number of patients: 
sites and frequency of recurrence: 

18 

brain 
bone 
liver 
lung 

4 (29%) 
8 (43%) 
3 (14%) 
1 (7%) 
1 (7%) 
1 (7%) 

chest wall 
meningeal 

there is evidence for late relapse, we believe this strategy needs to be combined 
with the other popular strategy of dose escalation in an effort to further improve 
R F S beyond five years. The fact that 29% of the initial sites of relapse occur in the 
central nervous system indicates that while the program has significant effect 
against microscopic metastatic breast cancer, it does not cross the blood-brain 
barrier. This high recurrence rate in the central nervous system increases the 
requirement for routine follow-up of patients with M R I of the brain. 

A 76% overall survival of this patient population at 7 years, suggests relapses 
can be successfully treated and that marrow function remains sufficiently intact to 
pursue aggressive systemic chemotherapy. 
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ABSTRACT 

The number of patients treated with high-dose chemotherapy ( H D C T ) and 
hematopoietic support has been expanding al l over Europe. In 1994, 845 breast 
cancer patients received H D C T , whereas i n 1995 the figure was 1354 (9 alio 
including two twins transplants). A t least thirteen major adjuvant studies are 
running through the continent, eleven of them being phase III randomized trials. 
The most common conventional arm is F E C (with doses of Epidoxorubic in 
ranging from 75 mg/sqm to 120 mg/sqm), but two Institutions ( M i l a n and the 
Ang lo -Ce l t i c cooperative trial) prefer to adopt the sequence anthracycl ine/CMF. 
The min imum number o f positive lymph nodes for a patient to be included i n a 
trial varies from >4 (Milan) to >10 (Germany). The preferred H D C T regimen is 
S T A M P V (with modifications in the Carboplatin dose). T w o recent European 
reports have shown that in phase II trials, there is an event-free survival (EFS) at 
5 years o f 56% ( M i l a n >10 nodes A S C O '95) or at 4 years o f 70% (Spain >10 
nodes A S C O '96). In 1999 the first results w i l l be available for the ongoing trials. 
For metastatic disease there are half a dozen studies planned or ongoing, three 
being randomized. O n behalf o f the E B M T we set up a survey among 70 
European centers treating breast cancer patients. The main results were: P B P C T 
is preferred by >90%; mobil izat ion is obtained by means of chemotherapy and 
growth factors by 92%, growth factors alone 3%. Col lec t ion time is chosen by 
means of: C D 3 4 + cells alone (59%), W B C and C D 3 4 + (9%), W B C (18%) and 
fixed dates (11%). The number of C D 3 4 + cells for a single autograft: from <3 to 
>8X10 6 /Kg. Despite the expansion of H D C T in Europe, some aspects are not 
extensively studied at present: the role of contamination of tumor cells and cost-
benefit analyses. It must be remembered that i n many European countries there 
are no insurance policies as i n the Uni ted States, leading, for the moment, to an 
easier and simpler accrual o f patients, even for metastatic disease. 
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Table 1. Major ongoing adjuvant trials (randomized) in Europe for high-risk breast cancer 

Group No. nodes High-dose 
arm arm Standard pts 08/96 Support Accrual 

France/EBMT >8 FEC CAM PBPC 120 

Milan NCI >4 EPI—CMF HDS PBPC 270 

Netherlands >4 FEC FEC + STAMP V PBPC 380 

Netherlands apex +ve FEC FEC + STAMP V PBPC 95 
(closed) 

United Kingdom >6 FEC FEC + STAMP V PBPC 70 

Anglo-Celtic >4 ADM—CMF ADM—STAMP V PBPC 145 

Scandinavian >4* or > 6 FEC FEC + STAMP V PBPC 100 
Hamburg >10 EC—CMF EC +CTM PBPC 70 

Tubingen >10 FEC—CMF VIP-E+ ICE PBPC new 

Diisseldorf >10 FEC-»CMF EC—ECT PBPC new 
CAM: cyclophosphamide, L-PAM, mitoxantrone. HDS: high-dose sequential chemotherapy. STAMP 
V: carboplatin, cyclophosphamide, thiotepa. CTM: cyclophosphamide, thiotepa, mitoxantrone. VIP: 
etoposide, ifosfamide, carboplatin. ECT: epirubicin, cyclophosphamide, thiotepa. 
*depending on biological features (S-phase, etc.). 

OVERVIEW 
The use of high-dose chemotherapy ( H D C T ) is expanding in Europe for adult 

as wel l as pediatric solid tumors. The main efforts are directed towards two 
cancer types: breast cancer and neuroblastoma. In the E B M T Registry, as of 
M a r c h 1996, 1075 and 1070 cases were registered, respectively. Not a l l groups 
devoted to H D C T in sol id tumors report their cases to the Registry (nearly 40%). 
A n E B M T survey conducted by Professor Gratwohl from Basel i n 1996 indicates 
that i n 1993, 400 patients wi th breast carcinoma in any stage were transplanted; 
in 1994 the figure was 845 and in 1995, the figure was 1354 with a yearly 
increase of 100% and 60%, respectively. 1 

The reason for this expansion may be found in some good phase II study 
results from the Uni ted States and Europe, mostly in the adjuvant se t t ing . 2 3 

Moreover , some enthusiasm is found among physicians who had not been 
involved in the field of H D C T in sol id tumors until recently. The pol icy of 
autotransplantation in Europe is much less restricted compared to the Nor th 
Amer ican pol icy (i.e., less insurance coverage difficulties, i f any; an easier 
method of trials approval and so on). A t present at least forty trials are ongoing 
or planned in Europe, the vast majority in the adjuvant setting; of the thirteen 
major adjuvant trials ten are randomized. In Table 1 the main characteristics 
together with patients' accrual are shown. A difference in terms of number of 
positive axillary nodes between Europe and the Uni ted States considered for 
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Induction chemotherapy (FEC 100 x 4 courses): 

Epirubicin 100 mg/sqm 
5-Fluorouracil 500 mg/sqm 
Cyclophosphamide 500 mg/sqm 

In case of C R or P R 

A R M B 

Cyclophosphamide 1500 mg/sqm/D x 4 
Thiotepa 200 mg/sqm/D x 4 
Mesna 1600 mg/sqm/D x 5 
Hydration 3000 ml/D 

+ P B P C + G-CSF 5ug/Kg/d 

A R M A 

no further 
chemotherapy 

Figure 1. Trial Pegase 03 

PBPCT AND ABMT BOTH 
AS BACK UP MODALITIES 

Figure 2. EBMT Questionnaire Project: Type of rescue employed 

trials ' entry varies considerably: except for the three German studies that include 
cases with >9 nodes, generally a lower number is required. The final results o f 
the studies listed in Table 1 w i l l be ready a min imum of three years from now, 
due to the long required fol low-up for adjuvant breast cancer tr ials 4 . 

The use of A B M T as hematopoietic rescue is completely abandoned and 
today P B P C T is the only modality o f hematopoietic rescue. It must be 
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G R O W T H F A C T O R S 
A N D C H E M O T H E R A P Y 

89% -

G R O W T H 
F A C T O R S 

A L O N E 
3% 

O T H E R 

Figure 3. EBMT Questionnaire Project: Methods of mobilization 

remembered that in Europe the pol icy of combination of A B M T + P B P C T was 
rarely used even in early times of progenitor ce l l development. The situation for 
metastatic disease is quite different. O n l y four randomized trials are planned or 
ongoing (one in Spain, and three on a wider European basis: two on behalf o f the 
French Society for Bone Mar row Transplantation together wi th the E B M T and 
one from Ireland and Great Bri tain) . In the F r e n c h / E B M T trial Pegase 03, 
patients wi th metastatic disease receive 4 courses o f 5 -F luorourac i l , 
Epidoxorubic in and Cyclophosphamide ( F E C ) and at the time of restaging in 
case o f P R or C R , they receive intensif icat ion wi th a single dose of 
Cyclophosphamide 6.4 gr/sqm and Thiotepa 800 mg/sqm and adequate hydration 
and mesna for uroprotection or no further chemotherapy. Randomizat ion occurs 
up-front at the time of registration i n this study (Figure 1). 

In the trial Pegase 04, patients are referred only i f they achieve P R or C R after 
any induction treatment and are subsequently randomized to receive C A M 
(Cyclophosphamide 120 mg/kg, Melphalan 140 mg/sqm and Mitoxantrone 45 
mg/sqm) or to continue wi th free standard-dose regimens(s). 

A new European proposal w i l l be available by October, 1996 (Chairmen Dr . 
John C r o w n and Prof. Lothar Kanz) . 

In this study, patients wi th metastatic disease w i l l be randomized up-front 
between A d r i a m y c i n and Docetaxel for four courses plus Cyclophosphamide, 
Methotrexate and 5-Fluorouracil - C M F - for eight courses versus A d r i a m y c i n and 
Docetaxel every two weeks fol lowed by Cyclophosphamide 3 gr/sqm with P B P C 
mobi l iz ing intent, and then high doses of Carboplatin, Ifosfamide and Etoposide 
plus P B P C T , and finally the last segment with high-dose Cyclophosphamide and 
Thiotepa + P B P C T . 
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B A S E D O N W B C A N D C D 3 4 +  

B A S E D O N W B C I 

B A S E D O N C D 3 4 + 

Figure 4. EBMT Questionnaire Project: Timing ofapheresis 

> 5 N o fixed number 

Figure 5. EBMT Questionnaire Project: Minimum amount of CD34+ cells X lCP/Kg for 
autotransplantation for solid tumors and for breast cancer in particular 

THE EBMT REGISTRY 

The E B M T So l id Tumors Registry was set up i n 1984 to obtain information 
and data about European activity i n the field of sol id tumors. U p to M a r c h 1996, 
4536 patients had been registered (1075 with breast carcinoma). F r o m the 
Registry files some points deserve consideration: 

1) 44% of the patients wi th inflammatory breast carcinoma are alive and 
disease-free at 3.5 years; 2) 20% of the patients wi th metastatic disease grafted 
i n complete remission are disease-free at a mean follow-up of nearly three years; 
and 3) 62% of the patients are alive and disease-free i n the adjuvant setting (mean 
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fol low-up 27 months). These last data await confirmation by the final analysis 
foreseen for October, 1996, after a ful l reanalysis and clearance of the files. 

THE QUESTIONNAIRE PROJECT 

In November 1995 a survey was conducted and sponsored by the E B M T So l id 
Tumors W o r k i n g Party. The a im of the study was to know what was going on in 
Europe in the f ie ld o f H D C T for sol id tumors. One hundred and thirty-one out o f 
172 centers answered the questionnaire. 

For the purpose of this report, the centers dealing with adult patients only w i l l 
be reported, these centers treat nearly 100% of the cases of breast cancer (70/131). 

The first question we addressed was the type of hematopoietic rescue 
employed. The results indicated that 91% of the institutions prefer to use 
peripheral blood progenitor cells alone, leaving only 3% to A B M T and 3% to 
both modalities and to marrow backup. 

Eighty-eight percent of the interviewed centers have harvesting facilities i n their 
own institution. Those centers answering that they use P B P C were requested to 
state their choice of mobilization. Figure 3 shows a clear preference for the 
combination of hematopoietic growth factors and chemotherapy is reported 
compared with other modalities. Nearly 30% of the breast cancer patients are 
treated in cl inical protocols and this figure is superior i f compared with standard 
chemotherapy; however, i f we consider that H D C T is an experimental treatment, 
most centers should probably enter their patients in cl inical protocols. 

Figure 4 shows the different policies of peripheral progenitors collection. In 
Europe, C D 3 4 + cells determination is considered sufficient for harvesting by the 
majority of the centers (69%), while others prefer to utilize W B C alone (13%), 
W B C and C D 3 4 + cells (8%), fixed date (6%) or other unspecified methods. Another 
point we took into consideration was the minimum amount of C D 3 4 + cells required 
for autotransplantation for solid tumors and breast cancer in particular. The results 
are shown in Figure 5. A minority still require a high number of precursors (i.e., 
>5 X 10 6/kg including some leading centers like the National Cancer in Mi lan) , while 
44% normally consider sufficient a quantity of C D 3 4 + cells between 3 and 
5 x l 0 6 / k g . Interestingly, one-third of the participants in this survey have a lower 
threshold of <3 (generally between 2 and 3 C D 3 4 + cells X 10 6/kg). 

A requirement for a lower min imum number of precursors may reduce the 
number of aphereses leading to a reduction in costs for the entire procedure. 

FINAL CONSIDERATIONS 

H D C T in Europe is expanding year after year for breast cancer patients 
despite the fact that no trial has been completed so far in the adjuvant setting and 
only a relatively small phase III study was published in metastatic disease 5 
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(which, i n any case was i n favor of the high-dose arm). 

B y the year 2000 the final results o f our efforts w i l l become available, 
showing i f "more" is better. But which "more" and which "less"? Different 
schedules are used for the intensification arms than i n the adjuvant and in the 
advanced settings as reported above. A l s o , standard arms might have a different 
impact on survival (i.e., are 5 courses of F E C equal to or worse than 8 courses; 
or is Adr i amyc in + Docetaxel combination better the F E C X four courses). 
Moreover , surprisingly in Europe the role of contamination i n the rescue product 
is not studied as it is overseas. 6 Some efforts in this area should be made in the 
near future. 

Another point to be kept i n mind: i f the randomized trials ongoing i n Europe 
w i l l confirm the extremely good results o f the pilot studies in the adjuvant 
setting, how shall we manage to offer the best treatment to thousands of women? 
Every single effort has to be made i n Europe to reduce the costs (which are 
considerably lower than i n North America) in order to be ready to offer this 
treatment to a l l women who need it. 
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ABSTRACT 

A phase I/II study is being performed using C T X 6 g /m 2 , M X T 70 m g / m 2 , i n 
combination wi th T X L at a starting dose of 250 m g / m 2 I V over 3 hours i n dose 
escalation for the purpose of determining dose- l imi t ing toxic i ty ( D L T ) , 
max imum tolerated dose ( M T D ) , and efficacy o f this drug combination i n a 
transplantation setting. Patients wi th advanced breast cancer and chemosensitive 
disease are el igible. U p to the 3rd level ( T X L 350 mg/m 2 ) , few patients have 
experienced grade II and III toxici ty other than hematotoxicity. One patient, 
who had pericardial involvement, received adjuvant radio/chemotherapy wi th 
epirubicin (EPI) and had pre-existing cardiac problems, died 5 weeks after 
transplantation. N o other toxic or early deaths occurred on study. The 
autologous blood ce l l ( A B C ) reinfusion and subsequent recovery occurred i n the 
outpatient setting. Recovery for A N C >0.5/nL was 10-16 (median 12) days. 
Recovery for platelets >20/nL was 18-20 (median 12) days. Fifteen patients 
developed neutropenic fever that required I V antibiotics and readmission. 
Transfusion frequency for P R B C was 0-5 (median 2) units and for platelets, 1-
5 (median 1) encounters. A t the 4th dose level ( T X L 400 mg/m 2 ) , 6 patients 
were treated; three of them experienced D L T ; accrual is therefore continuing on 
an extended infusion schedule delivering the 400 m g / m 2 T X L over 6 rather than 
3 hours. One out o f six patients had a minor reaction only; the dose escalation 
is ongoing unt i l D L T is reached. So far, 49 patients were enrolled i n this study: 
10 were taken off study because of progressive disease during induction 
chemotherapy ( IDC) , or withdrawal o f consent, and one for cardiotoxicity from 
I D C ; 38 have completed the whole protocol: four are too early to evaluate; 11 
complete responses; two stable disease and 19 partial remissions were 
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documented. T w o patients progressed w i t h i n 4 weeks after high-dose 
chemotherapy ( H D C T ) . The median duration of progression-free survival (PFS) 
is 13.5 months; the median duration of overal l survival (OS) has not been 
reached yet. This study w i l l continue unti l D L T is determined. Pharmacokinetic 
analysis o f T X L is also performed. Phase II portion o f this study w i l l continue 
at M T D level i n order to evaluate efficacy and further toxici ty. 

INTRODUCTION 

Breast cancer is the most common malignancy in women, contributing to 
around 25% of malignant tumors and 20% of cancer death in female patients 1 in 
Canada. Once breast cancer becomes metastatic, the disease becomes essentially 
incurable wi th a median survival of 15 to 19 months at the time of indication for 
chemotherapy. 2 - 5 The overall response rates for single drug regimens are between 
20-70%. Only a few patients (under 20%) can achieve complete remissions. In 
spite of chemotherapy, the majority of patients (80%) have signs of disease 
progression within 2 years . 2 - 6 Mos t of these patients have died within 3 years from 
documentation of metastasis and there is no report i n the literature concerning 
long-term survival in this subgroup of patients. One way of improv ing 
chemotherapy efficacy is the dose effect relationship when analyzing numerous 
studies in breast cancer. 7 , 8 The evaluation of these data suggest that dose response 
effect exists within the range of conventional chemotherapy. Further dose intensi
fication using high-dose chemotherapy ( H D C T ) leads to even more responses and 
remissions. It has been shown by ourselves and others that H D C T followed by 
infusion of autologous blood cells ( A B C ) mobi l ized by various growth factors can 
lead to almost 90% response rates wi th around 50% complete responses. 9 - 2 0 It has 
been shown that similar to lymphoma, chemosensitive tumors tend to have a better 
overall response rate than chemotherapy resistant tumors. Recently, a new group 
of chemotherapeutic agents, the taxanes, have been introduced for treatment o f 
malignant d iseases . 2 1 - 2 5 Previous in vitro and later c l in ical phase I/II studies 
confirmed the activity of one of these agents, paclitaxel (Taxol , T X L ) , as an active 
agent in breast cancer. In fact, paclitaxel seems to be one of the most promising 
and most active agents in the treatment of breast cancer. Our group has previously 
shown that the combination of several drugs active in breast cancer can lead to 
additive and, in some instances, to synergistic effects . 2 6 , 2 7 The data clearly show 
that the combination of T X L and M X T in vitro on malignant breast cancer cel l 
lines can show a synergistic effect; and T X L in combination with C T X , an 
additive effect. Al though the extrapolation of in vitro data on cel l lines cannot be 
applied on c l in ica l trials, it is a reasonable rationale for using this drug 
combina t ion . 2 6 , 2 7 Therefore, we conducted a phase I study, using high-dose C T X 
(6 g/m 2) and M X T (70 mg/m 2 ) with dose escalation of T X L . 
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Table 1. The total number of sites of metastasis is listed. Since 31 patients had more than 
one site involved, the total number of sites exceeds the total number of 49 patients enrolled 
into our study. 

LN 11 
bone 27 
lung 19 
liver 17 
chest wall 5 
breast 4 
>2 Sites 16 
2 Sites 15 
1 Site 17 

PATIENTS AND METHODS 

Female patients age 18-55 years with metastatic breast cancer were eligible to 
enter this phase I study. Major end points of the study were defining the dose-
l imi t ing toxicity ( D L T ) and maximum tolerated dose ( M T D ) , identifying side 
effects and toxicities. M i n o r end points included response rates after induction 
chemotherapy (IDC) and after H D C T , ability to mobil ize and collect sufficient 
numbers of A B C and time to hematologic recovery. Moreover, progression-free 
survival (PFS) and overall survival (OS) were recorded. N o previous chemotherapy 
for metastatic disease was allowed. Adjuvant chemotherapy, i f any, had to be at 
least 6 months prior to metastatic disease. Patients were excluded i f they had 
exposure to taxanes. Performance status according to Karnofsky was 60% or more, 
and cardiopulmonary and hematopoietic functions were normal. Between January, 
1995, and September, 1996, 49 patients were enrolled into the study. Thirty-eight 
patients are évaluable for toxicity; 34 patients for response. The median age was 40 
years (29-55 yrs). Before developing metastatic disease, 14 patients were 
diagnosed with stage I; 18 patients with stage II; and 6 patients with stage III breast 
cancer; 11 patients were initially stage I V (metastatic disease). The time to 
progressive disease ranged between 0 (stage I V ) and 96 months, median time 20 
months. Twenty-nine patients were premenopausal and 23 hormone receptor 
negative. Table 1 summarizes the sites of metastasis as wel l as the number of sites 
involved in our patient population. 

One third of our patients had three or more sites involved; 19 had lung 
metastasis and 17 liver metastasis. When patients entered the study, met a l l 
eligibili ty criteria and signed the informed consent form, they received the init ial 
I D C consisting of 5-fluorouracil (5-FU) 750 m g / m 2 body surface area ( B S A ) , 
epirubicin (EPI) 100 m g / m 2 B S A , C T X 750 m g / m 2 B S A , a l l delivered on day 1 as 
I V infusion. Starting on day 2, 10 ug/kg B . W . subcutaneously was administered 
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Table 2. Hematologic support and use of IV antibiotics during the pancytopenic phase 
after HDCT and BC reinfusion. The episodes of IV antibiotics, red blood cell transfusions, 
and the number of platelet transfusions in the 5 different cohorts are given as the median 
and range. 

Dose Cohort Pts 
IV 

antibiotics (Pts) PRBC (units) Platelets 
250 1 7 5 2,0-4 1, 1-4 
300 2 5 1 2,0-3 2, 1-3 
350 3 10 4 1,0-2 2, 1-5 
400 4 6 2 2, 1-5 2, 1-4 
400/6h 4a 6 3 2, 1-4 2, 1-2 

total 34 15 2,0-5 2, 1-5 

daily for approximately 2 weeks until the total W B C reached 2.5/nL. O n this day, 
standard apheresis procedure was performed using a double lumen catheter 
connected to a Baxter CS3000+. The blood flow on average was 70 m L / m i n to a 
blood volume of 10 L . Our target was to collect at least 5 X 1 0 8 mononucleated cells 
per k g / B . W . and 2 X 1 0 6 C D 3 4 + cells/kg B . W . 2 8 After this first cycle of I D C , the 
patients obtained a further 2-3 cycles of chemotherapy consisting of 5 - F U 600 
m g / m 2 B S A , E P I 60 m g / m 2 B S A , C T X 600 m g / m 2 B S A all administered I V . The 
treatment was delivered every three weeks i f A N C was >1.5/nL and platelets 
>100/nL. After this I D C all these patients were restaged with a physical 
examination, imaging studies and blood work. Only patients who did not progress 
on I D C and did not experience severe toxicity and/or organ damage proceeded to 
H D C T . H D C T consisted of C T X 6 g / m 2 I V delivered on 3 consecutive days; M X T 
70 mg/m 2 I V delivered on the same 3 consecutive days. O n day 4, the paclitaxel 
dose starting at 250 mg/m 2 was delivered on a 3 hour infusion. The usual premed
ication including antiemetics and dexamethasone was delivered on each day. After 
24-48 hours of rest, the A B C were reinfused and r h G - C S F was administered at the 

Table 3. Summarizes the severity and frequency of mucositis in all 5 cohorts tested. The 
numbers represent the highest grade in each cohort according to WHO toxicity evaluation and 
the number of patients who actually experience the highest grade in the according cohort. 

Cohort Highest grade # of pts. in highest grade 
mucositis 

1 2 3 
2 3 1 
3 3 3 
4 2 4 
4a 3 1 
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Table 4. In the upper part of Table 4, the response rates after IDC just prior to HDCT and 
ABC are summarized for each cohort and as a total for the group. In the lower part, the 
response rates after HDCT and ABC are listed for each cohort and as a total for the group. 
With a median observation time of 10 months, the median PFS according to the Kaplan-
Meier estimate is 13.5 months; the OS has not been reached. 

Cohort PD SD PR CR 
1 0 0 6 1 
2 0 0 3 2 

3 0 1 8 1 

4 0 1 5 0 

4a 0 2 4 0 
total 0 4 26 4 

Cohort PD SD PR CR 
1 1 0 5 1 

2 0 0 1 4 

3 0 1 6 3 

4 1 0 5 0 

4a 0 1 2 3 

total 2 2 19 11 
PD: progressive disease; SD: stable disease; PR: partial remission; CR: complete remission. 

dose of 5 | ig/kg B . W . daily until hematologic recovery ( A N C >1.5/nL for 3 
consecutive days). The A B C was cryopreserved in 10% D M S O as previously 
described. 2 9 The four days of chemotherapy were delivered in the hospital. The 
patients were usually discharged on the day after H D C T just prior to the reinfusion 
of the autograft. 3 0 ' 3 1 

RESULTS 

Recovery for A N C > 0.5 / n L was 10-16 (median 12) days. Recovery for 
platelets >20/nL was 18-20 (median 12) days. Table 2 summarizes patients and 
doses per cohort with the use of I V antibiotics and transfusions of red blood cells 
and platelets. When reaching the cohort no. 4, three of six patients experienced 
approximately 20 -40 minutes after complet ion of infusion, diaphoresis, 
bradycardia, m i l d hypertension and diarrhea; two o f these three patients lost 
consciousness for a few minutes. It was therefore decided that the infusion of T X L 
was increased to 6 hours (cohort 4a). This complication was not observed i n the 
next 6 patients. Other toxicities l ike nausea and vomiting, gastrointestinal, 
genitourinary, cardiac and neurologic toxicities were only m i l d and infrequently 
observed. Very few patients experienced bone pain, fatigue, peripheral edema, 
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redness at site of G - C S F injection, insomnia and occasional reaction to transfusion. 
One patient who had pericardial involvement with metastatic disease, and who had 
adjuvant radiotherapy to the left chest as wel l as adjuvant chemotherapy with a 
total dose of 720 m g / m 2 EPI , died 5 weeks after transplantation with c l in ical signs 
of cardiac failure. N o other early or toxic deaths occurred on study. 

DISCUSSION 

W e have dose escalated the breast cancer-active drug, paclitaxel, to a dose of 
400 m g / m 2 in combination with high-dose C T X and M X T fol lowed by A B C 
transplantation. In this phase I dose escalation study we d id not yet reach the 
D L T and therefore accrual to this protocol is continuing. This protocol was 
designed to be delivered on an outpatient basis. Therefore, a longer infusion of 
any of these drugs was not planned. Al though toxicities described in the Results 
section are tolerable, minor and not life threatening, some important observations 
have been made: infusion of T X L more than 350 m g / m 2 over 3 hours are not 
possible. N o toxic deaths directly associated to the treatment protocol were 
observed. Nevertheless, due to the very short infusion time, doses over 350 
m g / m 2 in this setting are not possible. This may be due to the T X L itself but 
alternatively, to its dilution vehicle cremaphor E L . A l s o , the high content o f ethyl 
alcohol i n the solution may contribute to the reactions described above. The 
prolonging of the infusion time from 3 to 6 hours would not jeopardize an 
outpatient protocol and yet abolish entirely the side effects observed at the 400 
m g / m 2 dose level during the 3-hour infusion. Al though this study was designed 
as a phase I study, the response rates observed so far both after I D C and after 
H D C T are extremely high and comparable to other H D C T regimens. Since the 
highest dose level o f taxol , wh ich is one o f the most active drugs i n breast cancer, 
has not been reached yet, it is anticipated that the response rates after further dose 
escalation might be even higher. The North Amer ican Autologous B l o o d and 
M a r r o w Transplantation Registry has described that differences between 
different protocols are statistically not different when using multivariate analysis. 
A t this point, the response rates lead to a median P F S of more than 1 year. 
Compared with other studies, the usual P F S using standard dose chemotherapy 
lies between 5-8 months only. After median observation time of 10 months and 
maximum observation time of 20 months, the median survival time has not yet 
been reached. Since D L T has not yet been reached and therefore the M T D is not 
identified, this study continues accruing patients on higher dose levels. A 
pharmacokinetic study is being performed simultaneously. The results at this 
point are not yet available. A n y possible differences regarding survival are of a 
speculative nature and need to be addressed in wel l designed prospective 
randomized phase III studies. 
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ABSTRACT 

W e have recently reported that three subsequent courses of cyclophosphamide 
(6 g/m 2), thiotepa (480 mg/m 2 ) and carboplatin ( C T C ) (1600 mg/m 2 ) , may lead to 
severe organ toxicity [J Clin Oncol 1996, 14:1473-1483], including hemorrhagic 
cystitis, veno-occlusive disease ( V O D ) and a late hemolytic uremic syndrome. A 
sufficient number of peripheral blood progenitor cells (PBPCs) could be harvested 
from nearly all patients to be divided over three transplantations. Although there 
was a suggestion of delayed bone marrow ( B M ) recovery after the third course, 
organ toxicity proved to be the (cumulative) dose-limiting toxicity of the alkylating 
agents i n the regimen, rather than myelosuppression. 

W e have administered 45 courses of "tiny C T C " ( tCTC) (containing two thirds 
of each of the three agents of C T C ) to 17 patients with advanced breast cancer: 17 
first, 15 second and 13 third courses. t C T C was given every 4-5 weeks and was 
followed by autologous PBPC-transplantation and granulocyte colony-stimulating 
factor ( G - C S F ) (300 ug) until neutrophil recovery. Selected patients were 
discharged from the hospital on the day after P B P C transplantation. The toxicity 
was generally mi ld , but one second course was followed by (nonlethal) V O D of the 
liver. N o other severe end-organ toxicity was encountered. Bone marrow recovery 
was rapid after a l l courses. Three courses of t C T C are feasible in advanced breast 
cancer but the ability of this sequence to induce long-term survival remains to be 
studied. 

INTRODUCTION 

High-dose therapy is frequently used i n breast cancer, but this is the subject of 
considerable controversy. 1 2 Based on retrospective analyses o f bone marrow ( B M ) 
transplant registries, it has been suggested that high-dose therapy may be beneficial 
in a small subgroup of advanced breast cancer patients: those who have achieved a 
complete remission (or a "very good partial remission") with standard-dose 
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chemotherapy. O f these, approximately one-fourth w i l l survive 3 years or more 
without relapse after transplantation. 3 - 6 It is not clear whether comparable long-
term survival rates could be achieved with conventional therapy in similarly highly 
selected patients. Even i f high-dose therapy would eventually be shown to be more 
effective than standard-dose therapy in this situation, its efficacy is far from 
satisfactory: i f one assumes that 20% of patients with advanced disease can achieve 
a complete remission with standard therapy, and 25% of these can be effectively 
consolidated with high-dose therapy, then only 5% of patients would experience 
long-term survival. 

One strategy to improve on these figures is to further increase the dose of 
chemotherapy delivered. The advent of peripheral blood progenitor cel l transplan
tation has allowed much faster recovery from B M depression than after B M 
transplantation, and multiple transplants are now under investigation in a number 
of centers. Mul t ip le transplantation procedures, however, may lead to cumulative 
dosages of cytotoxic agents that are much higher than in previous experience. Mos t 
of the agents used in high-dose therapy are associated with specific forms of 
extramedullary toxicity that may include potentially lethal organ toxicities such as 
interstitial pneumonitis or veno-occlusive disease ( V O D ) of the liver (for a recent 
review see reference 7). W e have recently reported that three subsequent courses 
of C T C may lead to severe organ toxici ty, 8 including hemorrhagic cystitis, V O D 
and a late hemolytic uremic syndrome. A sufficient number of peripheral blood 
progenitor cells (PBPCs) to be divided over three transplantations could be 
harvested from nearly a l l patients. Al though there was a suggestion of delayed B M 
recovery after the third course, organ toxicity proved to be the (cumulative) dose-
l imit ing toxicity of the alkylating agents, rather than myelosuppression. 

To be able to safely administer three high-dose courses of the same agents with 
stem cel l support, we have lowered the dose of C T C to two-thirds of its original 
level ("tiny C T C " ) . Here we report the feasibility of this approach in the first 
nineteen patients. 

PATIENTS, MATERIALS AND METHODS 

Parient selection 
A l l patients had biopsy-proven stage I V or recurrent breast cancer, were less 

than 56 years of age and had excellent performance status ( W H O 0 or 1). 
Previous chemotherapy was not al lowed, unless it had been l imited to nonanthra-
cycline-based adjuvant therapy that had been discontinued at least one year 
before relapse. Only patients wi th estrogen receptor-negative tumors were 
eligible, unless they had failed at least one line of hormonal therapy. Bone 
metastases were acceptable, but there could be no signs of B M failure and both 
plain roentgenograms and radioisotope bone scans were required to be negative 
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for bilateral pelvic lesions. Written informed consent was obtained from al l 

patients, and the study was approved by the Committee on M e d i c a l Ethics o f the 

Netherlands Cancer Institute. 

Treatment plan 
Therapy was started with two courses of F E 1 2 0 C (fluorouracil 500 mg/m 2 , 

ep i rubic in 120 m g / m 2 and cyclophosphamide 500 m g / m 2 , a l l g iven as 
intravenous push on day 0 and repeated on day 21). This is a relatively intensive 
anthracyclin-based regimen that we previously reported to be highly efficacious 
in local ly advanced breast cancer. 9 The second of these F E 1 2 0 C courses was used 
to mobi l ize stem cells (see below). In patients wi th at least a min imal response to 
chemotherapy, the first high-dose therapy course ( t C T C ) was begun three weeks 
later, to be fol lowed by the second and third after 4 -5 weeks each. After recovery 
from the last high-dose therapy course, resection or irradiation of residual disease 
was attempted and, when possible, prior sites o f disease were irradiated. 

Delays and dose adaptations of the chemotherapy courses were executed as 
described previously for full-dose C T C . 8 Evaluable patients who d id not respond 
to a F E , 2 0 C or t C T C course were taken off study. 

Peripheral blood progenitor cell (PBPC) mobilization and harvest 
For stem cell mobilization, the F E 1 2 0 C chemotherapy regimen was used, which 

consists of fluorouracil (500 mg/m 2), epirubicin (120 mg/m 2) and cyclophosphamide 
(500 mg/m 2), all given as I V push on day 1. Filgrastim was started on day 2. 
Leukocytaphereses began when the W B C count exceeded 3.OX 10 9 /L and the C D 3 4 + 

cell count in the peripheral blood was at least 0.5%. T o facilitate apheresis, all patients 
had 13.5 French double-lumen Hickman catheters. A continuous flow blood cell 
separator was employed (Fenwal C S 3000, Baxter Deutschland G m b H , Germany). 
Both the number of C D 3 4 + cells and the number of granulocyte-macrophage colony-
forming units ( G M - C F U ) were determined in the cell collections. A l l methods 
employed in the stem cell harvests have been described previously. 1 0 

Based on earlier f indings, 1 0 we considered a graft size of 3 . 0 X 1 0 6 C D 3 4 + 

cells/kg body weight sufficient for sustained B M recovery, and 1.0 X 1 0 6 C D 3 4 + 

cells/kg body weight sufficient for rapid (but possibly transient) granulocyte 
recovery after high-dose therapy. Us ing these criteria, a simple algorithm could be 
used to determine the distribution of the available C D 3 4 + cells over the three 
transplants (Table 1). 

High-dose chemotherapy regimen: "Tiny CTC" 
The high-dose chemotherapy regimen t C T C was administered as published 

previously, 1 1 but with three major modifications: 1) the doses of al l three agents 
were lowered to two-thirds of their original levels; 2) the period between the last 
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Table 1. Distribution of CD34+ cells harvested over three transplants 

CD34+ cells 
harvested Action 
<3.0X 106/kg Patient must be taken off study. 

Bone marrow harvest before first transplant. 
>3.0X 106/kg Divide harvested cells into 3 equal portions, 1 
<5.0X 106/kg for each transplant. Reinfuse bone marrow together with stem 

cells after third course. 
Reserve 3.0X 106 CD34+ cells for third 

>5.0X 106/kg transplant. Divide remainder of cells into 
<9.0X 106/kg equal halves for first and second transplants, respectively. 
>9.0X 106/kg Reserve 3.0X 106 CD34+ cells for each of the 
< 11.0 X106/kg transplants and add the remaining cells to the 

reinfusion after the third course. 
>11 .OX 106/kg Reserve 5 X 106/kg for third course, divide 
<15.0X 106/kg remaining cells into two equal halves for first and 

second transplants. 
>15.0X 106/kg Divide into three equal portions for each transplant. 

infusion and the transplantation was reduced by one day and 3) the carboplatin dose 
was corrected for renal function employing a modified Calvert formula . 1 2 W e have 
previously shown that such a modified formula adequately predicts the carboplatin 
area under curve ( A U C ) in this patient g r o u p . 1 3 1 4 

Brief ly , carboplatin was administered I V as daily two-hour infusions on days 
- 6 , - 5 , - 4 and - 3 . The total dose of carboplatin was 1170 m g / m 2 in patients wi th 
normal renal function, but in those with creatinine clearances of 110 m L / m i n or 
less, it was determined by the formula: 

D O S E (mg) = 13.3 X (Creatinine Clearance + 25) 

Cyclophosphamide (total dose 4000 mg/m 2 ) was divided over 4 daily one-hour 
infusions and thiotepa (total dose 320 mg/m 2 ) was divided over 8 twice-daily one-
hour infusions. Bo th agents were given on days - 6 , - 5 , - 4 and - 3 . Mesnum (500 
mg total dose) was given 6 times daily for a total of 36 doses, beginning one hour 
before the first cyclophosphamide infusion. A l l infusions were administered 
through double-lumen Hickman catheters inserted i n a subclavian vein. The 
peripheral blood progenitor cells were reinfused on day 0. 

Antiemetics were employed both prophylactically and as needed and usually 
included dexamethasone and granisetron. A l l patients received prophylactic 
antibiotics, including ciprofloxacin and itraconazole orally. In addition, a l l 
patients received acyclovir, in an oral dose of 400 mg twice daily. T o prevent 
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Table 2. Peripheral blood progenitor cell harvests 

Median Range 
mononuclear cells (106/kg) 657 315-1661 
CD34+ cells (106/kg) 15 9.8-36.2 

CFU-GM (lOVkg) 176 101-357 
number of leukaphereses 3 2-4 

Data from 18 patients, prior to cryopreservation. The leukapheresis product of the 19th patient was 
subjected to positive selection for CD34+ cells, yielding non-comparable results. 

gram-positive infections, roxitromycin was given orally from day 0 and was 
discontinued when the neutrophil count exceeded 0.5 X 1 0 9 ce l l s /L. Irradiated 
platelet transfusions were administered to maintain platelet counts o f at least 
1 0 X 1 0 9 / L and leukocyte-free irradiated red blood cells were given to maintain 
hemoglobin levels at or above 5.5 m m o l / L . Whenever possible, patients were 
discharged from the hospital on the day fol lowing P B P C reinfusion, but returned 
daily to the cl inic for check-ups. 

Granulocyte colony-stimulating factor ( G - C S F ) (filgrastim, received as a gift 
from Amgen-Roche, Breda, The Netherlands) was administered as a daily s.c. 
injection of 300 pg, regardless of body weight, from day 1 until the W B C count 
exceeded 5 . 0 X 1 0 9 / L . 

RESULTS 

B y August, 1996, 19 patients had completed protocol treatment. O f these, two 
had been taken off study, when evaluation after two courses of F E 1 2 0 C revealed 
stable disease. Seventeen patients received at least one course of t C T C . O f these, 2 
patients did not proceed to a second course of t C T C : one because of lack of response 
to the first t C T C course and one because of biochemical signs of liver toxicity that 
took many weeks to clear. Fifteen patients received a second course of t C T C . T w o 
of these discontinued protocol treatment before the third course was given: one 
patient did not respond to the second course and a second patient developed 
reversible V O D of the liver. A s a result, thirteen patients (72%) are currently 
evaluable for toxicity and B M reconstitution after three courses of t C T C . Only two 
patients (11%) discontinued high-dose therapy because of toxicity, i n both cases 
because of reversible liver toxicity. 

Progenitor cell harvests and hematopoietic reconstitution 
Sufficient P B P C s could be harvested in all patients, and no more than 2-4 leukocy-

tapheresis sessions were required in any of them. The cell yields are given in Table 2. 
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Table 3. Bone marrow reconstitution and transfusion requirements after first, second and 
third courses of CTC 

tCTC course number 
I / / Ill 

day of neutrophil recovery1 10 (9-13)2 10 (9-15) 10 (9-13) 
days to platelet 13 (10-27) 16(10-47) 15 (9-21) 
transfusion independence3 

number of platelet 
transfusions4 

4(1-15) 4(2-37) 3 (2-12) 

number of blood 
transfusions5 

6 (2-10) 7 (4-42) 8 (5-10) 

'First day after transplantation (-day 0) with at least 500 
2Median ( range). 

neutrophils/mm3. 

3First day after transplantation on which platelets > 20X109/l without platelet transfusions. 
4Five to six donor units per transfusion. 
sUnits. 

B M reconstitution was rapid in all patients (Table 3), except in the single patient 
who developed V O D of the liver after her second course. There were no significant 
difference in rate o f engraftment or in transfusion requirements after the first or 
subsequent courses in the other patients. 

Treatment delays and dose reductions 
In the first 10 patients, the second and third t C T C courses were planned to be 

administered 5 weeks after the previous ones. This was successful in a l l of the eight 
second courses that were actually administered, and in 6 of 7 third courses. One 
third course had to be postponed for one week because o f persistent anorexia and 
weakness. In the last seven patients, we attempted to begin the t C T C courses every 
4 weeks, hoping to increase the dose intensity and to shorten the duration of 
treatment. This was possible in 4 of 7 second courses. T w o patients had to be 
delayed for one week, in both cases because of fevers of undetermined origin that 
had not cleared in time. One of these patients also had a pulmonary infiltrate. Three 
o f six third courses could be given i n time, but the other three had to be delayed for 
either one week (one patient because of fever of undetermined origin, one because 
of s lowly resolving weakness and nausea) or for 2 weeks (slowly resolving 
weakness and nausea). 

A l l second courses were given at full dose, but in five third courses, dose 
reductions were applied. T w o patients experienced hypersensitivity reactions to 
the third course, characterized by fever, rash and facial edema. In one patient, 
carboplatin was discontinued after 50% of the dose had been given; the second 
received only the first day of the 4-day chemotherapy course. In three further 
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Table 4. Toxicity comparison of full-dose CTC and tCTC 

No. of courses Toxic deaths Major nonlethal toxicity 

CTC-1 35 0 exhaustion syndrome (1) 
CTC-2 28 VOD 1 (1) hemorrhagic cystitis (4),VOD (1) 
CTC-3 10 VOD(l) HUS2(1) 

sepsis (1) VOD (1) 
HUS (1) 

tCTC-1 17 0 none 
tCTC-2 15 0 VOD and renal failure3 (1) 

tCTC-3 13 0 none 
'VOD, veno-occlusive disease. 
2HUS, hemolytic uremic syndrome. 
3Same patient, renal failure possibly due to mild HUS. 

patients, the carboplatin dose was reduced according to protocol in the third course, 

because grade 4 diarrhea had occurred after the second t C T C course. 

DISCUSSION 

Mult iple courses of high-dose alkylating therapy have become feasible with 
P B P C transplantation, and this type of therapy is no longer limited by B M toxicity 
but rather by end-organ toxicity. W e have shown previously that three subsequent 
courses of full-dose C T C are frequently associated with severe and sometimes lethal 
toxicity. 8 This lower-dose regimen, designated "tiny C T C " , appears to be tolerable 
and no fatal toxicities were noted in the 45 courses administered to 17 patients i n 
this report. There was one patient with V O D of the liver that developed after the 
second course. The patient recovered but developed renal failure, possibly a m i l d 
form of the hemolytic uremic syndrome, four months after the last transplantation. 
The syndrome was characterized by easily manageable hypertension and a 
glomerular filtration rate decrease to 25 mL/min . It is possible that pharmacokinetic 
monitoring during the first cycle of t C T C may help to identify patients at risk for 
this type of organ damage. 

Although the dose of t C T C is only 33% lower than that of full-dose C T C , the 
decrease i n subjective and objective toxicity is striking (Table 4). Mos t patients 
were able to leave the hospital on the day fol lowing P B P C reinfusion and there was 
markedly less nausea and vomiting. Despite this, weight loss was considerable over 
the three months of high-dose therapy and averaged 10% of pre-treatment weight. 
The improved subjective tolerance and treatment in the outpatient setting allowed 
a further reduction in time between courses, and a 4-week interval was feasible i n 
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over half of the second and third. The main reasons for delay were slow recovery 
of performance status because of fevers o f undetermined significance or because of 
gastrointestinal toxicity. Further experience with the regimen may eventually lead 
to more effective prevention of these common problems. 

On the basis o f these preliminary results, we believe that triple t C T C with P B P C 
transplantation is feasible in most patients under 60 years of age with advanced 
breast cancer, who have excellent performance status and organ function. Its 
efficacy in achieving long-term disease-free survival cannot be judged at this point 
in time because of insufficient follow-up. W e are currently expanding our 
experience by continuing the phase II study. 
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INTRODUCTION 

Advanced breast cancer is incurable with conventional chemotherapy, most l ikely 
because of the presence of cancer cells that exhibit resistance to chemotherapy. This 
inherent resistance may be overcome by escalating doses of chemotherapy. The dose-
response relationship is evident for breast cancer cell lines in vitro and multiple dose-
intensive chemotherapy trials have supported this concept in v i v o . 1 5 - 7 W e have 
previously reported a novel dose-intensive chemotherapy regimen consisting of 
etoposide (VP) and cyclophosphamide ( C Y ) . 2 This regimen is unique in that the 
dose-limiting toxicities are nonhematologic and therefore the maximally tolerated 
doses may be given without hematopoietic stem cell support. This regimen was 
initially used for patients with histologic evidence of bone marrow involvement. To 
patients for whom bone marrow transplant insurance coverage was denied, this 
regimen offered an alternative dose-intensive therapy. Encouraging clinical results 
with this regimen (66% complete and partial response) in patients with metastatic 
breast cancer, led us to pursue additional treatment with thiotepa (TT) and carboplatin 
(Cb) with hematopoietic stem cell support as a second chemotherapy regimen in an 
effort to improve response rates and duration of response. W e report here the 
preliminary results of our tandem dose-intensive therapies for metastatic breast 
cancer using dose-intensive V P - C Y followed by T T - C b . 

METHODS 

Between July, 1991, and M a y , 1995, 36 patients with advanced breast cancer 
have enrolled i n our tandem dose-intensive therapy trial after signing written 
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informed consent for these I R B approved protocols. The init ial component of the 

trial consisted of etoposide 3600-4200 m g / m 2 (54-60 hour continuous infusion) 

and cyclophosphamide 200 mg/kg (50 mg/kg/d X 4d) as previously reported. This 

regimen was followed for a median (range) o f 73 (41-173) days by thiotepa 900 

m g / m 2 (300 mg/m 2 /d X 3d), carboplatin 1600 m g / m 2 (4-day continuous infusion) 

and hematopoietic progenitor cell support. 

The median (range) age of the patients was 45 (32-58) years. Twenty-one 

patients had two or more metastatic sites, 13 had one metastatic site and two 

patients were treated in remission (no evidence of disease). The most frequent sites 

of metastases were bone (64%), skin and/or lymph node (28%), lung (28%), l iver 

(22%) and bone marrow (22%). One patient had C N S metastases. The median 

(range) number of prior chemotherapy regimens was 2 (1-5). A t the onset o f dose-

intensive therapy, 19 patients had chemosensitive disease (17 responding relapse, 

2 no evidence of disease), 12 patients had chemoresistant disease (11 resistant 

relapse, 1 primary refractory) and 5 had unknown responsiveness to chemotherapy 

(4 untested relapse, 1 "stable" disease). Toxic i ty was graded using the N C I marrow 

transplant toxicity criteria: grade 0 represented no toxicity, grade 1 represented 

m i l d toxicity, grade 2 represented moderate toxicity, grade 3 was severe and 

potentially life-threatening and grade 4 was fatal regimen-related toxicity ( R R T ) . 

Recovery of marrow function was measured as the recovery of granulocytes to 

>500/uL and platelets to >20,000/LIL untransfused. A complete response (CR) was 

defined as the complete disappearance of all measurable disease. A n y response less 

than 50% was considered no response (NR) . Patients with bone involvement who 

had normalization of laboratory parameters, c l inical resolution of bone pain, but 

had stable bone scans with no new bone scan abnormalities were designated with 

an asterisk qualifier, i.e., C R * , P R * . Patients who died from R R T were excluded 

from the tumor response evaluation. 

RESULTS 

Toxicity data 
A l l 36 patients completed the tandem therapy. The R R T data for the etoposide-

cyclophosphamide component of the therapy were similar to our previous 

reports. 2^ 1 Specifically, 75% of the patients had moderate to severe R R T , the 

majority o f this (80%) represented stomatitis requiring narcotic analgesics. Mar row 

function recovery was similar to our previous reports. The median (range) day for 

granulocyte and platelet recovery was day 14 (11-37) and 15 (7-39), respectively. 

Compared with our historic control patients treated with this regimen without the 

use of growth factors, hematologic recovery was unaffected by the administration 

of various combinations of growth factors ( G - C S F , G M - C S F , or I L - 3 / G M - C S F ) . 

The median (range) length of stay was 27 (15—46) days. There were no regimen-
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related toxic deaths attributable to the initial component of this trial. 

The T T - C b regimen was generally wel l tolerated. There were 2 R R T deaths 
(6%), one due to veno-occlusive disease of the liver and the other to sepsis. There 
was one death due to documented progressive disease. In the 36 patients treated, 
the most commonly observed toxicity was grade 2 stomatitis in 19 patients (52%). 
Grade 3 stomatitis was observed in 2 (6%) patients. Other observed, and reversible, 
toxicities included: grade 2-3 renal, hepatic and neurologic in 5 (14%) patients, 
grade 2-3 cardiovascular toxicity in 4 (11%) patients, grade 2-3 gastrointestinal 
toxicity in 3 (8%) patients, and grade 2-3 pulmonary toxicity in 1 (3%) patient. 
Hematologic recovery data after T T - C b were available i n 33 patients. 
Hematopoietic support consisted of the fol lowing: bone marrow alone (5 patients), 
peripheral blood progenitor cells (16 patients) or both (12 patients). Growth factor 
support after hematopoietic progenitor cel l reinfusion consisted of G - C S F (21 
patients), G M - C S F (7 patients) or both (5 patients). The median (range) day for 
granulocyte recovery to absolute neutrophil recovery ( A N C ) >500/uL was day +14 
(11-29), +11 (9-20) and +13 (10-14), for patients rescued with bone marrow, 
peripheral blood progenitor cells or both, respectively. There was no difference in 
days to granulocyte recovery with respect to different growth factors. The median 
(range) day to platelet recovery was day +24 (21-25), +21 (8-56) and +23 (11-60), 
for patients rescued with bone marrow, peripheral blood progenitor cells or both, 
respectively. The median (range) length of stay was 27 (10-80) days. 

Response data 
The response rates to the etoposide-cyclophosphamide therapy were as follows: 

C R + C R * in 7/36 patients (19%), P R i n 18/36 (50%), and N R in 11/36 patients 
(31%). Response rates to V P - C Y varied depending upon the chemosensitivity 
status at initial therapy. O f the 19 patients deemed chemosensitive upon induction 
therapy with V P - C Y , there were 5 C R s (26%), 10 PRs (53%) and 4 N R s (21%). O f 
the 12 patients deemed chemoresistant upon induction therapy with V P - C Y there 
were 0 C R s , 6 P R s (50%) and 6 N R s (50%). O f the 5 patients with unknown 
sensitivity to induction therapy there were 2 C R s (40%), 2 PRs (40%) and 1 N R 
(20%). The overall response rates to V P - C Y were slighdy higher i n the group 
deemed chemosensitive prior to therapy than in the group deemed chemoresistant 
(79% versus 58%). 

The response rates to the T T - C b component of this trial were as follows: C R + 
C R * + C C R (patient in C R from initial therapy) i n 13/33 patients (39%), P R i n 
10/33 patients (30%) and N R in 10/33 patients (30%). O f the 19 patients deemed 
chemosensitive upon induction therapy, 11 improved their response rates with the 
second dose-intensive regimen, 4 of these patients were converted to C R s . A l s o , o f 
the init ial 12 patients with disease that was deemed chemoresistant, 6 had PRs to 
the induction regimen and 2 of these were converted to C R s with the T T - C b 
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regimen. The 3 patients with unknown sensitivity to induction (2 P R , 1 N R ) 
therapy all improved their response rates with the second dose-intensive therapy. 

The median (range) duration of response and follow-up in this study is 
relatively brief (10 months [2-36+]) and further evaluation is required to determine 
efficacy of this approach to treating patients with advanced breast cancer. 

DISCUSSION AND SUMMARY 

Even with the advent of newer chemotherapy agents over the past 50 years, the 
median survival for metastatic breast cancer remains unchanged. 1 The principles of 
dose-intensive therapy, i.e., uti l izing high-dose combination noncross-resistant 
chemotherapy with nonoverlapping nonhematologic end organ toxicities, have 
been applied to the treatment of advanced breast cancer with only moderate 
success. Mul t ip le trials reported in the medical literature have shown higher 
response rates wi th dose-intensive therapy compared to conventional 
chemotherapy. 1 ' 3 - 6 Unfortunately, the majority of these patients w i l l relapse and 
succumb to complications of progressive disease. Certain prognostic factors 
associated with advanced breast cancer may portend a better outcome with dose-
intensive therapy. O f 2336 patients with metastatic breast cancer, treated with 
dose-intensive therapy between 1989 and 1994, and reported to the Autologous 
B l o o d and Marrow Transplant Registry, the 3-year probability of survival was 28 
± 3%. Patients who achieved a complete remission to conventional induction 
chemotherapy have a significantly better survival . 8 Long-term survival may be 
achieved in a group of patients that have chemosensitive disease. 

W e uti l ized a tandem dose-intensive treatment strategy in an attempt to 
improve response rates and potentially, the duration of response, in patients with 
advanced metastatic breast cancer. This strategy allowed us the opportunity to 
util ize four active chemotherapeutic agents given at high doses, over a relatively 
short duration. Thir ty-six patients enrolled i n the trial. The R R T death rate (6%) 
was acceptable. The toxicity profile was moderately severe with stomatitis 
requiring parenteral narcotics being the most common toxicity (80%). The 
majority o f patients had improvement of their response with the second dose-
intensive therapy, and several patients that were deemed resistant at ini t ial therapy 
were converted to a C R with sequential therapy. These responses have proven to 
be durable (>1 year). The response rates have proven to be acceptable (70%), and 
certainly patients with chemosensitive disease fared better with respect to 
response rates. Median follow-up of the entire cohort o f patients is relatively short 
and further evaluation of this patient population to determine efficacy of this 
treatment strategy is ongoing. 
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AUTOTRANSPLANTS FOR BREAST CANCER 
IN NORTH AMERICA 

P.A. Rowlings, K.S. Antman, CJ. Pelz, J.O. Armitage, M.M. Horowitz 
for the Breast Cancer Working Committee of the Autologous Blood 

and Marrow Transplant Registry of North America (ABMTR-NA) 

Medical College of Wisconsin, Milwaukee, WI 

The A B M T R - N A now has data on over 7000 patients receiving autotransplants 
for breast cancer since 1989. These transplants were performed by over 170 teams 
in North and South Amer ica with a small number of teams from other continents 
also contributing patients. Changes in patient characteristics and early mortality 
from 1989 to 1995 are as follows. 

The changes over time documented in the table are al l significant at p<0.0001. 
Three-year probabilities of survival (95% confidence interval) for stages II, III and 
inflammatory disease are 74 (68-80)%, 70 (63-77)% and 52 (40-64)%, respec
tively. Survival of patients with metastatic disease varies by response to 
chemotherapy prior to high dose therapy; 3-year probabilities o f survival for 
patients in complete remission, partial remission and with non-responsive disease 
are 46 (40-52)%, 29 (25-33)% and 16 (12-20)%, respectively. 

Results w i l l soon be available from detailed A B M T R analyses of prognostic 
factors affecting outcomes of autotransplants for patients wi th metastatic or high-
risk primary breast cancer. 

Table 1. 

1989-90 1991-2 1993-4 1995 
average number of patients 310 920 1400 1700 
transplanted per year 
median age, years (range) 42 44 45 45 

(23-66) (22-72) (24-66) (22-71) 
disease stage at transplant 

adjuvant/neoadjuvant 12% 30% 35% 49% 
metastatic 88% 70% 64% 50% 
other <1% <1% 1% 1% 

graft type 
bone marrow 80% 52% 24% 10% 
peripheral blood stem cell 14% 20% 49% 72% 
BM + PBSC 6% 28% 27% 18% 

100-day mortality 18% 8% 5% 5% 
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DETECTION OF BREAST CANCER CELLS IN THE 
APHERESIS PRODUCT: POTENTIAL 
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ABSTRACT 

In this retrospective study we assessed the clinical significance of detecting 
contaminating breast cancer cells in the peripheral blood stem cell apheresis product 
of patients undergoing high-dose chemotherapy followed by autologous blood cell 
transplantation. W e analyzed 172 apheresis products from 17 patients who 
underwent these procedures between June, 1991, and February, 1993. A l l patients 
had metastatic breast cancer and were enrolled into a phase II cl inical study. The 
mobilization induction chemotherapy consisted of 3 cycles of cyclophosphamide 
750 mg/m 2 I V , epirubicin 100 mg/m 2 I V and 5 - F U 750 mg/m 2 I V followed by 5 
ug/kg B W of granulocyte-macrophage colony-stimulating factor ( G M - C S F ) daily 
until apheresis was completed. O n average, 10 apheresis products were obtained 
from each patient. Samples from these apheresis products were immunostained with 
a cocktail of anti-cytokeratin antibodies using an immunoalkaline phosphatase 
staining procedure. A minimum of 10 6 cells were directly examined by light 
microscopy by at least 2 blinded observers. Cells were considered positive when 
immunostaining was observed in the plasma and on the cell membrane and cellular 
morphology was consistent wi th a malignant phenotype. One hundred seventy-two 
samples were analyzed; 13/57 (23%) samples were positive after first mobilization; 
3/60 (5%) after second; and 4/55 (7%) after third mobilization. The contamination 
by breast cancer cells after first mobilization is significantly higher than after 
second and third mobilization (p=0.0052). After high-dose chemotherapy and 
reinfusion of the autograft, the median progression-free survival (PFS) for 9 patients 
with tumor-free apheresis products was 18.25 months for 8 patients with tumor cell 
positive apheresis products, P F S was 9.8 months. The median overall survival for 
patients with tumor cell contaminated apheresis products was 28.1 months; and 44.3 
months for patients without tumor cell contamination. These differences did not 
reach statistical significance. Our study shows that apheresis products after second 
or third cycles of induction chemotherapy carry a significantly lower l ikel ihood of 
tumor cell contamination. 
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INTRODUCTION 

Autologous blood cel l ( A B C ) transplantation is being increasingly used as a 
hematopoietic rescue for patients undergoing myeloablat ive high-dose 
chemotherapy ( H D C T ) . It has been previously reported that A B C collections from 
patients with advanced stage breast cancer contain fewer tumor cells than do 
simultaneously collected bone marrow. 1 These data further indicate that tumor cells 
may not be present each day of apheresis and that additional courses of 
chemotherapy may be able to reduce the number of tumor cells present in bone 
marrow but also in peripheral b l o o d . 2 3 

A recent report by Brugger et a l . 4 suggests that tumor cells may be mobi l ized 
into the peripheral b lood by treatment wi th chemotherapy fo l lowed by 
recombinant human granulocyte colony-stimulating factor ( G - C S F ) in previously 
untreated breast cancer patients. S imi lar tumor ce l l contamination effects have 
been reported by others in a variety of stages of l y m p h o m a . 5 - 8 However , in a 
preliminary study of 28 patients with breast cancer undergoing H D C T with A B C 
reinfusion, no mobil izat ion of tumor cells into a single large volume A P 
fol lowing mobil izat ion wi th cyclophosphamide ( C T X ) and recombinant human 
granulocyte-macrophage colony-stimulating factor ( G M - C S F ) was observed. 9 

Thus, different mobil izat ion procedures may produce different tumor ce l l 
mobil izat ion results. 

The presence o f tumor cells i n the autograft has been reported to be traceable to 
sites of disease relapse 1 0 and/or to appear to be associated with poor prognosis in 
the post-transplant outcome. Al though conclusive proof that contaminated 
autografts lead to the recurrence of breast cancer has not been published, it seems 
prudent to develop stem cell mobilization protocols that minimize, or even abolish, 
the presence of contaminating and viable tumor cells. 

W e had the unique opportunity to retrospectively investigate 172 apheresis 
products (AP) derived from 17 patients with metastatic breast cancer. These 
samples were mobilized, apheresed and thawed, as previously published. 1 2 A l l 
patients were entered into a phase II cl inical study between June, 1991, and 
February, 1993. Complete cl inical data are available for our patients, including 
identification of A P each patient received at the time of reinfusion. 

W i t h this sample size and cl in ical information of all patients, we asked the 
fol lowing questions: D o successive cycles of chemotherapy fol lowed by G M - C S F 
affect the mobilization of tumor cells? Does the presence of tumor cells vary with 
each apheresis? Is it possible to design an optimal protocol with a highest possible 
yield of hematopoietic stem cells and, at the same time, the lowest possible count 
of contaminating breast cancer cells? Final ly , what is the c l in ical significance of 
tumor cel l infusion for progression-free (PFS) and overall survival (OS)? 
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PATIENTS AND METHODS 

Between June, 1991, and February, 1993, 17 patients were enrolled into a phase 
II study using three cycles of induction chemotherapy (IDC) followed by H D C T 
and A B C . Patients who entered the study had metastatic breast cancer and were 
between 29-55 years, median age 40 years. They d id not have previous 
chemotherapy for metastatic disease but some of them had received adjuvant 
chemotherapy which was at least 6 months before developing metastatic disease. 
Performance status, according to Kanofsky, was 60% or more. The cardiopul
monary and hematopoietic functions were normal. The end points of this study 
were: 1) defining the feasibility and identifying side effects and toxicities of the 
regimen; 2) the ability to mobilize and collect sufficient numbers of A B C after each 
of the three I D C ; 3) time to hematologic recovery; 4) response rates; and 5) P F S 
and O S . When patients entered the study, met a l l el igibil i ty criteria and signed the 
informed consent form, they received the ini t ial I D C consisting of 5-fluorouracil 
(5-FU) 750 mg/m 2 body surface area ( B S A ) , epirubicin (EPI) 100 m g / m 2 B S A , 
C T X 750 m g / m 2 B S A , a l l delivered on day 1 as I V infusion. Starting on day 2, 5 
pg/kg G M - C S F (Sandoz Canada Inc., Montreal , Canada) B W was administered 
subcutaneously daily for approximately 2 weeks until the total W B C reached 
2.5/nL. O n this day, standard A P was performed using a double lumen catheter 
connected to a Baxter CS3000+. The blood flow on average was 70 m L / m i n to a 
blood volume of 10 L . Our target was to collect at least 5 X 1 0 8 mononucleated cells 
per k g / B W with at least 2 X 1 0 6 C D 3 4 + cells /kg B W . This I D C was repeated twice. 
After final I D C all patients were restaged with a physical examination, imaging 
studies and blood work. Only patients who did not progress on I D C and did not 
experience severe toxicity and/or organ damage proceeded to H D C T . 

H D C T consisted of C T X 6 g /m 2 I V , mitoxantrone ( M X T ) 70 m g / m 2 I V and 
carboplatin 800 mg/m 2 B S A delivered on 4 consecutive days. After 24—48 hours of 
rest, the A B C were reinfused and r h G M - C S F was administered at the dose of 5 
pg/kg B W daily until hematologic recovery ( A N C - * 1.5 / n L for 3 consecutive 
days). The A B C was cryopreserved i n 10% D M S O as previously described. 1 3 The 
four days of chemotherapy were delivered i n the hospital. The patients were 
usually discharged on the day after H D C T just prior to the reinfusion of the 
autograft . 1 4 1 5 The protocol was approved by the institutional review board and al l 
patients gave written informed consent. 

Methods for detection of breast cancer cells in the AP 

Cryopreserved specimens were rapidly thawed in a 37°C water bath. Cells were 
washed twice in serum-free R P M I medium (BioWhitaker, Walkersvil le, M D ) . 
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Table 1. Frequency of contaminated AP 

Mobilization regimen 
Day of apheresis #1 #2 #3 
1 4/16 (25%) 1/15 (6.7%) 0/14 (0%) 
2 4/16 (25%) 0/15 (0%) 2/13 (15.4%) 
3 2/13 (15.4%) 1/13 (7.7%) 1/13 (7.7%) 
4 2/8 (25%) 1/11 (9.1%) 0/10 (0%) 
5 2/4 (50%) 0/4 (0%) 1/5 (20%) 
all apheresis 13/57 (22.8%) 3/60 (5.0%) 4/55 (7.3%) 
patients with positive AP 6/17 (35.3%) 3/17 (17.6%) 4/17 (23.5%) 

D N A a s e (Sigma Chemical , St. Louis , M O ) was added at concentration of 2000 
Kunitz U / m L to all wash steps to prevent clotting. Cells (5 .0X10 6 ) were re-
suspended in P B S (BioWhitaker) and cytocentrifuged onto glass slides and stored at 
4°C . Slides were fixed in a paraformaldehyde-Histochoice ( A M R E S C O , Solon, 
O H ) fixative, and immunostained with a cocktail of anti-cytokeratin antibodies ( A E -
1, A E - 3 , Boehringer-Mannheim, Mannhe im, Germany; C A M 5.2, Becton 
Dickinson, San Jose, C A ; Keratin 8+ 18+ 19, Monosan, Uden, The Netherlands) 
using an immunoalkaline phosphatase staining procedure. Nonimmune mouse 
serum was used as negative control. Positive control specimens consisted of the 
breast cancer cell line C A M A - 1 admixed with A P cells from a normal, mobilized 
donor processed as above. For each specimen, a minimum of 10 6 cells was directly 
examined by light microscopy. A t least two blinded observers read all slides. Cells 
were considered positive when immunostaining was observed in die cytoplasm and 
on the cell membrane and cellular morphology was consistent with a malignant 
phenotype. Unless a l l staining criteria were met, samples were coded as 
inconclusive, or as invalid i f too few cells remained on the slides for adequate 
evaluation. 

Statistical analysis was performed using chi-squared test for independence with 
contingency table for the differences between the first, second and third mobilization 
regimens. For comparison of progression-free survival (PFS) and overall survival, 
the logrank test for trend was calculated with two degrees of freedom. 

RESULTS 

Table 1 shows the number o f contaminated A P over the total number o f A P as 
different days of apheresis after the 3 consecutive mobilization regimens. Thirteen 
of the 57 (22.8%) A P s obtained after the first mobilization regimen showed 
contaminating breast cancer cells. The distribution between days 1-5 does not 
show a particular pattern. In contrast, only 3 of 60 (5%) apheresis products after the 
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Table 2. Breast cancer cells present (+) or absent (-) in the apheresis product/autograft 

Patients PFS Overall survival 
- / - 9 19.9 (4.8-61.7+) 59.1 (6.8-61.7+) 
+/- 4 13.1 (5.7-44.7+) 28.3 (6.1-44.7+) 
+/+ 4 8.6 (6.9-38.9) 27.6 (9.5-53.5+) 
total 17 13.1 (4.8-61.7+) 29.2 (6.1-61.7+) 

second and 4 of 55 (7.3%) after the third mobilization regimen were contaminated 
by breast cancer cells. The differences are statistically different using chi-squared 
test for independence (contingency table p= 0.0052). In the lower part, the number 
of patients with A P contaminated with breast cancer cells are shown. The number 
of patients with at least one positive A P after the first mobilization regimen was 6 
of 17 (35.3%), after the second and third mobilization regimens 3 and 4, respec
tively (17.6% and 23.5% respectively). 

The progression-free and overall survivals i n patients with breast cancer cells 
present or absent in their apheresis product or autografts: " - / - " depicts a l l A P were 
negative for breast cancer cells and the autograft did not contain any breast cancer 
cells; "+/-" depicts some A P contained breast cancer cells but the autograft did not 
contain any breast cancer cells; "+/+" depicts some A P contained with breast 
cancer cells and were actually reinfused to the patient. The P F S and O S are shown 
in months with the range in brackets. There is a trend towards increased P F S and 
O S for patients who did not have any breast cancer cells i n the A P analyzed as 
shown in Table 2. However, this difference did not achieve statistical significance 
(p=0.746 for P F S and p=0.63 for O S , respectively). 

DISCUSSION 

In our retrospective study we assessed the number of A P that contained contami
nating breast cancer cells; we observed a decrease of the contaminating breast cancer 
cells that were detectable after the first I D C from on average 29.8% to 5% and 7.3% 
after second and third I D C , respectively. The differences achieved statistical signif
icance with sufficient power (p=0.0052, > 80% power). These results l ikely represent 
the in vivo tumor purging effects of consecutive I D C therapy. In a previous study of 
breast cancer patients with metastatic disease,3 we reported a similar tumor purging 
phenomenon after consecutive cycles of cyclophosphamide, doxorubicin and 5-
fluorouracil. Thus, the inclusion of I D C treatment prior to the autologous transplan
tation setting appears to have an in vivo tumor-purging benefit. 

Since its introduction in 1991 as the first Canadian center using peripheral blood 
A P for hematologic rescue after H D C T , without a bone marrow backup, we collected 
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a relatively high number of A P s in order to ensure engraftment and potentially having 
a sufficient backup for a second autograft. Therefore, not al l A P s were reinfused into 
patients for hematologic rescue after H D C T . This gave us a unique opportunity to 
retrospectively subdivide our patients into three groups: nine patients whose A P s 
were negative for breast cancer cells by I C C analysis, and consequently did not 
contain any contaminating breast cancer cells. In eight of our 17 patients, we were 
able to detect contaminating breast cancer cells in the A P but by random (the tests 
were not available between 1991 and 1993) only 4 patients actually obtained A P s for 
autografting that contained breast cancer cells. When we analyzed these three 
subgroups of patients (Table 2) we are able to identify a trend toward increase P F S 
and OS for patients who did not have any breast cancer cells in the A P detected. 
However, this difference did not achieve statistical significance due to low patient 
numbers (p=0.746 for P F S , p=0.63 for O S , respectively). Interestingly, those 4 
patients whose autografts were negative for breast cancer cells but whose A P ' s 
contained breast cancer cells had a very similar OS to those patients who actually 
contained breast cancer cells in their autograft. This observation seems to be quite 
important. The detection of tumor cells in the A P may merely represent a function of 
residual disease in the patient, and therefore, may be a prognostic factor rattier than 
the infusion of tumor cells contributing to relapse. Unfortunately, due to the low 
numbers of patients investigated, our study does not have the power to detect a statis
tically significant difference. 

In contrast to Brugger's study, 4 the tumor cell detection was performed in a 
mobil ized A P only. N o baseline values were collected; neither were samples from 
peripheral blood available at the time of the apheresis. Therefore, this study cannot 
address the question whether mobilization of stem cells leads also to mobilization 
of cancer cells into the peripheral blood. Nevertheless, one study by J . Passos-
Coelho et al . shows no mobilization of tumor cells into a single large volume A P 
fol lowing mobilization using C T X with r h G M - C S F , or G - C S F alone. 9 The risk of 
tumor cel l contamination in peripheral blood stem cel l ( P B S C ) collections has been 
outlined as early as 1992 by Moss and Ross in neuroblastoma, breast cancer and 
lymphomas. 1 6 Moreover, it was shown that circulating breast cancer and neurob
lastoma cells are present in peripheral blood and have clonogenic properties in vitro 
as w e l l . 1 ' 1 7 Apart from the studies using immunocytochemis t ry 1 ' 3 ' 9 ' 1 6 ' 1 8 ' 1 9 some 
other techniques have been used for detection of tumor cells in the bone marrow, 
in the peripheral blood or in the A P . 1 0 ' 2 0 - 2 4 They are based on detecting the breast 
cancer cells through flow cytometry (monoclonal antibodies against cytokeratins) 
but also using P C R for K 1 9 . Fields et al . show that the presence of K 1 9 (as detected 
by P C R ) in the bone marrow of patients undergoing H D C T and A B M T is 
associated with a poor prognosis. Vredenburgh et al. compared immunohisto-
chemistry, two color immunofluorescence and flow cytometry with cell sorting for 
the detection of breast cancer in the bone marrow. 2 4 Since none of these methods 
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shows substantial sensitivity and specificity differences in detecting contaminating 
breast cancer cells in the A P and I C C renders results with high reliability and 
visible control for the phenotype, in addition to our large experience with this 
method, we chose this method for our retrospective analysis. A l s o , substantial 
experience with this method in experiments using i n vitro expansion of C D 3 4 + 

selected populat ion 1 9 as wel l as ex vivo purging using 4-hydroperoxycyclophos-
phamide 2 4 has been published. 

Our study clearly shows that the presence of tumor cells varies with each 
apheresis, but successive cycles of chemotherapy followed by r h G M - C S F show an 
" in v ivo purging effect" by reducing the occasions of contaminating breast cancer 
cells in the A P s . In this context, methods that deplete tumor cells, by positive 
selection of hematopoietic cells and/or negative depletion of tumor cells, warrant 
investigation. Compared with our previously published paper, 1 2 the optimal 
window with the highest possibility of collection of stem cells coincides with the 
highest number of contaminating breast cancer cells. Therefore, an optimal 
protocol has not yet been identified which would have the highest yield of stem 
cells and, at the same time, the lowest level of breast cancer cells i n the A P . 

The question of cl inical significance of infusion of tumor cells i n our patient 
population cannot be sufficiently answered at this time. Al though there is a trend 
towards increased P F S and O S , more studies are necessary with higher numbers of 
patients in order to achieve sufficient power to detect such a difference with a 
statistical significance. W e are currently i n the process of analyzing additional 
patient specimens i n an attempt to answer this question. 
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ABSTRACT 

Using a reverse transcriptase polymerase chain reaction ( R T - P C R ) to detect the 
presence of cytokeratin 19 (K19) i n bone marrow ( B M ) , we have studied the 
prognostic significance of minimal residual disease in patients with breast cancer 
undergoing high-dose chemotherapy ( H D C T ) and autologous bone marrow 
transplantation (autoBMT). This assay can reliably detect 1 breast cancer cell in 
10 7 normal B M cells on serial dilution with a low incidence of false positives 
(approximately 3% in normal healthy donors). Cryopreserved, diagnostic B M 
aspirates obtained immediately before autologous B M harvesting were evaluated 
retrospectively. A l l patients were considered to have histologically negative B M 
prior to harvesting. Patients studied had stage II (8 or more positive nodes) and 
stage III disease and were evaluated fol lowing anthracycline-based adjuvant 
therapy but prior to high-dose therapy (n=29). Patients with stage I V breast cancer 
had disease responsive to anthracyclines or other salvage therapy i f anthracycline 
refractory and were evaluated prior to high-dose therapy (n=43). Patients received 
one of two high-dose regimens: ifosfamide, carboplatin and etoposide (all stages, 
n=67); or mitoxantrone and thiotepa ( M I T T ) (stage III and I V only, n=5). O f 29 
patients with stage II and III breast cancer, 9 (31%) were K 1 9 negative and 20 
(69%) were K 1 9 positive; of 43 patients with stage I V breast cancer, 10 (23%) were 
K 1 9 negative and 33 (77%) were K 1 9 positive. For patients with stage II and III 
breast cancer, event-free survival (EFS) at 3 years fol lowing a u t o B M T was 89% 
for patients who were K 1 9 negative compared to 49% for patients who were K 1 9 
positive (p=0.1019), and the risk of relapse at 3 years was 11% for patients who 
were K 1 9 negative compared to 38% for K 1 9 positive patients (p=0.215). Fo r 
patients with stage I V breast cancer, E F S at 3 years was 56% for K 1 9 negative 
patients and 11% for K 1 9 positive patients (p=0.0008), and the risk of relapse at 3 
years was 44% for K 1 9 negative patients compared with 88% for K 1 9 positive 
patients (p=0.0009). W e conclude that the presence of minimal residual disease in 
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B M confirmed by P C R to detect the presence of K 1 9 prior to high-dose therapy and 
a u t o B M T is associated with an increased risk of relapse in patients with stage I V 
breast cancer but not in patients with stage II and III breast cancer. These data 
represent further follow-up of some previously described patients and confirm our 
earlier observations. 

INTRODUCTION 

The presence of contaminating breast cancer cells detected in bone marrow 
( B M ) and peripheral blood stem cel l pheresis products has been reported as a risk 
factor for relapse fol lowing standard and high-dose chemotherapy ( H D C T ) . 1 " 3 

Current methods of detection include standard histologic evaluation with or 
without the addition of immunohistochemistry using monoclonal antibodies 
directed at a variety of antigens. The use of more sensitive immunocytochemical 
techniques has led to improved detection of breast cancer cells in B M and 
peripheral blood with estimates of sensitivity of up to 1 breast cancer cel l in 10 6 

normal B M cells under optimal conditions; however, achieving this degree of 
sensitivity is relatively labor intensive. 4 , 5 C e l l culture techniques have been 
reported as a method to detect minimal breast cancer in the B M and peripheral 
b lood. 3 F l o w cytometry has also been reported to be a sensitive and specific, as 
wel l as a less time consuming, method to detect breast cancer cells in the B M but 
has been less widely studied. 6 

Recently we and other investigators have reported the sensitivity and specificity 
of a reverse transcriptase polymerase chain reaction ( R T - P C R ) technique to detect 
the presence of cytokeratin 19 (K19), a protein expressed by epithelial-derived 
tissues and tumors without expression by normal hematopoietic precursors. 1 , 7 To 
determine the cl inical significance of minimal residual disease detected in the B M 
of patients with breast cancer undergoing H D C T and autologous bone marrow 
transplantation (autoBMT), we performed a retrospective analysis of cryopre-
served, diagnostic B M aspirates of patients with stage II, III and I V breast cancer 
obtained immediately prior to H D C T and a u t o B M T and compared the results of 
K 1 9 with event-free survival (EFS) and risk of relapse fol lowing transplant. This 
communication represents further follow-up from our initial report. 

PATIENTS AND METHODS 

Patients 
From October, 1989, through December, 1994, B M aspirate specimens from 72 

patients with breast cancer were cryopreserved at the time of diagnostic B M 
evaluation performed prior to autologous B M harvesting. A l l patients gave written 
informed consent according to a protocol that was approved and reviewed annually 
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by the Institutional Review Board of the University of South Florida. Patients up 
to 65 years o f age with pathologically documented breast cancer were eligible to 
receive H D C T consisting of ifosfamide, carboplatin and etoposide ( ICE) or 
mitoxantrone and thiotepa ( M I T T ) followed by a u t o B M T . 9 1 0 Patients met standard 
physiologic parameters for high-dose therapy and were assessed for stage of 
disease using standard radiographic examinations. Routine histologic evaluation of 
the B M was performed on al l patients, which included, i n the majority of cases, 
immunohistochemical evaluation of the biopsy specimen for the presence of 
cytokeratin using a panel of anticytokeratin antibodies. Patients with evidence of 
B M metastases or inadequate B M cellularity were not eligible for B M harvesting 
and transplantation. 

Patients included i n this study had a diagnosis o f stage II breast cancer wi th 
eight or more nodes positive for metastatic breast cancer, stage III breast cancer 
excluding patients with inflammatory breast cancer, or metastatic (stage I V ) 
breast cancer. Patients wi th stage II and III breast cancer were el igible for high-
dose therapy fo l lowing primary surgery and adjuvant chemotherapy consisting 
of 4 to 6 cycles of an anthracycline-based regimen. Patients also received chest 
wa l l irradiation prior to or fo l lowing the complet ion of H D C T . Estrogen and/or 
progesterone receptor positive patients received tamoxifen for a m i n i m u m o f 2 
years fo l lowing complet ion of chemotherapy. Patients wi th metastatic breast 
cancer were el igible for high-dose therapy i f they had chemosensitive disease 
defined by responsiveness to an anthracycline-based regimen or, fa i l ing anthra-
cyclines, to two cycles o f attenuated doses o f ifosfamide, carboplatin and 
etoposide ( m i n i l C E ) 1 1 or i f they had a solitary metastatic lesion which was 
resected or responsive to radiation therapy. 

High-dose treatment regimens 
I C E and M I T T were developed as phase I/II dose escalation trials wi thin our 

ins t i tu t ion . 9 1 0 I C E was administered daily over 6 days i n evenly divided doses 
with the fol lowing ranges: ifosfamide 6 to 24 g /m 2 (maximum tolerated dose, 
20.1 g/m 2 ) , carboplatin 1200 to 2100 m g / m 2 (maximum tolerated dose, 1800 
mg/m 2 ) and etoposide 1800-3000 m g / m 2 (maximum tolerated dose, 3000 
mg/m 2 ) . Mesna was used as a uroprotectant at 100% of the dai ly ifosfamide dose. 
M I T T consisted of mitoxantrone 45-105 m g / m 2 (maximum tolerated dose, 90 
mg/m 2 ) and thiotepa 900-1350 m g / m 2 (maximum tolerated dose, 1200 mg/m 2 ) 
given i n equally divided doses over 3 days. A l l patients i n this study underwent 
a u t o B M T only. 

Performance of RT-PCR for Cytokeratin 19 
Complete details o f the methods employed and nucleotide sequences for primers 

and probes used in the K 1 9 and -actin controls have been described elsewhere. 1 7 
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Table 1. Three-year EFS and risk of relapse based on presence or absence of K19 

Stage 
K19 
status 

Number 
(%) 

EFS at 
3 years P 

Relapse 
risk at 
3 years P 

II/III negative 9(31%) 89% - 11% -
positive 20 (69%) 59% 0.1019 38% 0.215 

IV negative 10 (23%) 70% - 30% -
positive 33 (77%) 11% 0.0008 88% 0.00096 

Briefly, total cellular R N A was prepared using R N A S T A T - 6 0 (Tel-Test " B " , Inc., 
Friendswood, T X ) . One g of R N A was subjected to reverse transcription in the 
presence of the K 1 9 outer downstream and upstream primers for 35 cycles of P C R 
followed by 35 cycles of P C R in the presence o f inner upstream and downstream 
primers, [3-actin served as the control for R N A amplification. Fol lowing completion 
of P C R , K 1 9 and (3-actin probes were end-labeled with 3 2 P - A T P , annealed with their 
respective probes and visualized using electropheresis. 

RESULTS 

Sensitivity and specificity of the K19 assay 
The sensitivity and specificity of this assay has been previously described. R T -

P C R for K 1 9 could routinely detect 10 fg of T 4 7 D R N A in 1 g of normal donor 
R N A , which is equivalent to 1 breast cancer cell in 10 7 normal B M cells from 
T 4 7 D breast cancer cel l l i n e s . 1 7 False positives have been seen in 2.9% of normal 
healthy donor marrows. 

Patient characteristics 
In the current study, twenty-nine patients had stage II and III breast cancer and 

43 patients had metastatic breast cancer responsive to anthracyclines (n=19) or 
refractory to anthracyclines and responsive to m i n i l C E (n=24). Sixty-seven 
patients were treated with I C E and 5 patients were treated with M I T T . 

Treatment outcomes 
Table 1 describes the 3-year E F S and the risk of relapse based on the presence 

or absence o f K 1 9 for patients wi th stage II and III breast cancer compared with 
patients with chemosensitive metastatic breast cancer. A n event is defined as a 
transplant-related death or relapse of disease. Probability (p) values are calculated 
as two-tailed values of p from the logrank method. The median follow-up o f the 
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PROBABILITY OF RELAPSE: STAGE II & IH BREAST CANCER (N=29) 
o Complete + Censored 

P (2)-0.215 

PCR POSITIVE (N-20) 

PCR NEGATIVE (N-9) 

0 1 2 3 4 5 6 7 
YEARS FOLLOWING TRANSPLANT (8/96) 

Figure 1. The time to relapse following autoBMT for patients with stage II and III 
breast cancer based on the presence or absence ofKI9. 

event-free survivors with stage II and III breast cancer was 34 months with a range 
of 4 to 68 months. The median follow-up of the event-free survivors with stage I V 
breast cancer was 10.5 months with a range of 0.2 to 68.5 months. 

The time to relapse fol lowing a u t o B M T based on the presence or absence of 
K 1 9 in the B M for patients with stage II and III breast cancer is illustrated in Figure 
1. Figure 2 illustrates the time to relapse fol lowing transplant for patients with 
metastatic breast cancer. In these figures, "complete" refers to patients who have 
relapsed, and "censored" refers to patients who have not relapsed or died of a toxic 
death. O f note, there are 13 patients with stage II and 111 breast cancer and 8 
patients with stage I V breast cancer greater than 3 years from the time of transplant 
with no evidence of relapse. A l s o of note, 62% of patients with stage II and III 
breast cancer reinfused with K 1 9 positive B M have not relapsed fol lowing 
transplant. 

DISCUSSION 

This study illustrates that the presence of K 1 9 i n the B M detected by R T -
P C R is associated with an increased risk of relapse i n patients wi th chemosen-
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PROBABILITY OF RELAPSE: STAGE IV BREAST CANCER (N=43) 
o Complete + Censored 

PCR POSITIVE (N-33) P (2) - 0.00096 

PCR NEGATIVE (N-10) 

1 2 3 4 5 6 7 

YEARS FOLLOWING TRANSPLANT (8796) 

Figure 2. The time to relapse following autoBMT for patients with metastatic breast 
cancer with stage TV disease based on the presence or absence of K19. 

sitive metastatic breast cancer undergoing H D C T and a u t o B M T . The risk of 
relapse fo l lowing a u t o B M T was not significantly increased, however, in 
patients wi th stage II and III breast cancer wi th K 1 9 i n the B M compared to 
patients wi th no detectable K 1 9 . The present, l imi ted study confirms our 
previous observations concerning the importance o f K 1 9 and m i n i m a l residual 
disease i n the B M of patients wi th breast cancer undergoing a u t o B M T and, o f 
note, these differences remain significant wi th in two different H D C T regimens 
and with further c l in ica l fol low-up. These data suggest that K 1 9 in the B M 
detected by R T - P C R is a marker of overal l tumor burden in patients wi th breast 
cancer. In this study, B M was evaluated fo l lowing the complet ion of standard 
adjuvant chemotherapy, in the case of patients wi th stage II and III breast 
cancer, or induction chemotherapy, i n the case of patients wi th metastatic breast 
cancer, and the presence of K 1 9 is also l ike ly to represent persistent and, 
therefore, chemotherapy resistant disease. However , since the majority of 
patients wi th stage II and III breast cancer who were infused wi th K 1 9 B M 
remain in continuous complete remission fo l lowing transplantation, the role of 
contaminating tumor cells i n the autologous B M graft remains unclear. 

A t least one investigator has demonstrated that contaminating tumor cells play a 
role in relapse following transplant for the treatment of breast cancer. 1 2 In the 
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present study, for patients with early stage breast cancer (i.e., patients with less 
overall tumor burden at the time of transplant), the reinfusion of a contaminated 
stem cell product was not associated with a significant increase in relapse in contrast 
to patients with advanced breast cancer (i.e., patients with greater overall tumor 
burden at the time of transplant). These findings suggest that purging of the 
autograft may not improve clinical outcomes following transplant, especially i n 
patients with stage II and stage III disease where one would logically expect the 
optimal circumstances to test the value of this maneuver. Rather, these data suggest 
that improved anticancer therapy directed specifically toward chemoresistance and 
residual disease following high-dose therapy is needed to improve cl inical outcomes 
following transplant for the treatment of breast cancer. 
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ABSTRACT 
Our technique for immunofluorescent labeling of cytokeratin with analysis by flow 

cytometry is a rapid, sensitive and cost-effective approach for detecting 
micrometastases in the bone marrow of breast cancer patients. In an initial study of 95 
marrow aspirates, we compared our assay with cytokeratin staining with pathology. 
Both methods identified the same 9 positive patients; however, we detected 17 
additional positive cases and had a maximum sensitivity ten-fold higher than pathology. 
In an effort to determine i f our assay has biologic relevance, we performed a 
retrospective analysis of 40 Stage I V breast cancer patients who had no pathologic 
history of marrow involvement and were either progression-free or without evidence of 
disease at the time we performed our assay on their aspirate. F low cytometry identified 
cytokeratin positive cells in 20% (8/40) of these patients with a median tumor 
frequency of 1 in 5.9 X 1 0 4 cells. Routine pathology reported metastatic disease in 5% 
(2/40) of the patients, al l of whom were positive with our method and demonstrated the 
highest tumor frequencies of 1 in 5 X 1 0 3 cells and 1 in 7.5 X 1 0 3 cells. Samples found 
positive by flow cytometry alone had considerably lower tumor frequencies ranging 
from 1 in 2.5 X 1 0 4 cells to 1 in 3 X 1 0 5 cells, our highest sensitivity at that time. Within 
the limits of a univariate, retrospective analysis, there seems to be a favorable trend in 
the overall survival (OS) for patients who were cytokeratin-negative. Wi th a maximum 
follow-up of 17 months from aspiration, patients determined to be cytokeratin-negative 
have not reached their median OS, whereas positive patients had a median O S of 8 
months. Analysis is now routinely performed on 1 X 1 0 6 cells, producing a 50% (17/34) 
positivity rate with a median tumor frequency of 1 in 5 X 10 s cells for aspirates from 
Stage I V breast cancer patients. Visual examination with fluorescent and brightfield 
microscopy confirms the presence of positive cells and niinimizes false positive results. 
To further characterize cytokeratin-positive cells we are developing a protocol for dual 
staining of p-glycoprotein to identify metastatic cells with multidrug resistance-1 and 
determine their impact on clinical outcome. 

313 
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INTRODUCTION 

The ability to detect micrometastases in the marrow and blood of breast and lung 
cancer patients would be invaluable for staging and identifying patients who should 
receive adjuvant therapy, for monitoring response to treatment, and for determining 
optimal times to collect autologous stem cells thereby reducing the risk of relapse 
due to reinfusion of tumor cells . 1 " 3 Radiological techniques detect bone involvement 
only when destruction of the matrix has taken place and therefore are not useful in 
identifying occult metastases. Morphologic examination of marrow smears with 
light microscopy is labor intensive and not very sensitive in detecting minimal 
disease. Immunohistochemical staining can increase sensitivity but still requires the 
preparation and examination of numerous slides, making this approach inefficient 
for routine practice. 4 - 8 Immunofluorescent staining of epithelial cells allows easy 
visual identification but at the expense of cellular morphology and confirmation of 
malignant status.1'4 Culturing marrow samples can expand occult tumor cells to 
detectable numbers in histologically negative specimens but requires 7 or more days 
for a result . 6 - 8 Reverse-transcriptase polymerase chain reaction ( R T - P C R ) has been 
used to detect breast cancer cells through amplification of keratin 18 or 19 
messenger-RNA with reported sensitivities as high as 1 tumor cell in 10 7 c e l l s . 9 1 0 

This approach has also been applied in the detection of specific genetic mutations 
and carcinoembryonic antigen in colon cancer cells; however, these transcripts may 
not be u b i q u i t o u s . 1 1 1 2 Furthermore, the instability o f messenger-RNA and 
meticulous technical demands make widespread use of R T - P C R unlikely at this 
t i m e . 9 - 1 3 A recent report confirmed the potential of flow cytometry for detecting 
cytokeratin positive cells in breast cancer patients; however, the preparation and 
staining of the specimens was labor intensive and 8% of cytologically positive 
samples were negative using their method. 1 4 

In our current study, we report a rapid method for labeling unprocessed 
specimens with immunofluorescent antibodies against cytokeratin with flow 
cytometric analyses of 1.0 X10 6 cells followed by visual confirmation with both 
fluorescent and light microscopy. Commercial ly available reagents for lysing, 
permeabilization and antibody-labeling make this technique cost effective and 
reproducible. The use of whole samples minimizes the loss of pertinent cells and 
reduces technical time since laborious separation procedures are unnecessary. 

MATERIALS AND METHODS 

Bone marrow aspirates 
Bone marrow aspirates were performed on 169 consecutive Stage I V breast 

cancer patients. T w o microliters of marrow were aspirated from a single bone 
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puncture. One microliter was placed in a tube containing E D T A and sent for 
cytokeratin-labeling and flow cytometry. The other m L was used to prepare ten 
slides and a clot, which was sent to pathology for morphologic examination. 
Samples from the first 95 patients were also sent to pathology for immunocyto-
chemical detection of cytokeratin positive cells using an alkaline phosphatase anti-
alkaline phosphatase technique . 1 5 1 6 

Labeling of cells 
Whole marrow (approximately 10 X 1 0 6 white blood cells) was incubated for 20 

minutes with 20 pJL of C D 4 5 antibody (Becton Dickinson, Mountain V i e w , C A ) at 
room temperature in the dark. After two washes i n phosphate buffered saline 
(PBS) , 4 m L s of IX Facslyse (Becton Dickinson) was added for a 30-minute 
incubation followed by 2 additional washes with P B S . Cel ls were split between two 
tubes and incubated with 15 u L of either C a m 5.2 anti-cytokeratin F J T C antibody 
or an IgG2 F I T C isotype control (Becton Dickinson) for 45-60 minutes in the dark 
at room temperature. C a m 5.2 reacts with human cytokeratin (CK-18) ranging i n 
molecular weight from 39-50 K daltons. Its reactivity wi th most adenocarcinomas, 
including breast and lung, and lack of reactivity with epidermis and hematopoietic 
cells is documented. 1 5 After washing twice, cells were resuspended in 1 m L of P B S 
+ 0.2% paraformaldehyde. A positive control using the M C F 7 breast cancer cel l 
line was processed concurrently with each run of patient specimens. During init ial 
development, ten marrow aspirates from acute myelogenous leukemia patients, 
four aspirates from ovarian patients and ten normal blood samples were analyzed 
using our methodology; a l l yielded negative results. 

Flow cytometric analysis 
Cells were analyzed on a Facsort flow cytometer using Lysis II and Paint-a-Gate 

software (Becton Dickinson). A s many as 1X10 6 patient cells were acquired and gated 
from a plot of C D 4 5 expression versus side scatter. Quad stat position was 
individually based on the isotypic control for each sample. Background fluorescence 
typically appeared within the first two decades. Cytokeratin positive cells emerged 
primarily in the 4th decade; however, fluorescence intensity did diminish into the 3rd 
and 2nd decades with increasing numbers of positive events. The M C F 7 cell line was 
gated from a plot of forward versus side scatter and was always >80% positive with 
mean fluorescence intensity in the 3rd decade, clearly distinct from the background. 
Remaining specimens after acquisition were spun down, decanted and resuspended in 
100 u L of P B S for visual cortfirmation under fluorescent and bright field microscopy 
(Nikon, Melvi l le , N Y ) . Results are expressed as % positive cells, mean fluorescent 
channel and rninimum tumor frequency, which is the ratio of negative events to each 
positive event. 
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Table 1. Flow cytometry versus pathology in the detection of cytokeratin positive cells 

Flow cytometry Pathology 

analyzed 1.2X105 cells 5-10 stained slides 
27% Positive (26/95) 10% positive (9/95) 
9 positive samples positive pathology 
17 positive samples negative pathology 
maximum sensitivity: maximum sensitivity: 

1 tumor cell/1.2 X10 5 cells 1 tumor cell/1.5 X10 4 cells 

RESULTS 

Flow cytometry versus pathology 
The first 95 bone marrow aspirates analyzed using our method were sent for 

cytology plus immunohistochemical staining of cytokeratin to assess the efficacy of 
our staining procedure and level of detection relative to accepted routine pathologic 
procedures. F low cytometry detected cytokeratin positive aspirates 3X more often 
than pathology (26 versus 9 positive specimens). Both methods identified the same 9 
positive samples thereby validating our labeling method and further confirming the 
identity of "fluorescent events" as malignant epithelial cells. These 9 samples had the 
highest estimated tumor frequencies ranging from 1/3000 cells to 1/15,000 cells. A s 
the frequency decreased to a minimum of 1/120,000 cells only flow cytometry 
recognized the presence of cytokeratin positive cells, indicating our analysis was 8X 
more sensitive than pathology. 

In comparison to routine pathology (Table 2), which does not ordinarily include 
immunohistochemical staining, our technique was 4 0 X more sensitive and 
identified positive specimens 4X more often. The maximum sensitivity of routine 
pathology decreased from 1 tumor cell/15,000 cells when morphology and 
cytokeratin staining were performed to 1/7,500 cells when only morphologic 
examination was used. 

Further increases in detection and sensitivity were achieved by increasing the 
number of events analyzed by flow cytometry to 1X10 6 (Table 3). Positive cells 
were identified in half of the aspirates, which was almost 6X more often than 
morphology reported. The level o f sensitivity using immunofluorescence and flow 
cytometry on 1X10 6 cells appears to be as much as 200 X greater than standard 
morphologic evaluation. 

DISCUSSION 

Our method for detecting minimal disease in the marrow of breast cancer patients 
has several advantages over other approaches. B y working with unprocessed samples, 
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Table 2. Flow cytometry on cytokeratin-stained aspirates versus routine pathology 

Flow cytometry Pathology 

analyzed 3 X105 cells smears and clot sections 

20% Positive (8/40) 5% positive (2/40) 
2 positive samples positive pathology 
6 positive samples negative pathology 

maximum sensitivity: maximum sensitivity: 

1 tumor cell/3 X105 cells 1 tumor ceh77.5X 103 cells 

preparation is simplified, technical time and cost are reduced and the risk of losing 
relevant cells is rninimized. The use of commercially available, quality assured reagents 
and monoclonal antibodies adds to the reproducibility and efficiency of this procedure. 

Our technique for permeabilization and cytoplasmic labeling does not destroy 
cel l morphology and allows consistent staining patterns i n the positive and negative 
controls. Due to the intense fluorescence o f cytokeratin positive cells, 105—106 

marrow cells can be concentrated on a slide and examined under fluorescence and 
brightfield microscopy. In addition to eliminating false negatives and positives, a 
qualitative result can be determined thereby allowing the use of this approach i n 
routine practice without a stringent need of f low cytometry. Precise quantitation of 
tumor cells using flow cytometry is difficult since colonies of epithelial cells are 
not completely processed to single cell suspensions. Microscopic examination o f 
positive specimens revealed mixtures of individual cells and clusters containing 
2-15 cells, which were reported as single positive events. Our calculation of a 
tumor frequency based on the total number of positive events relative to the total 
number acquired is actually an estimation o f minimal tumor presence. 

A n y procedure that is based on a 2 m L unilateral aspirate may not adequately 
disclose the presence of micrometastases because solid tumor cells are not l ike ly to 
be distributed uniformly throughout the marrow cavity. This sampling problem 
may be reduced by analyzing larger numbers of cells. A s we increased from 
1.2X 10 5 to 1 X 1 0 6 cells, the number of positive aspirates also increased from 27 to 

Table 3. Flow cytometry on 106 cytokeratin-stained marrow cells 

Flow cytometry Pathology 

analyzed 106 cells smears and clot sections 
50% positive (17/34) 9% positive (3/34) 
3 positive samples positive pathology 
14 positive samples negative pathology 
maximum sensitivity: maximum sensitivity: 

1 tumor cell/1.0X106 cells 1 tumor ceU75.0X103 cells 
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50%. A t this level of detection we compared single site aspirates with samples 
pooled from four sites. In ten Stage I V breast cancer patients the results were 
exactly the same; there was no advantage of multi-site sampling compared with 
single site specimens (data not shown). 

Direct comparison to standard immunocytochemical and morphologic methods 
validated our results i n patients with relatively high levels or undetectable levels o f 
marrow involvement. It also confirmed the malignant character of cells immuno-
fluorescently labeled for cytokeratin. When the estimated tumor frequency fell 
below 1/1.5 X 1 0 4 cells, positive samples could still be identified by flow cytometry 
but not by pathology. Our approach is more sensitive with a detection level of 
1 / 1 X 1 0 6 cells and represents a reliable method by which to identify 
micrometastatic disease and ultimately determine its biologic relevance. This may 
be especially important in Stage I and II patients since 4-48%, using immunocyto-
chemistry, have demonstrated marrow involvement at initial diagnosis; 33% of 
positive patients recurred within 2 years versus only 3% of the negative 
patients. 1 7 , 1 8 W e performed a retrospective analysis of 40 Stage I V patients who 
had no pathologic history of marrow involvement and were progression-free or 
without evidence of disease at the time of their marrow aspirate. W i t h a maximum 
follow-up of 17 months we found a favorable trend in the overall survival of 
negative patients compared with positive patients who had a median survival of 
only 8 months from the date of their aspirate. A recent study 9 using R T - P C R for 
detecting cytokeratin positive cells in marrow reported a detection level of 1 breast 
cancer cell in 10 7 cells. After high dose therapy and autologous stem cell transplant, 
38 of 41 of the positive patients relapsed at a median of 6 months. None o f the 
patients with a negative marrow have relapsed with a median follow-up of 38 
months. Although ten-fold more sensitive than flow cytometry, R T - P C R does not 
allow further analysis of specimens. 

Initial studies at our facility indicate that previously labeled samples using our 
technique can be counterstained with other immunofluorescent antibodies to 
further characterize metastatic disease. Us ing two-color flow cytometry we have 
identified cytokeratin-positive cells that also express p-glycoprotein, indicative of 
multi-drug resistance. Efforts are underway to use three-color analysis to simulta
neously determine cell cycle status. The ability to assess these parameters could be 
invaluable in choosing effective chemotherapy regimens, monitoring patient 
responses and identifying the evolution of resistant clones. 
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HIGH-DOSE CHEMOTHERAPY IN GERM CELL TUMORS 

Craig R. Nichols 

Indiana University, Bloomington, IN 

ABSTRACT 

The role of high-dose chemotherapy ( H D C T ) i n germ cell tumors is being 
refined. Evidence from many phase II trials demonstrates that H D C T is curative i n 
15-20% of patients with testicular primaries who fail multiple cisplatin-based 
regimens. There are also emerging data regarding prognostic factors i n this setting. 
Such factors as primary site, degree of chemotherapy sensitivity and marker 
elevation have been found to be important in predicting outcome with H D C T . 

The most important current investigation of H D C T in germ cel l tumors is the 
ongoing comparison of H D C T with standard dose chemotherapy i n patients who 
have failed init ial cisplatin-based chemotherapy (Europe) and the comparison of 
standard B E P versus two cycles of B E P followed by two high-dose cycles of 
carboplatin, etoposide and cyclophosphamide i n patients presenting with poor-risk 
germ cel l tumors ( U S A ) . The results o f these trials should define the role of H D C T 
i n less heavily treated patients or those with very poor risk features. 

INTRODUCTION 

Since the mid 1980s, high-dose chemotherapy ( H D C T ) has been explored i n 
germ cell tumors. Initially studies were conducted in patients with highly refractory 
disease to define tolerable doses and to discern whether H D C T could cure patients 
with disease resistant to standard dose chemotherapy. Single institution and 
cooperative group studies demonstrated that such attempts were warranted. 1 - 3 

Despite initial high therapy-related mortality rates (15-20%), a significant fraction 
of patients were cured (10-20%). Efforts then began to improve the preparative 
regimen and improve patient selection for these procedures. Outlined below are the 
major studies of this era. 

Indiana University studies 
Investigations into the use of high-dose carboplatin ( C B C D A ) and etoposide 

(VP-16) with autologous bone marrow support began at Indiana University in 
1986. Initial investigations were i n patients who were heavily pretreated and for 
whom no other curative therapeutic options existed. Subsequent studies have 
explored modification of the init ial regimen i n refractory patients and the efficacy 
of this regimen in patients i n first relapse after conventional therapy. Important 
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insights into the need for patient selection, the particular problem of primary 
nonseminomatous mediastinal germ cell tumors and the value of intervention early 
in the course of the disease for these toxic, expensive, yet potentially curative 
modes of therapy have been gained. 

The initial phase I/II dose escalation study examined the use of two courses of 
high-dose C B D C A and V P - 1 6 in patients with germ cell tumors refractory to 
cisplatin (defined as progression on or within 4 weeks of the last cisplatin dose) or 
recurrent after a minimum of two prior regimens containing cisplatin. 1 Thirty-three 
patients were entered on this trial. The initial 13 patients were treated with 
escalating doses of C B D C A to establish the max imum tolerated dose in 
combination with V P - 1 6 at a fixed dose of 1200 m g / M 2 . The subsequent 20 
patients were treated with V P - 1 6 1200 m g / M 2 and the phase II dose of C B D C A of 
1500 m g / M 2 given in three divided doses on days - 7 , - 5 , - 3 . Toxicities seen in the 
protocol were the expected severe myelosuppression, moderate enterocolitis and 
stomatitis. Grade 3 hepatic toxicity (more than five-fold increase in l iver enzymes) 
usually in association with massive infections was observed in 8/33 (24%) patients. 
O f interest, significant ototoxicity, neurotoxicity or nephrotoxicity were not seen 
despite extensive prior exposure to cisplatin in this patient population. Overall , 
7/33 (21%) of patients died as a consequence of treatment, two on the phase II 
portion of the study. Deaths were primarily due to infection, although one patient 
died of veno-occlusive disease of the liver. O f note, this was a very heavily 
pretreated patient population with over half of the patients having received three or 
more prior chemotherapy regimens and 67% of patients were cisplatin-refractory. 
There were eight patients who obtained a complete remission (CR) and six a partial 
remission (PR) for an overall response rate of 44% (95% confidence intervals, 27% 
to 63%). O f the eight patients obtaining C R , three are long-term disease-free 
survivors, and a fourth patient died at 22 months free of germ cell cancer from a 
therapy-related acute nonlymphocytic leukemia. More recently, an overview of the 
experience at Indiana University with the first 40 patients with multiply-relapsed 
and refractory germ cell cancer treated with double autologous transplant 
demonstrated a 15% long-term disease-free survival . 4 

Fol lowing the phase I/II study, a larger multi-institutional phase II trial was 
carried out through the Eastern Cooperative Oncology Group ( E C O G ) uti l izing the 
same dose and schedule of agents as in the phase II portion of the initial study. 5 

A g a i n patients had to have failed at least two prior cisplatin-based regimens, at 
least one of which contained ifosfamide, or be cisplatin-refractory. Forty patients 
were entered on this multi-institution cooperative effort between July, 1988, and 
September, 1989. Nine patients (24%) achieved a C R including two patients 
disease-free with post bone marrow transplant ( B M T ) surgical resection, and eight 
achieved a partial remission for an overall response rate of 45%. Three of the C R ' s 
occurred on B M T #1 and four patients converted to C R on B M T #2. F ive of nine 



Solid Tumors 325 

are alive and free of disease with a minimum follow-up of 18 months. O f note, al l 
PRs recurred with a median duration of remission of 2.5 months. 

In view of the known activity of ifosfamide ( IPX) in recurrent and refractory 
germ cell tumors and its favorable side effect profile for dose-escalation in the 
setting o f B M T , investigators at Indiana University added high-dose ifosfamide to 
the C B D C A / V P - 1 6 treatment template. Seven patients were entered on a phase II 
trial o f C B D C A / V P - 1 6 in the previously described doses and schedule with the 
addition o f ifosfamide beginning at 10 gm/ M 2 daily X 5 wi th mesna. 6 The patients 
were treated with one or two courses of high-dose therapy. Due to excessive renal 
toxicity at the first dose level, escalation of the ifosfamide dose was impossible. O f 
the seven patients treated, four had a marked decline i n their renal function with 
three of the four requiring hemofiltration or hemodialysis. S ix of the seven patients 
had decline of serum biomarkers indicating a response to treatment, but a l l 
responses have been brief; perhaps due to the truncated treatment course 
necessitated by the toxicity encountered. 

Recent trials include further attempts to escalate doses of C B D C A and V P - 1 6 
in patients with refractory germ cell tumors. Escalation has been possible since 
patients currently undergoing this therapy are much less heavily pretreated than 
those in the initial phase I trial. Thirty-two patients were on a careful dose 
escalation of each of these agents. The maximum tolerated dose level was 
carboplatin 700 m g / m 2 and V P - 1 6 750 m g / m 2 given daily on days - 6 , - 5 and - 4 . 
Dose-limiting toxicity for this regimen was mucositis. There were five treatment-
related deaths: four due to sepsis and multi-organ failure and one central nervous 
system hemorrhage. A number of conclusions can be drawn from the series o f 
studies performed at Indiana University. First, a small percentage of patients wi th 
multiply relapsed or cisplatin-resistant germ cell cancer can be cured with H D C T . 
Second, the initial attempt to increase the therapeutic ratio of the regimen with the 
addition of ifosfamide was unsuccessful i n this patient population. Furthermore, 
analysis of prognostic factors from these and other studies suggest that patients 
with primary mediastinal nonseminomatous germ cel l cancer have a particularly 
poor prognosis and such patients should be entered into c l in ical trials o f more 
intense therapy or combinations with newer agents. 

Institut Gustave-Roussy studies 
Similar studies from other institutions provide further substantiation of the 

curative potential o f H D C T in refractory germ cel l cancer. Serial studies at the 
Institut Gustave-Roussy have demonstrated activity i n recurrent germ ce l l cancer. 
These investigators developed a regimen using cisplatin 40 m g / M 2 day 1-5, 
etoposide 350 m g / M 2 day 1-5 and cyclophosphamide 1600 m g / M 2 day 2-5 
( P E C ) . Sixteen patients with recurrent germ cel l cancer were enrolled. 7 A l l had 
received prior therapy with cisplatin-based treatments. F ive of the 15 éva luable for 
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response were long-term disease survivors. The succeeding study enrolled 

untreated patients felt to be at high risk of treatment failure with conventional 

therapy. 8 Br ie f conventional induction therapy was fol lowed by a single round of 

H D C T with P E C . O f 32 poor risk patients entered, 15 remain free of disease at a 

median follow-up of 18 months. 

Other European studies 
Rosti and colleagues have expanded the CBDCA/e topos ide skeleton with the 

addition of ifosfamide. 9 In this study, 21 patients were entered after failing primary, 
and often, secondary chemotherapy. In addition to the C B D C A and etoposide as 
given at Indiana University, ifosfamide was added at a dose of 12 g m / M 2 over 3 
days. N o significant renal toxicity was encountered in this study. Thirteen of the 21 
patients received one course, seven received two courses and one patient received 
three courses. There was one therapy-related death due to veno-occlusive disease. 
There were eight complete remissions ranging from one to 33 months. F ive of the 
complete remissions are ongoing. 

A preliminary report from Linkesch and colleagues in Austr ia combines 
features of the P E C protocol and the protocols from Indiana University along with 
recombinant granulocyte-macrophage colony-stimulating factor ( r h G M - C S F ) . 1 0 In 
this study, H D C T with carboplatin (2000 m g / M 2 ) , etoposide (1500 m g / M 2 ) and 
cyclophosphamide (60 mg/kg X 2) was given to patients with recurrent and 
refractory germ cell cancer. A l l patients were deemed incurable with standard 
therapy and 62% had advanced disease by the Indiana University classification 
system. Twelve patients received the H D C T with autologous bone marrow rescue 
and an additional 30 patients received the same treatment with hematopoietic 
growth factors along with autologous B M T . Response was assessed in 38 patients 
and reported by state of disease at time of transplant. In patients with recurrent 
disease, 11/17 patients (64%) obtained a remission including 5 partial and 6 
complete responses. In patients with refractory disease, 10/15 patients (67%) 
obtained a response including seven complete remissions. O f the six patients with 
progressive disease on chemotherapy, only one patient obtained a brief partial 
response. O f the patients obtaining complete remission 10/13 remain in complete 
response of whom seven have been greater than one year disease-free. 

INITIAL SALVAGE THERAPY 

Since the overall cure rate for recurrent testis cancer with ifosfamide-cisplatin 
based therapy is 20-25%, the proper next investigation seems to be incorporation 
of H D C T as a component o f initial salvage therapy. A recent pilot study at Indiana 
University enrolled 25 patients with cisplatin-sensitive disease who were treated 
with conventional salvage therapy (usually vinblastine, ifosfamide and cisplatin 



Solid Tumors 327 

[VelP]) for two courses followed by a single course of high-dose carboplatin and 
etoposide. Several preliminary results of this trial merit emphasis. First, there was 
only one transplant-related death in this series. On ly six of the 25 patients enrolled 
did not enter the transplantation portion of the protocol. Overal l , 8 patients obtained 
a C R , 14 P R , 2 stable disease and one progressive disease. There was one therapy-
related death. W i t h a median follow-up o f 18 months, 14/25 (56%) are progression-
free. Three additional patients who progressed after protocol treatment are 
disease-free after subsequent surgeries or additional chemotherapy. It is unclear 
that these results are superior to conventional salvage approaches as these patients 
are highly selected, but the excellent tolerance of therapy and the high response rate 
were encouraging. 

Siegert and colleagues in Germany report the results o f high-dose carboplatin, 
etoposide and ifosfamide in the treatment of recurrent testicular cancer. 1 1 Patients 
had received a median of six cycles of cisplatin-based chemotherapy. Patients were 
given two induction courses of conventional dose cisplatin, etoposide and 
ifosfamide before receiving escalated therapy. Fif ty-f ive patients received 
treatment with conventional therapy followed by carboplatin 1500-2000 m g / M 2 , 
etoposide 1200-2400 m g / M 2 and ifosfamide 0-10 g m / M 2 . T w o patients died of 
treatment-related causes. Responses included 12 patients (21%) with complete 
remission and 16 patients (28%) with marker negative partial remission. Twenty-
one of these patients (38%) have maintained their response from 3+ to 26+ months. 
Whi l e the precise degree of chemotherapy-resistance i n this patient population is 
not given, it is encouraging that a high percentage of recurrent patients remain 
progression-free. 

The value of H D C T is rigidly tested in a randomized pan-European trial 
comparing V I P as standard salvage therapy to an experimental arm of V I P plus 
H D C T . The trial is ongoing and accrual hopefully w i l l be completed i n 1998. 

HIGH-DOSE CHEMOTHERAPY AS INITIAL TREATMENT IN 
POOR RISK PATIENTS 

Memoria l Sloan Kettering has begun to use H D C T as a portion of init ial 
treatment in selected patients. 1 2 Patients are given conventional chemotherapy 
( V A B - 6 ) and those patients in whom there is a sub optimal decline in serum H C G 
or A F P after 2-3 cycles of treatment are given high-dose carboplatin and etoposide 
with autologous marrow support. T o date, the majority of patients entered on the 
protocol have required transplantation and there is early evidence of improved 
outcome relative to a comparable group of patients from earlier trials. T o date, 16 
patients have been treated with high-dose carboplatin and etoposide after sub 
optimal response to V A B - 6 . Nine patients (56%) have obtained a complete 
remission and eight remain free of disease ranging from 8+ to 27+ months. These 
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reports compare favorably with a similar prognostic group treated with V A B - 6 
alone in whom only 14% have durable response to treatment. 

A more recent extension of this trial at Memor ia l Sloan Kettering enrolled a 
similar population of poor-risk patients with sluggish decline in serum markers. 
Patients with poor-risk features were begun on V I P and i f markers failed to 
decline by predicted half-life, conventional dose therapy was discontinued and the 
patient proceeded to two high-dose cycles of carboplatin (1800 m g / M 2 ) , etoposide 
(1800 m g / M 2 ) and cyclophosphamide (150 mg/kg). Thirty untreated patients were 
enrolled and sixteen received V I P alone. Fourteen had conventional therapy 
truncated and moved to H D C T due to poor marker decline. Overal l , 18/30 (60%) 
are continuously progression-free; a result that compares favorably with a 
historical group of poor-risk patients from the same institution. Aga in , whether 
this represents a therapeutic advance is being assessed in a randomized c l in ica l 
trial in poor risk patients. 1 3 

Investigators at Institut Gustave-Roussy ( IGR) have recently completed a 
phase III trial testing the addition of H D C T to conventional dose induction 
therapy for patients with untreated poor risk germ cel l cancer. 1 4 Patients with poor 
risk features as assigned by the I G R prognostic system were randomly allocated 
to receive P V e B V as described by Ozols and colleagues or a modified P V e B V X 
2 cycles followed by high-dose intensification with P E C . 1 5 Preliminary results 
suggest no benefit for patients receiving high-dose intensification. O f 49 patients 
randomized to receive P V e B V X 4, there were two early deaths and one refusal. 
Complete response was obtained in 30/49 (61%) and 82% of patients were 2-year 
survivors. O f 53 patients randomized to two cycles of modified P V e B V plus 
consolidation, there were eight early deaths and two refusals. Complete response 
was obtained in 21/53 (41%) and 6 1 % of patients were 2-year survivors. A statis
tically significant improvement in complete remissions (p=0.01) and a trend 
toward improved survival (p=0.1) were seen in the standard arm relative to the 
"dose intense" arm. 

The trial reported from I G R incorporated principles that were sound at the time 
of the initiation of the trial. However, subsequent evidence of the ineffectiveness 
of double-dose cisplatin, the availability and demonstrated activity of high-dose 
carboplatin and evidence of benefit of H D C T in refractory patients suggested that 
it was important to repeat the trial using more modern concepts. Thus, a large 
inter-group trial has been started in the Uni ted States enrolling patients with poor 
risk disease by the new International Prognostic System and randomizing them to 
receive either standard therapy ( B E P X 4) or high-dose therapy ( B E P X 2 
followed by carboplatin, etoposide and cyclophosphamide X 2). This trial is 
ongoing and w i l l either support or refute the role of H D C T in patients presenting 
with poor risk disease. 
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PROGNOSTIC FACTORS 

Throughout the init ial studies of H D C T i n germ cel l tumors, investigators 
analyzed outcome in various subgroups i n an attempt to better define those who 
had a significant chance of benefitting from chemotherapy. In init ial studies, 
primary site and degree o f chemotherapy resistance seemed to be the most 
important predictors of outcome. These attempts at defining prognosis have 
recently been formalized i n a large cooperative study by Beyer and colleagues. 1 6 

Cl in ica l data on 310 patients from Ber l in , I G R , Austr ia and Indiana University who 
underwent H D C T for germ cel l tumor were analyzed. For the group as a whole the 
failure-free survival was 32 ,30 and 29% at one, two and three years after treatment. 
C l in i ca l parameters that obtained significance i n the multivariate model were 
mediastinal primary site, progressive disease prior to treatment, H C G >1000 U / L , 
refractory disease (response to cisplatin, but progression within 4 weeks) or 
absolutely refractory disease (no response to cisplatin). The investigators 
developed three categories o f risk using these factors. Good risk patients had 5 1 % 
F F S at three years compared with 27% and 5% for those with intermediate or poor 
risk. Thus it seems that patients with absolutely cisplatin-resistant disease, patients 
with mediastinal primaries or progressive disease prior to transplant have very poor 
overall outcome even with transplant and should be considered for less toxic 
palliative approaches. 

SUMMARY 

Whether H D C T w i l l play a major role in the treatment of untreated poor-risk 
patients or those failing initial salvage treatments or remain a minor option for rare 
patients failing multiple chemotherapies is currently being defined by two large 
multi-center studies. It can be said that new analyses of prognostic variables have led 
to better understanding of those who are not at al l l ikely to benefit from these 
treatments. The results of these ongoing trials w i l l be crucial to planning future 
investigations of H D C T in germ cell tumors. 
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ABSTRACT 

T w o consecutive trials were conducted to evaluate a very high-dose 
chemotherapy program with autologous bone marrow (autoBM) or peripheral stem 
cell (autoPSC) support i n previously untreated advanced ovarian cancer patients 
with macroscopic (>0.5 cm) residual tumor. Fifty-six patients (median age 46; 
stage IIIC 84%) underwent induction chemotherapy (IndCT) (2—4 cycles o f a 
cisplatin and cyclophosphamide combination ± granulocyte colony-stimulating 
factor [G-CSF]) with a u t o B M and/or autoPSC harvesting (H) followed by intensi
fication chemotherapy (one course of a platinum, etoposide combination ± 
melphalan, G - C S F and erythropoietin [EPO]) i n the absence of c l i n i ca l 
progression. Second-look laparotomy was performed i n c l in ica l complete 
responders. Forty-five (80%) and 39 (69%) patients were évaluable , respectively, 
for toxicity and pathological response (pR), while 3 patients are still under 
treatment; 7 progressed during treatment, and 3 are awaiting second-look surgery. 
One toxic death occurred due to systemic mycosis in a patient undergoing a u t o B M 
transplantation (T). The number of leukaphereses required for adequate au toPSCH 
decreased after G - C S F incorporation. Duration of B M aplasia progressively 
decreased for patients receiving au toBMT, autoPSCT and autoPSCT with G - C S F 
and E P O , respectively. Eighty-nine percent response ( C R 51%, P R 38% of which 
23% had microscopic disease) was revealed at second-look. Median follow-up of 
30 months (6-85) has been reached from diagnosis. Sixteen of 20 pathologically 
complete responders (6 with a >5 year follow-up from second-look) are disease-
free without further therapy. Treatment proved to be feasible with acceptable 
toxicity when autoPSCT + G - C S F and E P O were used. The disease-free interval 
appears longer than expected in patients with chemosensitive tumors. These data, 
i f confirmed after longer follow-up, warrant further investigation in a randomized 
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setting to determine the therapeutic benefit of this new approach for patients with 
chemosensitive tumors. 

INTRODUCTION 

The majority of patients with ovarian cancer present with advanced stage 
disease at diagnosis. Although cl inical responses can be achieved with current 
platinum-based chemotherapy regimens in over half of patients, the five-year 
survival is rarely higher than 20%, and only a minority enjoy prolonged disease-
free survival. Overal l , less than 30% achieve complete remission and of these 
40-60% w i l l relapse and have a poor chance of cure. These data suggest that a 
combination of surgery and standard platinum-based chemotherapy is currently 
able to cure no more than 10-20% of advanced stage cases, and that there is an 
urgent need for innovative therapeutic strategies. 

In recent years, the concept o f the dose-response relationship has formed an 
integral part o f the principles o f treatment o f hematologic and sol id tumors. 
W i t h regard to ovarian cancer, high-dose cisplatin ( D D P ) has proved to be 
effective i n some patients fa i l ing standard-dose regimens, 1 " 3 and response rates 
seem to be increased by dose escalation of plat inum i n phase I-II studies. 4" 7 

Moreover , preliminary data on the use of combinations further suggest that 
multi-agent chemotherapy regimens may y i e ld superior results. 8 ' 9 Combined or 
sequential D D P and carboplatin ( C B D C A ) therapy may permit the adminis
tration of higher doses of platinum than a single analogue, as these agents have 
nonoverlapping t o x i c i t i e s . 1 0 1 1 Moreover , its negligible nonhematologic toxici ty 
makes C B D C A a potentially useful drug i n the setting of very high-dose 
chemotherapy, when recovery from myelosuppression can be accomplished 
with the use of adequate hematologic suppor t . 1 2 - 1 7 O f the alkylat ing agents, 
etoposide (VP-16) and melphalan ( L - P A M ) may be selected for combination 
wi th plat inum compounds, the former showing synergistic activity both i n vi tro 
and in v ivo with D D P , 1 8 - 2 0 the latter a high anti-tumor response. 2 1 Furthermore, 
their dose-l imit ing myelosuppression makes both these drugs ideal agents to be 
administered when means for restoring bone marrow are used. In this respect, 
autologous peripheral stem ce l l transplantation (autoPSCT) has been proved to 
be effective i n rapidly restoring hematopoietic function after high-dose 
t reatment . 1 2 - 1 7 On the basis o f precl inical data available for ovarian cancer, a 
survival benefit from dose intensification programs is far from expected in 
patients wi th large tumor burdens. Conversely, patients wi th relatively smal l 
volume disease and drug-sensitive tumors may potentially benefit from very 
high-dose chemotherapy t r i a l s . 2 2 , 2 3 

In the light of the above, two consecutive phase I-II trials were conducted to test 
the feasibility and efficacy of very high-dose chemotherapy with autoPSC or bone 
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Table 1. Patient characteristics 

No. of patients entered 56 (100%) 
Study A 20 (36%) 
Study B 36 (64%) 
median age: 46 years (range 29-60) 
FIGO stages: IIIB 7 (12%) 

IIIC 47 (84%) 
IV 2 ( 4%) 

histotype: serous 45 (80%) 
endometrioid 6(11%) 
undifferentiated 5 ( 9%) 

grade of differentiation: moderate 11 (20%) 
poor 45 (80%) 

primary surgery: cytoreductive 42 (75%) 
simple tumor removal 4 ( 7%) 
exploratory 10 (18%) 

residual disease after primary surgery: 0.5-2 cm 42 (75%) 
>2 cm 14 (25%) 

residual disease after interval surgery: 0.5-2 cm 14(100%) 

marrow (autoBM) support after init ial surgery in selected patients with advanced 

ovarian cancer. The pooled data from these two trials are presented. 

PATIENTS AND METHODS 

Fifty-six previously untreated patients with advanced epithelial ovarian cancer 
were enrolled in two consecutive trials: study A (June 1989-June 1991), and study 
B (June 1992-July 1996). The following eligibili ty criteria were adopted: histolog
ically confirmed moderately to poorly differentiated F I G O Stage IU- IV ovarian 
carcinoma; less than 2 c m residual disease after primary surgery; age less than 55 
years (study A ) and less than 60 (study B ) ; W o r l d Health Organization ( W H O ) 
performance status of 0-1 ; M written informed patient consent; adequate bone 
marrow ( W B C count >4000 uL; platelet count >100,000 uL) , hepatic (bilirubin <2 
mg/dL; alkaline phosphatase and serum transaminases <2.5 times normal), renal 
(serum creatinine <2 mg/dL; creatinine clearance >50 cc/min) and cardiac functions. 

Patient characteristics are detailed in Table 1. One stage I V patient had 
metastasis to the abdominal wal l and another presented with pleural effusion. 
Initial surgery was classified according to Wharton et a l . 2 5 In ten and four patients, 
primary surgery was limited to explorative laparotomy and simple tumor removal, 
respectively. Thus, 14 patients (25%) were enrolled in spite of >2 c m residual 
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disease in an attempt to achieve minimal residual disease by combined induction 
chemotherapy and surgery. E l ig ib le patients were entered into the study no later 
than two weeks after primary surgery and first underwent induction chemotherapy 
consisting of: (study A ) 40 mg/m 2 D D P , days 1-4, and 1500 m g / m 2 cyclophos
phamide ( C T X ) , day 4, q 4 weeks, for two cycles; treatment was given in an 
inpatient semi-intensive care setting; autoPSC harvesting was performed by 
repeated leukaphereses 2-3 weeks from the start of each induction chemotherapy 
course when recovery from transient myelosuppression became evident (platelets 
>50,000/uL, W B C >1000/uL); a u t o B M H was performed no later than 6 weeks 
after the second course of induction chemotherapy according to the procedure 
previously reported; 2 6 (study B ) 100 m g / m 2 D D P , day 1, 600 mg/m 2 (1500 m g / m 2 

only in the first cycle) C T X , day 1, plus 5 ug/kg s.c. granulocyte colony-stimulating 
factor ( G - C S F ) , day 2 to the completion of au toPSCH only in the first cycle, q 3 
weeks, for four cycles; treatment was given on an outpatient basis while au toPSCH 
was performed by repeated leukaphereses no later than two weeks after the start o f 
the first induction chemotherapy course only. Given the satisfactory results of 
a u t o P S C T , 2 7 , 2 8 a u t o B M H was no longer included in the treatment plan. 
Leukaphereses were performed in both studies according to the procedure 
previously reported. 2 7 

O f the patients ini t ial ly suboptimally debulked, those who cl in ica l ly responded 
to the first two cycles of induction chemotherapy underwent intervention surgery 
and, i f a <2 c m postoperative residual disease was achieved, were eligible for the 
intensification chemotherapy. A l l patients with minimal residual disease after 
init ial surgery—in the absence of progressive disease and with decreasing C A 1 2 5 
levels after induction chemotherapy—were eligible to receive one cycle of 
intensification chemotherapy (within two weeks after a u t o B M H i n study A , and 
within four to six weeks after the last course of induction chemotherapy in study 
B ) . Intensification chemotherapy consisted of: (Study A ) 100 m g / m 2 D D P , day 1, 
650 m g / m 2 V P - 1 6 , day 2, and 1800 m g / m 2 J M 8 by 24-hour infusion, day 3; 
autoPSC and/or a u t o B M were infused on day 5; (Study B ) 600 m g / m 2 C B D C A , 
days 1-2, 450 m g / m 2 V P 1 6 , days 1-2, 50 m g / m 2 L - P A M , days 3^1; 5 ug/kg s.c. 
G - C S F , days 6-18, and 150 U / k g s.c. erythropoietin (EPO) , every other day, days 
6-18; autoPSC were infused on day 5. The anti-emetic treatment consisted of an 
alizapride-based regimen in the former study, and of a serotonin antagonist-based 
regimen in the latter. One week before receiving intensification chemotherapy al l 
patients were placed on prophylact ic tr imethoprim-sulfamethoxazole, 
ketoconazole and acyclovir until day 30. The patients were given a low bacterial 
content diet and received total parenteral nutrition during periods of low oral 
intake. During the period of neutropenia, patients were started immediately on 
broad-spectrum antibiotics when temperature exceeded 3 8 ° C for more than 24 
hours; amphotericin-B was added when fever persisted for more than 3 days 
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despite antibiotic treatment or i f blood culture was positive for mycosis. Irradiated 

R B C and platelets were transfused to maintain platelet ( P L T ) count > 2 5 X 1 0 9 / L 

and hemoglobin (Hb) count >8.5 g /dL. The W H O toxicity and response 

evaluation criteria were adopted. 2 4 In the absence of measurable residual disease, 

c l in ical response was assessed on the basis of C A 1 2 5 serum levels. Four to 6 

months after intensification chemotherapy, c l in i ca l ly complete responders 

underwent second-look laparotomy. Overal l and P F survivals were calculated 

from primary surgery to date of death, and of c l in ical or pathological progression, 

respectively. A l l medians and life tables were computed using the product-limit 

estimate by Kaplan and M e i e r . 2 9 Overal l , median follow-up times of 30 months 

(range 6-85) and 26 months (range 8-73) from diagnosis and second-look have 

been reached, respectively. Analys is was as of July, 1996. 

RESULTS 

A l l patients enrolled had completed induction chemotherapy at the time of the 

present evaluation. 

Hematologic toxicity d id not seem to be cumulative during induction 

chemotherapy in either study. Severe neutropenia and thrombocytopenia were 

documented in 97.5% and 35%, and 4.5% and 1.5% i n Study A and B , respec

tively. Each patient underwent a median number of 8 (7-11) and 2 (2-5) 

leukaphereses i n studies A and B , respectively. In Study A , four patients 

underwent a u t o B M H only (one refused the aphérèses procedure, two had fever 

and one d id not come i n for regular b lood tests after induction chemotherapy 

courses). In accordance with previously reported r e su l t s , 2 7 2 8 a u t o B M H yielded 

on average, substantially lower numbers of mononuclear cells ( M N C ) and 

colony-forming units-granulocytes macrophages ( C F U - G M ) than obtained by 

repeated leukaphereses (data not shown). 

A l l 14 patients with >2 c m residual disease after init ial surgery achieved a 

minimal residual disease state after interventional surgery. Forty-eight (86%) of the 

56 patients considered for intensification chemotherapy were i n complete 

remission after induction chemotherapy; 45 (80%) patients have so far received 

intensification chemotherapy, and the remaining three are still awaiting admission. 

A s expected, hematologic toxicity induced by intensification chemotherapy was 

severe in a l l cases. 

However, the median duration of leukopenia, granulocytopenia and thrombocy

topenia progressively decreased for patients receiving au toBMT, autoPSCT and 

autoPSCT with G - C S F and E P O , respectively (Table 2). Petechiae and/or epistaxis 

developed in nine (20%) patients, four o f whom had undergone au toBMT. 

Neutropenic fever was observed in 100% and 46% of study A and B patients, 

respectively. Severe infections with documented pulmonary infiltrates (two 
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Table 2. Hematologic toxicity following intensification CT 

Study A B 
Hematologic support autoBMT autoPSCT autoPSCT + GF 

WBC: 
<1.0X10 9/L 17(15-21) 8 (8-10) 6(4-9) 

granulocytopenia: 
<0.5X109/1 16(15-19) 10 (9-12) 6 (3-9) 
<0.2X109/1 9 (8-10) 7 (5-8) 5 (3-8) 

thrombocytopenia: 
<50X10 9/L 15 (13-19) 6(2-16) 7 (4-14) 
<20X10 9/L 7 (5-15) 2(0^1) 2 (1-9) 

Results are expressed as the median number of days (range) obtained in the different 
series; autoBMT: autologous bone marrow transplantation; autoPSCT: autologous periph
eral stem cell transplantation ;GF: growth factors. 

patients in study A , one of whom received au toBMT) or sepsis (two patients in 
study B ) developed in 8% of cases. One treatment-related death due to a blood-
culture positive Candida sepsis occurred in a 42-year-old woman undergoing 
a u t o B M T in study A . The median number of transfused platelet and R B C concen
trates in studies A and B were 3 (1^1), and 2 (1-5), 1 (0-1) and 0 (0-1), respec
tively. The additional time and care required for a u t o B M H and, more importantly, 
the satisfactory results of the autoPSCT suggested that a u t o B M H be eliminated 
from the protocol in the last six patients of study A and in al l subsequent patients. 

Severe gastrointestinal toxicity was observed in 100% of patients, and required 
total parenteral nutrition in six (30%) of the patients enrolled in the first study. 
However, routine total parenteral nutrition was subsequently adopted in the second 
study. Hepatic toxicity consisted of transient elevation of liver transaminases, and 
was severe only in two patients of study A . M i l d to moderate nephrotoxicity 
consisting of rapidly reversible serum creatinine elevation was detected only in 
study A (90%). After intensification chemotherapy, al l patients in the first study 
and six (24%) in the second experienced mi ld to moderate ototoxicity (such as 
cl inical hearing loss); mi ld peripheral neuropathy (such as distal sensory deficit) 

Table 3 . Pathological response 

Initial PR PR 
FIGO stage No. CR (micro) (macro) NC 

HIB 5 5 1 - -
IIIC 31 14 7 6 4 
IV 2 1 1 - -

total 39 (100%) 20 (51%) 9 (23%) 6 (15%) 4(11%) 
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was present in 16 (80%) patients in study A and in 4 (16%) patients of study B . 
Severe neurologic toxicity, defined as gait disturbances, developed in two (10%) 
cases in study A (without, however, wheelchair-dependence). The median hospital 
stay from the start o f intensification chemotherapy for patients receiving a u t o B M T , 
autoPSCT and growth factors was 38 days (32-42), 28 days (27-30) and 19 days 
(14-29), respectively. 

O f the 45 patients who received intensification chemotherapy, 39 (69%) are 
presently évaluable for pathological response, one died of toxicity, two refused to 
undergo second-look surgery while three are st i l l awaiting second-look surgery. 
Pathological complete response (pCR) was found in 20 (51%) évaluable patients, 
accounting for an overall rate of 36% (Table 3). 

O f interest is that among the 15 (38%) patients with pathological partial 
response (pPR), nine (23%) had only microscopic persistent disease. Forty-two 
(75%) of the 56 patients who have completed treatment are alive at the time o f this 
analysis. In addition to the toxic death, 12 patients died of progressive tumor and 
one patient, in complete remission, died of intercurrent disease, 7-38 months and 
13 months from second-look, respectively. Sixteen (80%) of the 20 patients with 
p C R are currently disease-free. Median survival has not yet been reached, while the 
median progression-free (PF) survival is 26 months. The 5-year survival analysis 
for study A showed overall survival and P F survival rates of 60% (95% C I : 
35.7-52.5) and 51% (95% C I : 26.3-46.2), respectively. The five-year overall and 
P F survivals are 62% and 38%, respectively (Figure 1). 
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DISCUSSION 

To date no other study has reported results of very high-dose platinum-based 
chemotherapy with autoPSC support in previously untreated advanced ovarian 
cancer patients. Therefore, our previous results, 2 8 together with the update presented 
here are the only data published in this respect. Given the unfavorable characteristics 
of our patients, we adopted the therapeutic strategy of salvage combining aggressive 
surgery and chemotherapy. M a x i m u m surgical effort was pursued in all cases and a 
0.5-2 c m residual disease was achieved in 75% of patients by primary surgery and 
by interventional surgery in the remaining 25%. Thirty-six percent of our patients 
achieved a p C R , and microscopic disease was the only residual tumor in a further 
23%. The p C R rate did not seem to be dramatically higher than that obtained by 
standard-dose platinum-based combination regimens in stage III—IV patients with 
minimal residual disease. 3 0 ' 3 1 Nevertheless, the following considerations are to be 
made: 1) series of patients with <2 c m residual disease usually include those with 
no residual disease, while our patients all presented with macroscopic residual 
disease; and 2) initial substage according to the new F I G O classification 3 2 is 
generally not reported, nor is the kind of surgery required to achieve minimal 
residual disease; also, despite the 0.5-2 c m residual disease in 75% of our patients, 
88% initially presented with stage IIIC-IV. Moreover, only three of the patholog
ically complete responders have relapsed in the absence of any further treatment and 
with a median follow-up from second-look of 19 months (12-27). A 40-60% 
recurrence rate is expected in patients with p C R following standard-dose platinum-
based chemotherapy, and most receive further therapy after second-look. Therefore, 
although the overall follow-up data are still immature, it would seem that very high-
dose chemotherapy is able to induce durable responses in sensitive tumors. The 5-
year overall and P F survival rates of 62% and 38%, respectively, observed in this 
study further support the hypothesis of an increased therapeutic effect when 
compared to the 30% 5-year overall survival reported in optimally debulked stage 
IIIC patients. 3 3 Accordingly, results from a recent meta-analysis of randomized 
trials comparing standard-dose single-agent platinum versus platinum-based 
combinations and D D P versus C B D C A - b a s e d regimens in advanced stage disease 
showed 4-year overall survival rates never superior to 3 0 % . 3 4 3 5 Even though our 
data are obviously not comparable with the above and the phase I—II setting and size 
of this study preclude conclusive analyses, it is conceivable that some improvement 
in disease-free survival (DFS) may be achieved by combining aggressive surgery 
with a very intensive platinum-based cytoreduction. 

In accordance wi th previous p u b l i c a t i o n s , 2 7 2 8 patients who underwent 
a u t o B M T had delayed engraftment with a significantly longer duration of granulo
cytopenia and thrombocytopenia than those undergoing autoPSCT. The one case of 
toxic death caused by systemic candidiasis occurred despite antimycotic 
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prophylaxis and treatment in a patient receiving a u t o B M T only, and was probably 
related to delayed engraftment. Hence, the use of a u t o B M T seems to be no longer 
justified, and autoPSCT should be the hematologic support of choice when very 
high-dose chemotherapy regimens are employed. The use of cytokines, 
incorporated in study B , decreased myelosuppression in both the induction and 
intensification phases and shortened the duration of myelosuppression after intensi
fication chemotherapy, further lowering the costs of therapy in terms of supportive 
care requirements (i.e., transfusion and antibiotic usage), hospitalization and 
improving patient quality of life. Extrahematologic toxicity consisted mainly of 
gastrointestinal side effects experienced by all patients despite routine antiemetic 
treatment. Neurotoxicity was severe in only 4% of cases. Moreover, subsequent to 
the dose reduction per cycle (induction chemotherapy) and withdrawal o f D D P 
(intensification chemotherapy) in study B , grade 1 ototoxicity and peripheral 
neuropathy were the sole neurological side effects. The mi ld , reversible nephro
toxicity observed in almost a l l patients i n study A was most l ike ly due to high-dose 
D D P in induction chemotherapy and the use of D D P before high-dose C B D C A i n 
intensification chemotherapy. None of the patients in study B , in fact, showed any 
renal dysfunction. 

In conclusion, this study demonstrates that the combination of aggressive 
surgery and very high-dose chemotherapy with autoPSCT is feasible treatment for 
previously untreated patients with advanced ovarian cancer. In particular, the 
toxicity is manageable i n those patients undergoing autoPSCT, especially i f growth 
factors are used. Should a longer follow-up period confirm the apparently 
prolonged disease-free interval, this new approach may prove to have therapeutic 
benefit for the treatment of chemosensitive tumors. If so, randomized trials 
comparing very-high dose with standard dose regimens in selected patients w i l l be 
the order of the day. 
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ABSTRACT 

The chemotherapy of advanced epithelial ovarian cancer has improved over 
the last 15 years with the advent of two specific agents, cisplatin and, more 
recently, paclitaxel. The combination o f these compounds or the use of paclitaxel 
with carboplatin, rather than cisplatin, has now become the standard approach to 
the treatment of patients with surgically incurable disease. Despite these advances, 
the long-term disease-free survival (DFS) of patients with stage III or I V disease 
remains less than 30%. Because of these frequently disappointing results, 
clinicians have sought additional approaches such as high-dose therapy with stem 
cel l rescue as a means of improving the treatment outcomes for these women. A s 
with diseases such as breast cancer, lymphoma and leukemia, the bulk of disease 
present at the time of high-dose therapy, the chemotherapy sensitivity o f the 
disease prior to transplant, patient performance status and extent of prior therapy 
are a l l important predictors of outcome fol lowing high-dose therapy treatment. In 
one large series, sensitivity to cisplatin or carboplatin at the time of high-dose 
therapy was the strongest predictor of extended progression-free and overall 
surv iva l after transplantation and was associated wi th a 29% two-year 
progression-free survival (PFS) for patients wi th low volume and platinum 
sensitive disease. These and other results w i l l be presented along with a review of 
upcoming nationwide studies that are planned to rigorously address the role of 
high-dose therapy with stem cel l support in this patient population. 

INTRODUCTION 

The chemotherapy of advanced epithelial ovarian cancer has improved over the 
last 15 years with the advent of two specific agents, cisplatin, and more recently, 
paclitaxel. The combination of these compounds or the use of paclitaxel with 
carboplatin, rather than cisplatin, has now become the standard approach to the 
treatment of patients with surgically incurable disease. Despite these advances, the 
long-term disease-free survival (DFS) of patients with stage III or I V disease 
remains less than 3 0 % . 1 - 3 Because of these frequendy disappointing results, 
clinicians have sought additional approaches such as high-dose therapy ( H D T ) 
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with stem cell rescue as a means of improving the treatment outcomes for these 
women. In this review, we w i l l discuss the results of recent studies with standard 
doses of chemotherapy without growth factor or stem cell support and present data 
from several trials in which more intensive chemotherapy approaches requiring 
such support have been utilized. 

STANDARD CHEMOTHERAPY FOR ADVANCED DISEASE 

In the 1980s and 1990s, standard therapy has consisted of the combination of 
cisplatin and cyclophosphamide with or without ad r i amyc in . 1 3 ' 4 During the last 
several years, however, a new standard was established by the report of 
Gynecologic Oncology Group ( G O G ) trial 1112. In this study, patients with 
suboptimally debulked Stage III (>1 cm of tumor mass fol lowing initial surgery) or 
stage I V disease were randomized to receive six cycles of either cyclophos
phamide, 750 mg/m 2 , plus cisplatin, 75 mg/m 2 , or paclitaxel, 135 m g / m 2 by 24-
hour infusion and cisplatin, 75 mg/m 2 . Both regimens were administered every 
three weeks and 87% of patients underwent a second-look operation to evaluate 
residual disease. The combined complete and partial remission (PR) rates for the 
cyclophosphamide and paclitaxel groups were 60% and 73% respectively (p<0.05). 
Forty percent of the paclitaxel treated group had either pathologically negative or 
microscopic only disease as opposed to 23% of the cyclophosphamide treated 
group (p<0.005). Lastly, the progression-free and overall survival for the paclitaxel 
treated group were 17.9 and 36.8 months as opposed to 12.9 and 24.4 months 
respectively for the cyclophosphamide treated group. Approximately 25% of 
patients in the paclitaxel group as opposed to approximately 15% of the cyclophos
phamide treated patients remain free of recurrence 48 months fol lowing initiation 
of therapy. These results represent the new standard of care in this field and are the 
benchmark against which new treatments should be compared. 

There is general agreement from several large cl inical trials that cisplatin and 
carboplatin are equally active agents. 5 , 6 Carboplatin is more myelosuppressive and 
less neuro-, gastro- and nephrotoxic than is cisplatin. In addition, the lower 
incidence of nephrotoxicity and emesis make carboplatin substantially easier and 
less expensive to administer in the outpatient setting. Whi l e studies comparing 
cisplatin and paclitaxel with carboplatin and paclitaxel, as wel l as different 
schedules (one, three, 24 or 96 hour infusions) and doses (120, 135, 175 or 225 
mg/m 2 ) of paclitaxel are currently underway, many clinicians are using paclitaxel 
along with carboplatin A U C doses of 6 or 7.5 by the Calvert equat ion. 7 8 

There are few other agents which are currently being employed as init ial 
treatment for these patients although a recent meta-analysis of adriamycin 
suggests that there may be a role for that compound in the early therapy of these 
women. 3 Other agents including docetaxel (taxotere) topotecan and ifosfamide 
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Table 1. High-dose therapy for advanced disease 

Author No. Conditioning regimen CR PR Response duration 
Stiff 29 C, MT, CB 16 8 1 months 
Shpall 12 C, T, CD 6 6 months 
Shea 11 CB 1 5 
Shea 14(i2evai.) cycle #1: M 7 3 

cycle #2: CB, V, MT, T 8 months 
C=Cyclophosphamide; MT=Mitoxantrone; CB-Carboplatin; T=Thiotepa, V=VP-16; CD=Cisplatin. 

have substantial activity in patients with ovarian cancer, but neither has become 
part o f standard ini t ial treatment for these pat ients . 9 - 1 1 These agents have, 
however, become increasingly used as salvage therapy for women after 
progression fol lowing therapy with either carboplatin or cisplatin and paclitaxel. 
Al though disease that is refractory to paclitaxel is unl ikely to be sensitive to 
docetaxel, there is clearly some activity i n this setting, suggesting a different 
microtubule target for these two compounds. Other agents such as oral 
hexamethylmelamine, oral melphalan, 5-fluorouracil and cyclophosphamide have 
al l been used i n the salvage setting and provide response rates i n the 10-15% 
range. Despite these attempts at salvage therapy, the median survival duration 
beyond the time of first recurrence is 12 to 18 months. 

HIGH-DOSE THERAPY WITH STEM CELL SUPPORT 

The role of dose intensity in ovarian cancer remains controversial. A classic 
analysis by Hyr in iuk and L e v i n indicated a strong correlation between dose 
intensity response and survival in these patients. 1 2 Other trials have not, however, 
demonstrated a significant advantage for dose increases i n the standard therapy 
range for agents such as cisplat in . 1 3 The advent of autologous bone marrow and 
blood stem cel l support has permitted the delivery of substantially higher doses of 
chemotherapy drugs to patients with less toxicity than would otherwise be the case. 
This approach has been widely applied i n the treatment o f patients wi th 
lymphomas, leukemias, multiple myeloma, testicular and breast cancers and has 
resulted in high response rates, prolonged disease-free and overall survival, and, i n 
some cases, cure of otherwise incurable disease. High-dose therapy ( H D T ) has also 
been used in the treatment o f patients with ovarian cancer and has led to very high 
response rates and some long-term survival in advanced and resistant patients. A s 
outlined in Table I, the majority of U .S . patients treated with this approach have 
had disease that has recurred at least once fol lowing init ial treatment and is often 
both bulky and resistant to standard therapy. Patients with platinum-sensitive 
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disease as defined by a response to platinum based chemotherapy (cisplatin or 
carboplatin) immediately prior to transplant, or a prior platinum response that had 
lasted for more than 6 months without intervening evidence of progression on 
platinum, and those with disease of less than one cm in largest diameter, achieved 
response rates of nearly 100%. In the Stiff study, the Phase II dose of chemotherapy 
included mitoxantrone, 75 mg/m 2 , cyclophosphamide, 120 mg/kg, and carboplatin, 
1500 mg/m 2 . The progression-free survival (PFS) of these patients approached 10 
months and the overall survival had not been reached at the time of publicat ion. 1 4 

Approximately 25% of these "good risk" patients remained progression-free two 
years fol lowing their transplant. Bulk ier and chemotherapy-resistant tumors also 
had a response rate exceeding 80%. The median duration of response was on the 
order of only 5 months, but one patient was reported to be still in remission at 49+ 
months fol lowing transplant. A preliminary report on three patients from this group 
and 24 additional patients with disease of <1 cm. and platinum-sensitive tumors 
before transplant (27 patients total), indicated a post-transplant progression-free 
survival of 19 months and a 67% overall two-year survival for this "best risk" 
group of patients (P. Stiff, personal communication). 

Other regimens that employ different combinations of chemotherapy include a 
single administration of single agent carboplatin, a tandem approach developed by 
investigators at U N C , Chapel H i l l , a platinum and thiotepa based regimen, and a 
high-dose paclitaxel program developed at the University of Colorado in D e n v e r . 1 5 - 1 8 

The original high dose phase I trial of carboplatin was undertaken at the Dana-Farber 
Cancer Institute in Boston and identified an M T D of 2 g/m 2 . Eleven patients with 
recurrent ovarian cancer were treated on this phase I trial. One woman achieved a 
complete remission (CR) and 5 achieved a P R without any response or survival 
duration provided. The current U N C approach involves a three-step process of stem 
cell mobilization and collection followed by single agent melphalan at a dose of 100 
or 140 mg/m 2 supported by 1/2 the stem cells collected from the mobilization cycle 
of treatment. Upon count recovery, patients receive a four-drug regimen with fixed 
doses of V P - 1 6 at 800 mg/m 2 and carboplatin at 1600 mg/m 2 . Patients also receive 
thiotepa and mitoxantrone with current doses of 600 mg/m 2 and 60 mg/m 2 , respec
tively along with blood stem cell and, usually, bone marrow support. 1 6 Fourteen 
patients have received this regimen with no treatment-related deaths. Approximately 
50% of the patients receiving 100 mg/m 2 of melphalan completed that portion of their 
treatment as outpatients. Only three patients have received 140 mg/m 2 of melphalan 
so it is too early to comment on the frequency of hospitalization in this cohort. T w o 
patients remain progression-free more than 15 months after transplant, eight patients 
have relapsed at a median of 9 months after transplant and four patients remain 
progression-free within six months of transplant. In this heavily pre-treated 
population, it appears that this regimen w i l l be comparable, but not necessarily 
superior, with others that have been used for this patient group. 
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Table 2. High-dose therapy following second-look surgery in minimal disease patients 

Author No. Conditioning regimen " F/U PFS b 

Viens 19 M 23 months 47% 
Legras 31 M , C 27 months 50% 
Extra 37 C, XRT (33), M (3 pts) 32 months 50% 

CB (14 pts) 
"C=Cyclophosphamide; MT=Mitoxantrone; CB=Carboplatin; T=Thiotepa; V=VP-16; CD=Cisplatin. 
bProgression-free survival. 

Dr. Shpall published a report from Duke University on 11 patients treated with a 
combination of cyclophosphamide (5.725 mg/m 2 ) , cisplatin (165 mg/m 2 ) and 600 
mg/m 2 of thiotepa. 1 7 This report described a heavily pretreated population of patients 
who were able to achieve a high response rate of modest duration. The report 
appeared before the general availability of stem cells or growth factors and there were 
two treatment-related deaths. This regimen is currently being tested in a randomized 
phase II Southwest Oncology Group ( S W O G ) trial along with the Loyo la regimen of 
mitoxantrone, carboplatin and cyclophosphamide. Drs. Cagnoni, Shpall and their 
colleagues have continued this work at Colorado and have developed a regimen 
consisting of fixed doses of 5.625 g/m 2 cyclophosphamide, 165 mg/m 2 of cisplatin 
and escalating doses of paclitaxel between 135 and 825 mg/m 2 over 24 hours. 1 8 The 
phase U dose of paclitaxel is 725 mg/m 2 . The dose limiting toxicities at doses of 825 
and 775 mg/m 2 included capillary leak, renal insufficiency, polyneuropathy and 
mucositis. The lack of more severe and debilitating neuropathy and mucositis at 
lower doses has been surprising given the toxicities of paclitaxel at standard doses. 
This may partially be explained by the fact that most of the patients have had breast 
cancer (33 of 39) and have not had prior platinum-based therapy. 

Whi l e the majority of patients receiving high-dose therapy have received a 
single course of intensive treatment, several investigators have developed programs 
that include the delivery of multiple cycles of therapy. Shea and his colleagues 
have reported on the delivery of multiple cycles of single agent carboplatin at a 
dose of 1200 m g / m 2 together with blood stem cel l and G M - C S F support. 1 9 This 
phase I study demonstrated the importance of stem cell support i n this approach. A 
subsequent phase I study utilized a combination of carboplatin and paclitaxel along 
with G - C S F and blood stem cel l support. 2 0 In this trial the maximum tolerated dose 
of drugs included 250 m g / m 2 of paclitaxel by 24-hour infusion and a carboplatin 
A U C dose of 18 by the Calvert equation. These agents were delivered every 21 
days for four cycles with minimum cumulative toxicity and a hospitalization rate 
of 20%. Similar approaches by Crown and Fennelly at Memor ia l Sloan Kettering 
have demonstrated a high overall response rate i n previously untreated patients 
with a 60% pathologic disease-free or microscopic disease only state at second-
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look surgery. 2 1 Their regimen currently utilizes a combination of cyclophos
phamide and paclitaxel induction therapy followed by stem cell collection. Stem 
cells are then reinfused fol lowing each of three cycles of high-dose carboplatin and 
paclitaxel and a final cycle of single agent high-dose melphalan. This approach is 
outlined in Table II and forms the basis for an upcoming pilot study of the 
Gynecologic Oncology Group ( G O G 9501). 

Although very high response rates can be achieved in these patients, the 
majority of them w i l l relapse and progress within one year of therapy. For this 
reason, some investigators have treated patients earlier in the course of their 
disease. Several of these studies have been performed in Europe with single agent 
melphalan or combinations of melphalan, cyclophosphamide and carboplatin for 
patients with minimal residual disease at the time of second-look surgery fol lowing 
platinum and cyclophosphamide based induction regimens. The number of patients 
is not large and follow-up is relatively short, but these data suggest that as many as 
40-50% of such patients may remain progression-free for two to three years or 
more fol lowing such treatment. 2 2 - 2 4 A trial reported by Benedetti-Panici uti l ized 
H D T as part of the initial therapy prior to second-look surgery. In this study, a 
pathologic C R rate of 42% was achieved in 35 patients who underwent several 
cycles of standard cyclophosphamide and cisplatin induction therapy followed by 
two cycles of high-dose therapy consisting of cisplatin, V P - 1 6 and carboplatin 
followed by melphalan, V P - 1 6 and carboplatin. 2 5 

Proposed or recently initiated studies 
The S W O G has opened a randomized phase II trial comparing toxicities of the 

mitoxantrone, carboplatin and cyclophosphamide regimen of L o y o l a with the 
cisplatin, thiotepa, cyclophosphamide regimen from Colorado. This trial is open to 
patients with recurrent (more than six months since initial therapy) or residual 
disease of less than 3 cm fol lowing initial therapy with a platinum based 
chemotherapy program. After init ially slow accrual, the activity of that trial has 
increased markedly in the last six months and approximately 30 patients have now 
been enrolled (P. Stiff, personal communication). A second cooperative group 
study through the Gynecologic Oncology Group has recently opened for init ial 
therapy of optimally debulked patients with stage III disease. This trial ( G O G 
9501) utilizes the sequential regimen developed by Fennelly and Crown at 
Memor ia l Sloan Kettering Cancer Center in New Y o r k and described in Table 3. 
The major endpoints of the study include second-look surgery and a pathologic 
disease-free rate of at least 50%. Addit ional objectives include the feasibility of 
delivering multiple cycles of this intensive therapy in a multi-center setting as wel l 
as estimating the progression and D F S rate for enrolled patients. This trial is 
opened as a limited access study at Memor ia l Sloan Kettering, U N C , Chapel H i l l , 
Fox Chase Cancer Center and Washington University in St. Louis . The last study 
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in this group is a trial that has been under development for some time with 
representatives from S W O G , G O G , the Eastern Cooperative Oncology Group 
( E C O G ) and the National Cancer Institute. The study is not yet finalized, but is 
anticipated to include a randomization between high-dose transplant therapy using 
the mitoxantrone, cyclophosphamide, carboplatin regimen versus four additional 
cycles of continued standard doses of platinum and paclitaxel-based therapy. 
El ig ible women would include those with responsive but still identifiable (<1 cm, 
but not pathologically negative) second look surgeries after four to six cycles o f 
init ial platinum-based chemotherapy. Patients with disease that was greater than 
one centimeter or those with stable or progressive disease after their init ial 
chemotherapy would not be eligible. The role of high-dose therapy w i l l be tested 
in this population of patients with minimal and chemotherapy-responsive disease. 
If accrual is adequate, this study should provide crucial information about the value 
of high-dose therapy in this optimal patient population. This study should be ready 
for activation by late 1996 or early 1997. 

SUMMARY 

The role o f high-dose therapy remains to be defined i n women with ovarian 
cancer. It is clear that high response rates can be achieved, even in patients with 
advanced and refractory or bulky disease, but the majority o f such patients st i l l die 
of recurrent malignancy. Phase II and phase III cooperative group trials addressing 
these issues are underway or are planned and w i l l be able to evaluate the role of 
multiple cycles of intensive therapy as ini t ial treatment as wel l as the value of 
intensive therapy in chemotherapy-sensitive, minimal disease patients (Table 3). 
Preliminary results suggest that this is the optimal population i n whom to test this 
approach and the planned NCI-sponsored tr ial should provide important 
information in this regard. A t the same time, it is clear that novel strategies, 
including the continued evaluation of intraperitoneal therapy for patients with 
minimal abdominal disease, biologic therapy with intraperitoneal interleukin-2, 
anti-angiogenes compounds and additional agents such as the camptothecins, need 
to be developed and tested along with traditional chemotherapy and high-dose 
approaches. The rational and innovative combination o f these approaches w i l l be 
needed to effectively treat patients with this commonly fatal disease. 
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ABSTRACT 

Since February, 1994, 50 small cel l lung cancer ( S C L C ) patients with limited or 

extensive disease were entered into a phase II European study. The treatment plan 

consisted of a mobilization phase with Epirubicin (75 mg/mq/d, d l and d2) and 

granulocyte colony-stimulating factor ( G - C S F ) 5 pg/kg/d for 14 days, followed by 

an intensification phase with 3 sequential cycles of high-dose I C E (IFO 10 g/mq, 

C B D C A 1200 mg/mq and V P 1 6 1200 mg/mq) followed by P B S C reinfusion 48 

hours from the end of chemotherapy and G - C S F (5 pg/kg/d) until full hematological 

recovery. Cycles were repeated every 3 weeks. 

A i m s of the study were to obtain a 3-fold intensification of chemotherapy 

compared with standard regimen, to evaluate the power of Epirubicin + G - C S F in 

mobilization and peripheral blood stem cell ( P B S C ) harvest, to study the feasibility 

of multiple sequential cycles of high-dose regimen and to evaluate the survival o f 

treated patients. 

Thirty-eight patients have completed the treatment to date and are évaluable for 

toxicity. Patient features include: median age 54 years (range 36-64), PS 1 (range 

0-2), 32 males (84%), 20 (40%) with extensive disease. 

A median of 3 leukaphereses were performed (range 0-5); median number of 

harvested M N C , C F U - G M and C D 3 4 + cells was 6 . 0 X l 0 8 / k g (range 2.2-15.7), 

9 0 X l 0 4 / k g (range 3-210.7) and 1 7 X l 0 6 / k g (range 1^12), respectively. T w o toxic 

deaths were registered during the mobilization phase: 1 for cardiac failure and 1 for 

septic shock. A total of 96 cycles of high-dose I C E were infused. Twenty-eight 

patients (74%) completed the treatment program (all the 3 planned cycles). N o 

cumulative hematological toxicity was observed comparing the first with the third 

cycle. Median time to hematological recovery was, respectively, 9 days (range 

7-12) for white blood count > 1 X 1 0 9 / L and 10 days (range 7-27) for platelets 

353 



354 Chapter 7 

> 2 0 x l 0 9 / L . There were 3 toxic deaths: 1 for renal failure, 2 for septic shock. 
Accrual o f patients is ongoing. So far, 35 patients are évaluable after high-dose 
chemotherapy ( H D C T ) . The response rate is 83% (14 C R , 7 near-CR and 8 PR) . 

Conclusions: Epirubicin with G - C S F gives sufficient mobilization of P B S C to 
allow for multiple cycles of the high-dose I C E regimen. The sequential model is 
feasible as all treated patients had full hematological recovery and tolerable toxicity. 
The five deaths (two in the mobilization phase and three in the intensification phase) 
may be due to a "learning curve effect." Preliminary results are encouraging with a 
60% in C R . The accrual is ongoing and a survival analysis w i l l be conducted when 
60 patients have been treated. 

INTRODUCTION 

Despite the availability of many active cytotoxic drugs, therapeutic strategies 
based on standard chemotherapy combinations have not improved the prognosis of 
patients with small cel l lung cancer, either extensive- or limited-disease stage. 
Standard regimens give a high initial response rate (70 to 80% with 20 to 30% of 
complete remissions) but median survival is only 30 to 50 weeks and long-term 
survival is unusual. 1 

In the 1980s the mathematical model proposed by Goldie and Coldman 
describing the development of chemotherapy-resistant clones in malignancies led to 
many trials of alternating chemotherapy combinations. 2 , 3 

In our review of the 1067 patients treated according to dose-intensity strategies 
based on alternating and/or weekly schemes of chemotherapy with or without 
hematopoietic growth factor support, the median percentage of complete remissions 
has been calculated to be 23% (range 12-40%) with a median duration of responses 
of 29 weeks (range 17 -43 ) 4 - 8 and a maximum treatment-related mortality of 11%. 7 

In view of the chemo-sensitivity of small cell lung cancer, this disease is usually 
considered suitable for the new phase I—II as wel l as phase III studies that 
incorporate the high-dose chemotherapy ( H D C T ) and the use of peripheral blood 
stem cells with hematopoietic growth factors. 

According to the update presented at the last European Blood and Marrow 
Transplantation Meeting (Dr. G . Rosti, Wien, March 1996), of the 2551 cases of adult 
solid tumors treated in Europe with H D C T regimens and autologous hematopoietic 
support, 90 were small cell lung cancer (3.5%), 42.2% were breast cancers, 19.9% 
were germ cell tumors, 12.7% gliomas and 8.9% ovarian cancers. 

Several high-dose clinical trials are based on the Norton and Simon suggestion. 
Here, intensification of therapy administered after the maximum response to 
conventional treatment, so-called "late intensification," might be associated with an 
improvement in tumor regression and a decreased incidence of tumor recurrence. 9 

In our review of 158 patients with extensive or limited disease treated with high-
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dose regimens in the "late se t t ing" , 1 0 - 1 6 the median complete response rate has been 
calculated around 25% (range 0-66%). The median duration of response and the 
median survival rate, where é v a l u a b l e , 1 0 - 1 5 are reported, respectively, at 18 months 
(range 12-24) and 10% (range 0-40%). O f note, treatment-related mortality 
decreased from 1 5 - 3 0 % 1 0 1 1 in the first studies, to 0 1 5 - 4 % 1 4 in the more recent trials; 
this is perhaps due to improvements in supportive care and to a more careful 
selection of patients. 

Several experimental models suggest that resistant tumor cells may be the main 
cause of treatment failure 1 7 and emphasize importance of initial dose-intensity in 
overcoming the development of resistant tumor cells and in improving prognosis 
mostly in limited-disease stages. In our review of 74 patients treated with high-dose 
therapy in the "early intensification" setting, the median complete remission rate 
was 50% (range 56-69%) with a survival rate around 30% at 2-year f o l l o w - u p . 1 8 - 2 2 

The present trial from the E B M T Work ing Party Group is a phase II study of 
sequential high-dose combination chemotherapy, based on the results of a prior 
feasibility study published i n 1993. 2 3 

It is based on the hypothesis that selected tumor clones may be eradicated by multiple 
and sequential courses of H D C T in contrast to a single course. 

Dose-intensity has been calculated according to the Hryniuk criteria. The 
average relative dose intensity was projected to be three times higher than 6 cycles 
of standard Thatcher's regimen consisting of ifosfamide 5 g/m 2 , carboplatin 300 
mg/m 2 and etoposide 360 m g / m 2 each cyc le . 2 4 

The aims of the study are to evaluate the effect o f epirubicin and G - C S F for 
mobilization and peripheral blood stem cell harvest; to develop an intensive 
combination chemotherapy to be administered over multiple sequential cycles 
aiming for a 3-fold increase; and to study the response rate, disease-free survival and 
overall survival. 

METHOD 

Patients responding to the following criteria were entered into the study: proven 
small cel l lung cancer; limited or extensive disease; age up to 65 years old; 
performance status 0-1 by E C O G criteria; no prior treatment; white blood count 
more than 3 . 5 X 1 0 9 / L , platelets more than 1 0 0 X 1 0 9 / L and hemoglobin more than 
10.0 g /L; l iver enzymes not more than 2.5 X normal value, unless due to disease; 
creatinine clearance minimum of 60 mlVminute; no congestive heart failure and left 
ventricular ejection fraction more than 50% and informed consent. 

The treatment plan consists o f an induction-mobilization phase with epirubicin 
75 m g / m 2 daily, on day 1 and 2, followed by G - C S F , 5 pg/kg/day, subcutaneously, 
starting 24 hours after the second dose of epirubicin, and continued until the end of 
stem cell collection. Apheresis starts when white blood cell count reaches more than 



356 Chapter 7 

1 .0Xi0 9 /L and platelets more than 25X10 9/L. Total collection is divided into three 
aliquots for rescue after each cycle of H D C T . 

H D C T is the I C E regimen, consisting of total dose of ifosfamide, 10 g/m 2 , 
carboplatin, 1200 mg/m 2 and etoposide 1200 mg/m 2 , administered in divided doses 
over four days. Infusion times are seventeen hours for ifosfamide and three hours 
each for carboplatin and etoposide. 

Peripheral blood stem cells are reinfused 48 hours after the last dose of 
etoposide. G - C S F , 5 ug/kg/day, subcutaneously, is started on the same day. Three 
cycles are administered to the patients at 28-day intervals. Response is evaluated 4 
weeks after the end of chemotherapy using standard radiography, C T scan and 
bronchoscopy with biopsy when necessary. Response is evaluated according to the 
Dana-Farber Cancer Institute criteria. 1 4 Chest radiotherapy and prophylactic cranial 
irradiation are performed according to Center policy. 

RESULTS 

Since February, 1994, 50 patients have entered into the study. Patient character
istics are reported in Table 1. Toxici ty was assessable for al l the 50 patients in the 
mobilization phase and over the 96 cycles of high-dose I C E . The results are reported 
in Tables 2 and 3, respectively. Hematological recovery after high-dose I C E is 
described in Table 4. 

DISCUSSION 

O f the 50 patients entered into the study, 38 were évaluable: one patient was 
excluded because of a change in diagnosis to carcinoid after histological re-
evaluation and 11 were too early to evaluate. Twenty patients presented extensive 
disease at diagnosis: the most common sites of metastases were liver (65%), 
followed by bone (40%), bone marrow (35%), pleura (25%), distant lymph nodes 
(25%), lung (20%), adrenal gland (20%) and brain (5%). 

Toxici ty was evaluated according to the standard W o r l d Health Organization 
( W H O ) system. A l l 50 patients treated with epirubicin plus G - C S F in the 
mobilization phase were assessable for toxicity. The most frequent nonhematologic 
toxicity was grade 1 and 2 gastrointestinal, with diarrhea. Mucosal toxicity was 
minimal, occurring in only 10%. Nausea and vomiting occurred in 36% of patients 
but was grade 3 in less than 10%. Severe infections occurred in 10% of patients: two 
patients developed a grade 4 infection with sepsis and one died. One patient with a 
basal arrhythmia developed a fatal cardiac failure. 

Hematologic recovery was rapid and the median time from the last dose of epirubicin 
to first collection was 10 days (range 8 to 13), in agreement with the published data. 2 5 
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Table 1. Patient characteristics 

total patients 50 
patients évaluable 38 
too early 11 
ineligible 1 (carcinoid) 
median age (year) 54 (range 36-64) 
median performance status 1 (range 0-2) 
sex: female 6 (16%) 

male 32 (84%) 
disease extension: limited 18 (48%) 

extensive 20 (52%) 

Table 2. Toxicity during mobilization phase evaluated in 50 patients 

WHO grade 
/ II III IV 

mucosal 2 3 0 0 
gastrointestinal 2 1 1 0 
nausea/vomiting 11 3 4 0 
infection 0 1 3 2 
neurological 0 0 0 0 
renal 2 0 0 0 
cardiac 0 0 0 1 

Table 3. High-dose ICE toxicity evaluated in 96 cycles 

WHO grade 
/ II III IV 

mucosal 16 17 6 1 
gastrointestinal 16 16 9 2 
nausea/vomiting 26 25 21 2 
infection 3 8 9 2 
renal 6 6 2 0 
neurological 2 0 2 1 
ototoxicity 4 5 1 1 
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Table 4. Hematological recovery after high-dose ICE: Cumulative toxicity 

Median hematological parameters (range) Cycle 1 Cycle 3 

daystoWBC>1.0xl0 9/L 9 (7-12) 9 (8-12) 

days to platelets >20X 109/L 9(6-18) 10 (7-27) 

days with WBC <0.5X 109/L 5(1-11) 5 (1-8) 

days with platelets <10X 109/L 3(1-14) 5 (1-22)* 

units platelets transfused 74 62 

units packed RBCs transfused 70 46 

*p=0.03 by Kruskal-Wallis test 

Leukaphereses were devoid of any significant complication. These procedures 

yielded a median of 5 . 9 X 1 0 8 nucleated cells/kg (range 2.2 to 15.7), with a median 

value of 16.9X 10 6total C D 3 4 positive cells/kg (range 1 to 42) and 90.1 X 1 0 4 C F U -

G M / k g (range 3 to 210.7). The mean number of aphérèses was three (range 0 to 5). 

Toxici ty of high-dose I C E was evaluated in 96 infused cycles. Nausea and 

vomiting was present in 77% of courses despite antiemetic premedication. 

However, emesis was grade 1 to 3 in the majority of cases and in only two cycles 

prolonged vomiting poorly responsive to planned treatment (grade 4) was observed. 

Mucosal and gastrointestinal toxicity was mostly of low to moderate grade. Severe 

infections occurred in 11% of cycles; two early deaths were registered for septic 

shock. Renal dysfunction, mostly grade 1 and 2, occurred after 18% of high-dose 

regimens. T w o patients developed severe grade 3 renal failure and one died. 

Time to hematologic recovery was calculated from the day of peripheral blood 

stem cell reinfusion. The hematologic toxicity of the first cycle compared with the 

third cycle demonstrated no cumulative toxicity; no difference was observed in 

white blood count recovery or in transfusion requirements. There was a significant 

difference in platelet recovery but more platelet transfusions were not required. 

O f the 38 évaluable patients, 28 (74%) completed the scheduled treatment plan. 

The reasons for lack of completion included: three patients did not receive high-dose 

I C E (one refused and two due to early death in the mobilization phase); two patients 

received only one cycle of high-dose I C E (one because of early death during the 

aplasia period and one for refusal); five patients stopped at the second high-dose 

course (one because of death, two due to severe infection, one for concomitant 

thrombosis and one for severe gastrointestinal toxicity). 

Thirty-five patients had restaging at one month from the end of the last high-dose I C E 

and were assessable for tumor response. The response rate, including partial remissions, 

was 86%, with 40% complete remissions and 23% near complete remissions. 
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Seventeen patients received chest radiotherapy after systemic treatment. At the 
end of the radiation therapy, complete remissions increased to 48%: three partial 
remissions were converted to complete remissions. 

In conclusion, epirubicin and G-CSF enable sufficient peripheral blood stem 
cells to be mobilized to administer multiple cycles of high-dose ICE. The high-dose 
ICE regimen is feasible with an acceptable toxicity, even after repeated courses. The 
number of toxic deaths registered may be due to a "learning curve effect": in many 
centers these patients are the first to be treated according to a "high-dose" schedule. 

Accrual of patients to the protocol is still ongoing and long-term survival 
analysis will be completed when 60 patients have been treated. Preliminary results 
are encouraging and show a response rate of 86% with 71% in complete or near 
complete remission. 
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ABSTRACT 

Approximately 30,000 new cases of small cell lung cancer ( S C L C ) are reported 
each year in the United States. S C L C is 98% associated with heavy smoking and 
presents at a median age of 60-65 years: thus, the application of dose-intensive 
therapy of lung cancer patients may be complicated by underlying smoking-related 
comorbid disease and enhanced risk of secondary smoking-related malignancies. The 
strategies of intensifying induction therapy, multicycle dose-intensive combination 
therapies, chest radiotherapy and stem cell purging trials w i l l be discussed. 

W h i l e excellent immediate pall iat ion from combination chemotherapy is 
achieved, the long-term progression-free survival (PFS) remains poor. B y two 
years, only 20 -40% of l imited ( L D ) and <5% of extensive stage ( E D ) patients 
remain alive. Numerous combination regimens constructed from the established 
agents produced almost ident ica l short-term and long-term results, an 
observation that strongly suggests that many of our systemic drugs k i l l off the 
same tumor subpopulation but fa i l to eradicate a central core of tumor stem cells, 
presumably enriched for various i n v ivo resistance mechanisms. The identifi
cation of these residual cancer cells and systematic evaluation of their biologic 
characteristics may guide strategies to specifically target these cells. M i n i m a l 
residual tumor ( M R T ) characterization could then be employed as a determinant 
for addit ional treatment such as modi f ica t ion of chemotherapy, tumor 
vaccination or other form of biological therapy. To this end, the detection of 
heterogeneity and analysis o f patterns of coexpression of various markers forms 
the thrust of our program in the detection of M R T . 

A t the D F C I and Beth Israel Hospital, we have over 40 patients with L D and 
over 25 with E D S C L C responding to conventional dose induction therapy with 
high-dose combination alkylating agents. O f the original cohort of 36 L D S C L C , 
29 were in or near C R prior to treatment with high-dose C B P with marrow support 
followed by chest and prophylactic cranial radiotherapy, W i t h min imum follow-up 
of 22 months (out to 10 years) after completion of high-dose chemotherapy, 52% 
remain disease-free. O f the E D or extrapulmonary patients, approximately 20% 
have P F S >2 years after high-dose therapy (manuscript in preparation). L o c a l 
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regional represents about 50% of all relapses. The C A L G B & S W O G are 
perforating a phase II feasibility trial based on the D F C I / B I H experience: patients 
under age 60 with L D are treated with four cycles of cisplatin and etoposide with 
concurrent twice-daily chest radiotherapy. Those patients achieving C R or near C R 
receive high-dose C B P with autologous stem cell support. It is hoped that this w i l l 
lead to a phase III trial testing the concept of dose intensification. Moreover, 
studies exploring C D 3 4 selection of stem cells are underway. 

High-dose therapy can result in prolonged P F S . It may also produce M R T in an 
additional cohort of patients. B io log ic targets such as replacement of R B , 3p and/or 
p53 function, interference wi th autocrine or paracrine growth loops, or 
immunologic therapy (IL2, IL12, immunotoxins, tumor vaccine) are probably most 
effective in the setting of M R T ; combined approaches may therefore be of 
additional benefit in such patients. 

INTRODUCTION 

Rationale for dose-intensive chemotherapy in SCLC 
In the Uni ted States, 180,000 new cases of lung cancer are diagnosed per 

year and the disease is currently the leading cause of death from cancer in both 
men and women, resulting in 163,000 deaths. 1 O f these, approximately 15-25% 
(about 30,000) are new cases of smal l ce l l lung cancer ( S C L C ) . The use of 
dose-intensive therapy i n lung cancer must a l low for an older patient 
population (median age 60-65 years) who have underlying smoking-related, 
cardiovascular and pulmonary disease, together wi th an increased r isk of 
secondary smoking-related malignancies. 

The principles of dose-response and combination chemotherapy, demonstrated in 
laboratory models, are basic to the design of regimens for malignancies that are now 
curable with chemotherapy. 2 - 6 Moreover, combinations of active noncross-resistant 
agents have proved critical to decreasing the emergence of drug resistance. Further, 
agents with different dose-limiting toxicities combined may result in subadditive 
toxicity. Hematopoietic stem cell support, using marrow or peripheral blood 
progenitor cells, allows evaluation of dose-response to the limits of organ tolerance. 

W e w i l l review evidence for the contribution of dose to response and survival 
i n the treatment of S C L C , the cl inical trials designed to address these relationships 
and suggest future directions. 

Since S C L C usually presents with disseminated disease, treatment strategies 
have focused on systemic therapy. A high degree of responsiveness has been 
observed to multiple cytotoxic drugs both as single agents and in combination. 
Overal l and complete response rates from combination chemotherapy or chemo-
radiotherapy for l imited stage S C L C (confined to the chest within a single radiation 
port) are 80-90% and 50%. Whi l e excellent immediate palliation is achieved, the 
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long-term progression-free survival (PFS) remains poor. B y two years, only 
20-40% of patients remain alive, of whom only half survive five years. For 
extensive stage disease, expected overall and complete response rates are 60-80% 
and 15-20%, respectively; 7 however, fewer than 5% of patients survive two years. 8 

Numerous chemotherapeutic agents have major activity against S C L C . The 
most important o f these are etoposide (and teniposide), c i sp la t in (and 
carboplatin), ifosfamide, cyclophosphamide, v incr is t ine and doxorub ic in . 
Several new agents appear to have at least equivalent activity compared with 
these established drugs, including taxanes (paclitaxel and taxotere), gemcitabine 
and the topoisomerase I inhibi tors (topotecan, ir inotecan). Numerous 
combinations constructed from the established agents are effective, but 
remarkably produce almost identical short-term and long-term results. It remains 
to be seen whether the newer agents w i l l improve long-term survival . 

Log-linear or near linear dose-response curves are obtained for numerous 
chemotherapeutic agents, particularly alkylating agents and radiation, but not 
antimetabolites, i n preclinical experiments in vitro and i n v i v o . 3 The cl in ical 
correlation between chemotherapy dose and response for S C L C was originally 
demonstrated by Cohen et al . in 1977 9 using cyclophosphamide, lomustine and 
methotrexate, and later confirmed by o thers . 1 0 - 1 4 Higher response rates i n patients, 
both complete and partial, and a modestly longer median survival time in high-dose 
groups compared with groups given conventional doses of these same agents have 
been shown in several s tudies . 9 1 2 

Klasa et al. performed a meta-analysis using the methodology of Hryniuk and 
B u s h 1 5 to ascertain whether dose intensity (expressed as drug dose given per m 2 per 
week) of agents either alone or in combination regimens correlated with response 
or survival in S C L C tr ials . 1 6 In performing this analysis, it was assumed that a l l 
drugs were therapeutically equivalent, and that cross resistance (or synergy) 
between drugs, peak drug concentrations, or schedule and duration of drug 
exposure have no effect. The C A V , C A E and E P regimens were evaluated over 
narrow dose intensity (DI) ranges (DI: 0 .8-1; 0.6-1.7; 0.75-1.8, respectively). The 
D I for C A V and C A E were associated with longer median survival in extensive 
disease patients, but the effects observed were small. 

Mos t randomized trials evaluating D I have been conducted in extensive disease 
or mixed stage S C L C patients. Arriagada et al. recently reported the results of a trial 
randomizing limited stage patients to six cycles of conventional dose chemotherapy 
with modestly intensified chemotherapy for the first cycle only or the same therapy 
without intensification, with the higher dose arm showing a complete response and 
survival advantage. 1 7 It can be argued that those randomized trials showing survival 
advantage generally compared less than standard to full dose therapy, whereas an 
incremental D I between 1-2 times greater than conventional dose has not clearly 
demonstrated response or survival advantage. 
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Table 1. ABMT for SCLC: Literature (373 patients) 

# %CR %DF* % Toxic deaths 
relapsed 49 20 0 12 
initial Rx 98 41 7 7 
S/P induction therapy: 

IstPR/SD 130 35 5 12 
1st CR 

ED 25 100 16 8 
LD 71 100 34 1 

*Median F/U 3 years with wide variability. 

Current ly available cytokines (e.g., G M - C S F and G - C S F ) shorten 
chemotherapy-induced myelosuppression and consequent febrile neutropenia. 1 8 

Cumulative thrombocytopenia remains dose-limiting. Currently, dose and D I can 
be increased by only 1.5-2 fold with cytokine use; differences, as detailed above, 
are unlikely to produce survival advantages. The effect of various thrombopoietins 
on achievable D I remains to be seen. 

Studies of A B M T in small-cell lung cancer are reviewed below and summarized 
in Table 1. Patients in these studies were analyzed according to response status: either 
relapsed or refractory; untreated; or responding to first-line chemotherapy (partial or 
complete response), and their extent of disease (limited or extensive stage). They 
were then pooled for aggregate relapse-free and overall survival characteristics. 

Fourteen studies included patients who had either relapsed or refractory 
d isease . 1 9 - 3 2 O f 52 évaluable patients, complete and partial responses were 
observed in 19% and 37%, respectively. However, the median duration of these 
responses was roughly two months and median survival was approximately three 
months. Combinat ion chemotherapy regimens, especially those containing 
multiple alkylating agents, appeared to be more effective (overall response rate 
58%, complete response rate 26%), but more toxic (treatment-related mortality rate 
18% versus 6%). Further, these strategies did not appear to improve duration of 
response or long-term survival. In summary, the observed high overall and 
complete response rates support a dose-response relationship, but the effects were 
insufficient to improve survival. 

H igh dose therapy with autologous bone marrow transplant as initial treatment 
has been reported in 103 patients with S C L C , of whom 71% had limited disease. 3 3^ 1 0 

The overall and complete response rates of 84% and 42%, and the relapse-free, 2-
year and overall survivals were comparable to treatment with conventional 
multicycle regimens. However, it should be noted that patients with newly diagnosed 
S C L C frequently have threatening complications from uncontrolled disease, and 
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Table 2. ABMT for SCLC 

Randomized trial: Conventional versus high dose 

101 given combination chemo & PCI 
45 randomized (32 limited disease): 
Limited Disease ABMT Conventional 

# randomized 16 16 
PR to CR 77% 0% 
DF > 2 yrs 19% 0% 
chest-only relapse 70% 100% 

Humblet et al., JCO, 1987. 

therefore may not be optimal candidates for high-dose intensification. In addition, 
untreated autografts have a high rate of potential tumor cell contamination. 

Approximately 282 patients responding to first l ine chemotherapy received 
high-dose chemotherapy with autologous marrow support as intensification. 4 1 

Conversion to complete response occurred in 50% of partial responders. 
However, there was no overall survival benefit. It would seem that most promise 
is demonstrated in patients wi th l imited stage disease i n complete response at the 
time of high-dose therapy. Wi th in this subset (excluding the D F C I / B I H trial 
described below), about 35% remain disease-free at the time of publication with 
a median fol low-up over 3 years. 

It should be emphasized that much of the experience with high-dose therapy for 
S C L C occurred during the developmental phase of high-dose therapy for sol id 
tumors. Therefore, many of these high-dose trials employed either single 
chemotherapeutic agents with or without other drugs at low dose and/or chest 
radio therapy, 3 5 , 3 6 ' 4 2 ^ 1 6 single alkylating agents alone with or without chest 
r ad io the rapy , 3 6 , 3 8 , 4 1 , 4 7 - 5 0 or combination alkylating agents with or without chest 
r ad io the rapy . 2 3 , 2 6 ' 3 7 , 5 1 - 5 5 Since high treatment-related morbidity and mortality was 
encountered, investigators concluded that potential benefits did not justify the risks 
of the procedure. 

Humblet et a l . treated 101 S C L C patients with chemotherapy for 5 cycles, and 
then randomized 45 responding patients to one cycle o f either high-dose or 
conventional dose therapy (Table 2 ) . 5 3 N o chest radiotherapy was given. A clear 
dose-response was demonstrated wi th conversion from partial to complete 
response in about 75% of patients after high-dose therapy compared with none 
after conventional dose treatment. Disease-free, but not overall , survival was 
significantly enhanced. However, an 18% toxic death rate on the A B M T arm led 
the investigators to conclude that dose-intensive therapy should not be 
considered a standard therapy i n S C L C . 
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A s observed with conventional dose therapy, patients w i l l generally relapse in 
sites of prior tumor involvement fol lowing high-dose stem cel l supported 
treatment. 3 5 4 9 The high rate o f regional relapse may be explained by greater tumor 
burden in the chest, and host pharmaco-dynamic with local environmental drug 
delivery or resistance factors also playing a role. Since chest relapse occurs in 
about 90% of individuals fol lowing chemotherapy alone, and in 60% after 
radiotherapy, radiotherapy to sites of bulk disease is l ikely to represent an essential 
component in curative treatment approaches. 

A t the Dana-Farber Cancer Institute and Beth Israel Hospital , we have treated 
over 40 patients with l imited stage and over 25 patients wi th extensive stage 
S C L C using high-dose combination alkylating agents fo l lowing response to 
conventional dose induction therapy. O f the original cohort o f 36 l imited stage 
IIIA or B S C L C , 29 were in or near complete response before treatment wi th 
high-dose cyclophosphamide, carmustine and cisplatin with marrow support 
fol lowed by chest and prophylactic cranial radiotherapy. 5 5 W i t h min imum 
fol low-up of 21 months after completion of high-dose chemotherapy (range 21 
months to 9 years), 52% remain disease-free. O f the extensive stage patients, 
approximately 20% remain progression-free greater than two years after high-
dose therapy (manuscript in preparation). Loca l regional recurrence represents 
about 50% of all relapses. 

FUTURE DIRECTIONS 

Intensification of involved field radiotherapy 
Numerous randomized trials have demonstrated that chest radiotherapy 

provides a 25% improvement in local-regional control and is associated with a 5% 
increase in long-term P F S for patients with l imited stage S C L C . 5 6 , 5 7 However, even 
with 4500-5000 c G y thoracic radiotherapy, chest relapse remains unacceptably 
high (about a 60% actuarial risk of local relapse by 3 yea r s ) , 5 8 - 6 0 and may be 
underestimated due to the competing risk of systemic relapse. 6 1 Further 
enhancement of local-regional control may increase the proportion of long-term 
survivors since chest-only relapse is observed in about 40% of patients. If high-
dose chemotherapy improves systemic control, init ial failure in local-regional sites 
may become more prevalent. 

Few trials have examined the dose intensity of chest radiotherapy. One phase 
III trial recently reported compared 45 G y chest radiotherapy given either daily 
over 5 weeks or twice daily over 3 weeks concurrent wi th cisplatin and etoposide 
chemotherapy. 6 2 Intensified chest radiotherapy increased chest control from 39% 
to 52% actuarial at 2-3 years. In a phase I trial, cohorts o f 5-6 patients wi th 
l imited stage S C L C were given thoracic radiotherapy concurrently wi th cisplatin 
and etoposide either as daily 180 c G y fractions or as twice daily 150 c G y 
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fractions. 6 3 The maximum tolerated doses appear to be 45 G y for twice dai ly 
administration and 66-70 G y when given once daily. Thus marked intensification 
of radiotherapy dose appears to be possible and should be evaluated in a 
randomized setting. 

The Cancer and Leukemia Group B and Southwest Oncology Group have 
activated a phase II feasibility trial stemming from the D F C I / B I H experience 
described above. Patients under age 60 with l imited stage are treated with four 
cycles o f cisplatin and etoposide with concurrent twice-daily chest radiotherapy to 
45 G y (150 c G y fractions). Those patients achieving complete or near complete 
response receive high-dose cyclophosphamide, cisplatin and carmustine ( C B P ) 
with autologous stem cell support. U p o n recovery, prophylactic cranial irradiation 
is given. It is hoped that this w i l l lead ultimately to a phase III trial testing the 
concept o f increased radiotherapy dose during intensification. 

Intensification of induction 
Induction therapy reduces tumor burden and allows selection of patients wi th 

chemosensitive disease to undergo intensification. Moreover, most patients 
present with rapidly progressive systemic and local symptoms from S C L C . W i t h 
therapy, they can improve performance status dramatically. Conversely, chemo-
resistance may develop during induction. Several strategies may circumvent such 
resistance. A s suggested by the Arriagada t r i a l , 1 7 ini t ia l intensification of 
induction may improve overall disease-free and overall survival. Extension of this 
concept would be to administer multicycle dose-intensive combination therapies 
such as those supported by cytokines and peripheral blood progenitor cells either 
using repeated cycles of the same regimen 6 4 or preferably ut i l iz ing a sequence of 
different agents . 6 5 - 6 7 

Minimal residual tumor/autograft involvements 
Since stem cells must be protected from the high-dose therapy to make dose 

escalation feasible, stem cell contamination with tumor cells surviving induction 
therapy may be a source of relapse. Whi l e there is extremely persuasive evidence to 
support the fact that residual tumor cells contribute to relapse (for example, i n 
hematologic malignancies and neuroblastoma), 6 8 - 7 0 it is unclear in S C L C whether 
currently available purging methods are sufficiently effective to impact on survival. 
Indeed, it is not known whether residual tumor i n the autograft directly contributes 
to relapse or simply reflects a residual burden of chemotherapy-resistant tumor cells 
that is unlikely to be eradicated by high-dose therapy. Gene marking experiments, 
which might help clarify this issue in solid tumors, have yet to be informative. 7 1 

The bone marrow is one of the most common sites for metastases. A number of 
small trials have demonstrated that 13-54% of l imited and 44-77% of extensive 
stage S C L C wi th negative marrows his tological ly had subcl in ica l S C L C 
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involvement at diagnosis when examined by immunohistochemical techniques 
with a sensitivity of detection of one in 10 4 c e l l s . 7 2 - 7 6 Less data is available for 
patients undergoing therapy or in response to therapy. T w o small series suggest a 
high rate o f residual contamination after treatment. Hay et al . reported 83% positive 
screens with no obvious decrement with therapy. 7 7 Eight of 12 l imited stage S C L C 
patients in response had residual tumor cells in the bone marrow detectable by a 
panel of monoclonal antibodies in a small series from Leonard et a l . 7 8 S ix of these 
eight patients subsequently relapsed. 

In a study of patients with metastatic S C L C or breast cancer undergoing 
induction, peripheral blood progenitor cells mobilized with G - C S F during the first 
cycle of chemotherapy had demonstrable circulating tumor ce l l s . 7 9 Anecdotally, 
these investigators observed less or absent mobilization of tumor cells after the 
second cycle of chemotherapy, supporting the contention that in v ivo chemotherapy 
as induction can "purge" the patient and the autologous stem cell source. 

The observation that numerous chemotherapeutic agents possess major activity 
against S C L C , yet the cl inical outcomes after numerous different combinations of 
these agents remain uniformly disappointing, strongly suggests that many systemic 
drugs k i l l the same tumor subpopulation, but fail to eradicate a central core of 
tumor stem cells, presumably enriched for various in v ivo resistance mechanisms. 
The identification of these residual cancer cells and systematic evaluation of their 
biologic characteristics may generate strategies more specifically targeted against 
these cells. M i n i m a l residual tumor characterization may then be seen as a 
determinant for additional treatment such as modification of chemotherapy, tumor 
vaccination or other forms of biological therapy. To this end, the detection of 
heterogeneity and analysis of patterns of coexpression of various markers forms the 
thrust o f our own program in the detection o f these rare cells. 

In summary, limited information is available about the incidence of tumor 
contamination of hematopoietic tissues or the cl inical impact this may have in 
patients. Wi th the increasing interest and expanding technology in the detection of 
microscopic residual disease, prospective trials to evaluate the cl inical significance 
of marrow or peripheral blood tumor contamination and the impact o f novel stem 
cell sources to support high-dose therapy are needed. 

High-dose therapy can result in prolonged P F S . It may also produce min ima l 
tumor burden in an additional cohort of patients. To the extent that additional 
targets of residual tumor cells can be identified for novel treatment strategies and 
modalities, high-dose therapy may be of great value in the treatment of S C L C . 
Bio log ic targets such as replacement of R B 3p and/or p53 function, interference 
with autocrine or paracrine growth loops, or immunologic therapy (including I L 2 , 
IL12 , immunotoxins and tumor vaccines) are probably most effective in the setting 
of minimal residual tumor; combined approaches may therefore be of additional 
benefit in such patients. 
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ABSTRACT 

Outstanding issues in autotransplantation for poor prognosis neuroblastoma 
( N B L ) continue to be addressed in cooperative group and institutional studies. The 
randomized trial C C G - 3 8 9 1 comparing chemotherapy with autologous purged 
bone marrow transplantation (autoBMT) completed patient accrual earlier i n 1996 
and is awaiting analysis. A nontotal body irradiation (TBI) containing regimen 
consisting of high-dose V P - 1 6 , carboplatin and cyclophosphamide followed by 
purged a u t o B M T has been evaluated in the P O G 9342 trial. Addi t ional studies 
include the use of differentiating agents and chimeric an t i -GD2 CH14 .18 
monoclonal antibody to target minimal residual disease after stem cel l transplan
tation. Both pediatric cooperative groups are i n the process of conducting 
additional studies involving the use of repetitive stem cel l rescue fol lowing high-
dose chemotherapy, an approach previously tried by Phi l ip et al . in Europe. A 
number of centers are investigating the role of unpurged peripheral blood stem cel l 
( P B S C ) transplantation i n neuroblastoma. The issue of tumor cell contamination is 
being addressed with the use of more sensitive molecular techniques to identify 
neuroblastoma cells. The Autologous B l o o d and Marrow Transplant Registry 
( A B M T R ) now has core data on over 540 autotransplants in neuroblastoma. 
Addit ional data on these transplants is i n the process of being collected so that a 
retrospective analysis can be performed. Questions that can be addressed from this 
database include the role of T B I i n the preparative regimen, the role of purging in 
N B L autotransplants and the identification of patient- and disease-related variables 
associated with poor outcome fol lowing au toBMT. 

INTRODUCTION 

Autologous stem cell rescue ( A S C R ) after myeloablative chemoradiotherapy 
continues to be offered as therapy to children with metastatic neuroblastoma and 
those with stage 3 neuroblastoma with poor-prognosis features such as n-myc 
amplification. Over the past decade, several institutional and cooperative group 
cl inical trials have been performed to address a number of outstanding issues 
pertaining to the role of this therapeutic modality in the management of poor-
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Table 1. AutoBMT in neuroblastoma 

#of Conditioning DFS (%) 
Group patients regimen TBI 2 yr 4-5 yr Ref 

POG 94 multiple yes 40 32 2 
CCG 147 multiple yes 51 40 4 
EBMT 500 multiple yes/no 52* 29* 6 

*Survival rates shown are overall survival rates, 
DFS: Disease-free survival. 

prognosis neuroblastoma. 1 It is clear that myeloablative chemoradiotherapy 
followed by autologous stem cell rescue can result in long-term disease-free 
survival rates of 29-45% when performed in first complete remission or very good 
partial remission (Table l ) . 2 - 6 A small number of patients with progressive disease 
can also be salvaged with A S C R following myeloablative chemoradiotherapy. 7 

Controversies in autotransplants for neuroblastoma 
Induction regimens with higher chemotherapy dose intensity have improved 

the outcome for patients with metastatic neuroblastoma. 8 - 9 This has raised the 
question of whether A S C R fol lowing myeloablative chemotherapy is superior to 
continued conventional chemotherapy (CT) . Nonrandomized trials comparing C T 
with autologous bone marrow transplantation (au toBMT) conducted by the 
Pediatric Oncology Group (POG-8340,8441) and Chi ldren 's Cancer Group 
(CCG-321P3) have yielded contradictory results. The recently completed C C G -
3891 trial should provide data that w i l l specifically address this issue. This 
prospective, randomized comparative trial calls for an intent-to-treat random
ization at 8 weeks after diagnosis to either an a u t o B M T after myeloablative 
chemoradiotherapy or to continued high-dose chemotherapy without A S C R . The 
study has recently closed for patient accrual with over 350 patients having been 
randomized either to a u t o B M T or to chemotherapy. Since the outcome data has 
not been analyzed, no results are currently available. Analys is o f outcome data is 
eagerly awaited. Even though early outcome data between the two arms may turn 
out to be similar, it w i l l take several years of follow-up before comparisons about 
long-term D F S can be made. 

The Pediatric Oncology Group trial (POG-9342) was designed to evaluate a 
non-TBI containing regimen consisting of high-dose cyclophosphamide, etoposide 
and carboplatin followed by autologous monoclonal antibody-purged bone marrow 
rescue in poor-prognosis neuroblastoma. This trial was recently closed for patient 
accrual. Preliminary analysis reveals no unusual toxicities or engraftment problems 
but outcome data are not available at this time. Future cooperative group trials 
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planned for poor-prognosis neuroblastoma include trials to evaluate the role of 
high-dose chemotherapy and repetitive stem ce l l rescue ut i l iz ing peripheral b lood 
stem cells ( P B S C ) and the role of adjuvant modalities in eradicating minimal 
residual disease after A S C R . P o s t - A S C R therapies w i l l include the use of differen
tiating agents such as retinoic acid and the human-mouse chimeric ant i -GD2 
C H I 4 . 1 8 monoclonal antibody combined wi th immune stimulation. This 
recombinant/chimeric antibody is composed of the variable region of the parent 
murine monoclonal antibody directed at the disialoganglioside antigen G D 2 and 
the human gamma-1 and kappa constant regions. Phase II trials of this monoclonal 
antibody have thus far shown that it is wel l tolerated with manageable toxicities of 
fever, abdominal pain and allergic reactions. 1 0 

The role of purging of autologous bone marrow or P B S C remains unclear. 
Prospective, randomized trials comparing A S C R using purged versus nonpurged 
stem cells are unlikely to be performed. D F S rates comparable with those reported 
in trials using purged marrow have been reported by investigators using unpurged 
m a r r o w . 1 1 1 2 Mos t relapses in neuroblastoma post-transplantation occur in sites of 
bulk disease and/or previously involved sites, suggesting that tumor cell contami
nation of the autograft is unlikely to be contributing to the relapse. 1 3 However, gene 
marking studies by Brenner et al . have conclusively shown that tumor cells 
contaminating the autograft can contribute to relapse. 1 4 Un l ike acute leukemia, 
relapse rates fol lowing allogeneic B M T are not lower than those seen pos t - A SC R . 
These results are based on the outcomes seen in the small numbers of patients who 
have received a l lograf t s . 1 5 1 6 This finding may be interpreted to mean that relapse 
p o s t - A S C R is unrelated to tumor cell contamination of the autograft. Alternatively, 
it may speak to the persistence of residual neuroblastoma in the recipient or a lack 
of a discernible graft-versus-neuroblastoma effect. The role of purging w i l l 
continue to be controversial in neuroblastoma as it is in many other malignancies. 

PBSC in neuroblastoma 
P B S C s are being investigated as a source of stem cells for A S C R in neurob

lastoma and a number of other childhood solid tumors. The early problems of 
venous access and fluid and electrolyte shifts have been resolved for the most part. 
Successful peripheral stem cell harvests can now be performed in children 
weighing less than 20 kg , making it feasible to harvest P B S C in neuro
blastoma patients fol lowing chemotherapy and growth factor adminis t ra t ion. 1 7 - 1 9 

Neuroblastoma cells can be detected in the peripheral blood of patients at diagnosis 
and at relapse and irrespective of marrow disease. 2 0 A potential theoretical 
advantage of using P B S C is that there may be lower tumor cel l contamination of 
P B S C harvests. 2 1 This remains an unresolved issue requiring further investigation. 
Laver et al . have looked at the issue of contamination of the autograft ut i l iz ing a 
very sensitive reverse transcriptase-polymerase chain reaction (RT-PCR)-based 
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Table 2. ABMTR autotransplants: core data for neuroblastoma** 

Number of patients=541 
male sex 57% 
age, years, median (range) 4(<1--57) 
disease state pretransplant 

no disease evident 54% 
disease evident 46% 

interval Dx-Tx, months, median (range) 98(1--133) 
in vitro treatment 

no 39% 
yes 61% 

source of hematopoietic cells* 
bone marrow 84% 
peripheral blood 10% 
bone marrow and peripheral blood 6% 

100 day survival 
all patients 91% 
disease state 

no disease evident 93% 
disease evident 90% 

4-year probability of survival 
all patients 32% 
disease state 

no disease evident 35% 
disease evident 27% 

*382 évaluable. 
**These data were obtained from the Statistical Center of the International Bone Marrow Transplant 
Registry and the Autologous Blood and Marrow Transplant Registry-North America, August, 1996. 
The analysis has not been reviewed or approved by the Advisory Committees of the IBMTR and 
ABMTR. 

method that can identify up to 1 in 10 7 mononuclear cells. This R T - P C R technique 
utilizes the neuroendocrine protein gene product 9.5 ( P G P 9.5) found on neuro
blastoma cells but not on mononuclear ce l l s . 2 2 Their studies show that purged bone 
marrow samples from neuroblastoma patients still contained tumor cells in higher 
concentrations than unpurged peripheral b lood . 2 3 

The Autologous B l o o d and Mar row Transplant Registry ( A B M T R ) currently 
has core data on over 540 autografts done in North Amer ica since 1988. A project 
is being initiated to collect and analyze the results of these autotransplants. A 
summary of the core data available in the A B M T R database is shown in Table 2. 
Almost 40% of the autografts have been performed using unpurged autologous 
stem cells and a significant number have utilized non-TBI containing preparative 
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regimens. The overall survival rates for the 540 patients for whom data are 
available are comparable to the results o f cooperative group trials and large institu
tional trials. The specific objectives o f the A B M T R study w i l l be: 1) comparison 
of results o f A S C R for poor-prognosis neuroblastoma using TBI-containing 
conditioning regimens with those that do not contain T B I ; 2) comparison of results 
of A S C R in N B L using purged marrow versus nonpurged marrow or P B S C ; and 3) 
identification of patient-, disease- and therapy-related variables correlated wi th 
transplant outcome i n neuroblastoma. This analysis w i l l thus al low us to address a 
number of important outstanding questions regarding the role of autotransplan
tation in poor-prognosis neuroblastoma. 
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ABSTRACT 

Whi le many patients with newly diagnosed medulloblastomas or supratentorial 
primitive neuroectodermal tumors ( P N E T ) are cured with radiation therapy and 
chemotherapy, those wi th recurrent tumor or young children i n whom radiation 
therapy is avoided due to neuropsychologic concerns are very l ike ly to die from 
their disease. W e have treated such patients with a strategy that includes high-dose 
carboplatin (500 mg/m 2 /day or AUC=7/day v ia Calvert formula) for 3 days, 
followed by fhiotepa (300 mg/m 2/day) and etoposide (250 mg/m 2 /day) for 3 days, 
with autologous stem cel l rescue. Patients with recurrent disease also received 
radiation therapy and/or conventional chemotherapy, depending on the constraints 
imposed by prior therapy. The young children with newly diagnosed disease 
consistently received five cycles of vincristine, cisplatin, cyclophosphamide and 
etoposide prior to the high-dose chemotherapy/autologous stem cell rescue. 
Twenty-three patients with recurrent medulloblastoma were treated. Three (13%) 
died of treatment-related toxicities. The Kaplan-Meier estimates of overall and 
progression-free survival (PFS) at 36 months post-stem cel l rescue are 4 1 % and 
30%, respectively. Sixteen patients with recurrent supratentorial P N E T were 
treated. Four patients have no evidence of disease at a mean follow-up period of 
2.7 years (range 3 months to 5.3 years). Twenty-seven young children with newly 
diagnosed medulloblastoma or supratentorial P N E T were treated. Twenty-one 
successfully completed the init ial chemotherapy and received the high-dose 
chemotherapy/autologous stem cel l rescue component. For the 13 patients with 
medulloblastoma, Kaplan-Meier estimates of overall and event-free survival (EFS) 
at 2 years are 61% and 51%, respectively, and for the 14 patients with supraten
torial P N E T , they are 58% and 52%. W e conclude that high-dose chemotherapy 
( H D C T ) with autologous stem cel l rescue may be a valuable component of a 
treatment regimen for 1) patients with recurrent medulloblastoma or supratentorial 
P N E T and 2) young children with newly diagnosed medulloblastoma and supraten
torial P N E T as a way of avoiding radiation therapy. 
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INTRODUCTION 

Patients wi th newly diagnosed medulloblastoma or supratentorial primitive 
neuroectodermal tumors ( P N E T ) have a reasonable chance of long-term event-
free survival (EFS) wi th conventional therapy that includes neurosurgical 
resection, radiation therapy and chemotherapy at standard doses. Mult icenter 
trials performed by the Chi ldren 's Cancer Group ( C C G ) 1 and the International 
Society of Paediatric Oncology, in conjunction with the German Society of 
Paediatric Onco logy , 2 noted a 59% estimated 5-year E F S . Another C C G trial for 
children wi th supratentorial P N E T demonstrated a 4 5 % estimated 3-year 
progression-free survival ( P F S ) . 3 

Once these tumors recur, however, they are almost invariably lethal. In a series 
from the Children's Hospital of Philadelphia, 23 patients treated for medulloblastoma 
between 1980 and 1991 had their tumor recur. 4 Their median survival was five 
months, with the longest survivor l iv ing for 38 months from recurrence. Similarly, 36 
patients treated at the Children's Hospital at Stanford University from 1958 to 1986 
suffered a recurrence, and there were no long-term survivors. 5 

Another group of patients with a dismal prognosis are young children with newly 
diagnosed medulloblastoma or supratentorial P N E T . Although radiation therapy is an 
effective therapy for these tumors, the neuropsychological consequences in this age 
group are considered intolerable by most contemporary pediatric neuro-oncologists, 
and these children are treated with neurosurgical resection and chemotherapy in an 
attempt to delay or avoid radiation therapy. The Pediatric Oncology Group reported 
34% and 19% estimated 2-year P F S for infants (less than 3 years old) with 
medulloblastoma and supratentorial P N E T , respectively. 6 The C C G reported 22%, 
55% and 0% 3-year estimated P F S for infants (less than 18 months old) with 
medulloblastoma, nonpineal supratentorial P N E T and pineal P N E T , respectively. 7 

Since 1986, we have explored the role of high-dose chemotherapy ( H D C T ) with 
autologous stem cell rescue in me treatment of patients with malignant brain tumors. 
Originally, a two-drug regimen with thiotepa and etoposide was used. Subsequently, 
a three-drug regimen that included carmustine ( B C N U ) in addition to the thiotepa 
and etoposide was evaluated but was found to be excessively toxic. Mos t recently, 
we have employed a three-drug regimen that uses carboplatin in addition to thiotepa 
and etoposide. Whi le we have used this strategy to treat patients with a variety of 
malignant brain tumor histologies, including high grade astrocytic tumors, 
ependymomas and brain stem tumors, we w i l l restrict our discussion in this chapter 
to our experience treating patients with medulloblastoma or supratentorial P N E T . 

METHODS 

The original H D C T protocol (designated as the T E regimen) consisted of 
thiotepa (300 mg/m 2/day) and etoposide (250-500 mg/m 2/day), each administered 
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over three days, followed by autologous stem cel l rescue approximately 72 hours 
after completion o f the chemotherapy. 8 The second regimen (not administered to 
the patients discussed in this chapter) added six doses of B C N U (100 mg/m 2/dose) 
q 12 hours over three days, either before or after the thiotepa and etoposide. 9 The 
regimen that we are currently investigating (designated C T E ) utilizes carboplatin 
for three days, followed by T E (with the etoposide dosed at 250 mg/m 2 /day). The 
carboplatin was originally a fixed daily dose of 500 mg/m 2 /day, but more recently 
has been dosed v ia the Calvert f o r m u l a 1 0 1 1 to a predicted area under the 
curve=7/day, with each daily dose of carboplatin being determined by the results 
of a preceding timed creatinine clearance estimate of the glomerular filtration rate. 
Patients with recurrent tumors were treated on either o f two protocols, C C G - 9 8 8 3 
( T E or C T E regimen) or M S K C C 89-173 ( C T E regimen). 

Prior to enrollment on protocol, patients with recurrent tumors were often 
treated with neurosurgical resection and conventional chemotherapy. Some 
patients also received radiation therapy, either before or after the protocol-
prescribed therapy, i f their prior radiation history allowed. 

Young children with newly diagnosed medulloblastoma or supratentorial P N E T 
were treated on M S K C C protocol 92-16. El ig ib le patients included children under 
6 years old with supratentorial P N E T and children under 3 years o ld with 
medulloblastoma. Children aged three to six with medulloblastoma were eligible 
only i f they had evidence of metastatic disease (stage M-1+). Patients received five 
planned cycles of "induction" chemotherapy with vincristine, cisplatin, cyclophos
phamide and etoposide. Autologous stem cells (from either bone marrow or 
peripheral blood) were harvested early, usually at recovery from the first cycle. If, 
after five cycles, disease progression had not occurred, they proceeded to the 
"consolidation" phase with H D C T using the C T E regimen described above and 
autologous stem cell rescue. If the patients had no evidence of disease before 
entering the consolidation phase, they d id not receive any radiation therapy on this 
protocol. If there was evidence of unresectable residual disease, then approxi
mately six weeks after autologous stem cell rescue, the patients commenced 
involved field radiation therapy. 

RESULTS 

Toxicity of the CTE regimen 
W e have employed this regimen i n patients wi th other malignant brain tumor 

histologies, and to better define its toxicity, we w i l l review the results in 76 patients 
treated between 1989 and 1996 at M S K C C with a l l eligible histologies. Twenty-
four of these patients were young children (less than six years old) with newly 
diagnosed brain tumors; their median age was 3 years, wi th a range from 9 months 
to 5 years. Fifty-two patients had recurrent malignant brain tumors; their median 
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age was 13 years, with a range from 1 to 45 years. Sixty-four patients received bone 
marrow rescues and twelve received peripheral blood stem cells. 

Toxic deaths occurred in ten patients (13%). A l l ten had recurrent tumors, leading 
to a toxic mortality rate of 19% in that group. None of the 24 young patients with 
newly diagnosed tumors suffered a toxic death. Among the patients with recurrent 
tumors, introduction of dosing according to the Calvert formula was associated with 
a decreased toxic mortality rate: 35% for patients with fixed body-surface-area 
carboplatin dosing versus 9% for those dosed according to the Calvert formula. 

Toxicities that occurred in virtually a l l patients included severe mucositis that 
required opioid infusions and total parenteral nutrition, and thiotepa-induced 
dermatitis. Severe renal and hepatic toxicities were uncommon. Neurotoxicity, 
seen occasionally, occurred i n three chronologically distinct phases. Acute 
neurological deterioration occurred during the administration of H D C T , transient 
encephalopathy occurred from day 0 to day 100 following stem cel l rescue, and 
prolonged anorexia with nausea occurred late, after day 101. The post-stem cell 
infusion neurotoxicities were seen almost exclusively in adult patients who had 
received prior cranial irradiation. 

The median time to neutrophil engraftment ( A N C >500/mm 3 for 3 consecutive 
days) for patients rescued with bone marrow was 11 days (range 9 to 18 days) for 
the newly diagnosed group and 13 days (range 10 to 32 days) for the recurrent 
disease group. For patients with recurrent disease rescued with autologous 
peripheral blood stem cells, it was 10 days (range 8 to 14 days). 

The median time to platelet engraftment (platelets >50,000/mm 3 without 
transfusion for 3 consecutive days) for patients rescued with bone marrow was 30 days 
(range 21 to 116 days) for the newly diagnosed group and 35 days (range 18 days to 
>38 months) for die recurrent disease group. For those with recurrent disease rescued 
with autologous peripheral blood stem cells, it was 30 days (range 14 to 107 days). 

Outcome of patients with recurrent medulloblastoma 
W h i l e responses were noted in some patients wi th recurrent medulloblastoma or 

P N E T treated with the original T E regimen, no long-term survivors were noted. 8 

Their poor outcome was thought to be caused by the frequent presence of bulky 
disease at the time of treatment on the protocol. Subsequently, more emphasis was 
placed on achieving a state of minimal disease prior to study entry in patients 
treated on the C T E regimen. 

Twenty-three patients with recurrent medulloblastoma, aged 2 to 44 years old, 
received the C T E regimen from November, 1990, to M a y , 1995. Three (13%) died 
of treatment-related toxicities within 21 days of stem cell rescue: two with mult i-
organ system failure and one with both aspergillosis and veno-occlusive disease. 
The Kaplan-Meier estimates of overall and P F S at 36 months post-stem cell rescue 
are 4 1 % (±12%) and 30% ( ± 1 1 % ) , respectively. 
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Outcome of patients with recurrent supratentorial PNET 
Sixteen patients with recurrent supratentorial P N E T were treated, four with the 

T E regimen and twelve with the C T E regimen. Twelve patients died of progressive 
disease or complications of therapy, and four patients are alive with no evidence of 
disease at a mean follow-up period of 2.7 years (range 3 months to 5.3 years). 
Three of the four survivors received local field radiation therapy after recovery 
from the H D C T and stem cel l rescue. 

Outcome of young children with newly diagnosed 
medullobkistoma and supratentorial PNET 

Thirteen patients wi th newly diagnosed medulloblastoma (12 less than 3 
years o ld , one aged three to six) and 14 patients wi th supratentorial P N E T 
(seven less than three years o ld , seven aged three to six) were treated from June, 
1991, to M a y , 1995. Twenty-one successfully completed the induc t ion 
chemotherapy and received the consolidation H D C T wi th stem ce l l rescue. Fo r 
the 13 patients wi th medulloblastoma, the Kap lan -Meie r estimates of overal l 
and E F S at 24 months are 6 1 % ( ± 2 8 % ) and 5 1 % ( ± 3 5 % ) , respectively. Fo r the 
14 patients wi th supratentorial P N E T , the Kap lan-Meie r estimates o f overal l and 
E F S at 24 months are 58% ( ± 3 0 % ) and 52% ( ± 2 9 % ) . 

DISCUSSION 

W e believe that H D C T with autologous stem cel l rescue uti l izing the C T E 
regimen described above is a promising strategy for patients with recurrent 
medulloblastoma and supratentorial P N E T . In conjunction with neurosurgical 
resection of the recurrent tumor, conventional chemotherapy and radiation therapy 
(if tolerable given the constraints of previously administered therapy), this strategy 
can provide extended periods of E F S to some of these patients. Given the lethality 
of their disease with other modalities o f treatment, we feel that this cohort is 
remarkable. However, our patients were enrolled on protocol at the time of H D C T , 
not at relapse, and the true proportion of patients with recurrent disease who can be 
salvaged with this approach remains to be determined. 

H D C T with autologous stem cel l rescue is also a promising strategy for 
avoiding radiation therapy i n young chi ldren wi th newly diagnosed 
medulloblastoma and supratentorial P N E T . In conjunction with neurosurgical 
resection of the tumor and conventional chemotherapy, this strategy can provide 
E F S without radiation therapy to what appears to be a substantial proportion of 
these patients. Our numbers are small, though, and therefore the confidence 
intervals o f the Kaplan-Meier estimates are very wide. Accrua l o f additional 
patients w i l l provide a more precise estimate of the proportion of young children 
that this approach can benefit. 
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Use of the Calvert formula to determine the carboplatin dose, and autologous 
peripheral blood as the source of stem cells has been associated with a decrease in 
the treatment-related mortality to an acceptable level in these patients with highly 
lethal diseases. W e advocate further assessment of this strategy in the context o f 
well-designed cl inical trials in centers with expertise in both neuro-oncology and 
autologous stem cell rescue. 
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ABSTRACT 

W e have investigated three novel high-dose regimens ( ICE , M I T T and T N T ) 
followed by autologous stem cell infusion for the treatment of breast cancer. The 
maximally tolerated doses ( M T D ) o f I C E (ifosfamide, carboplatin and etoposide) 
are 20.1 g/m 2 ,1 .8 g /m 2 and 3 g/m 2 , respectively. The M T D of M I T T (mitoxantrone 
and t h i o T E P A ) are 90 m g / m 2 and 1200 mg/m 2 , respectively. The M T D of T N T 
(Taxol®, Novantrone® and t h i o T E P A ) are 360 mg/m 2 , 75 m g / m 2 and 900 mg/m 2 , 
respectively. Dose l imi t ing toxicities are renal failure and coma for I C E and 
mucositis/enteritis for M I T T and T N T . W e have also treated patients with stage II, 
III and inflammatory breast caneer ( IBC) with B U C Y (novel for early stage breast 
cancer—busulfan 16 mg/kg, cyclophosphamide 120 mg/kg) and C T C (standard for 
breast cancer—cyclophosphamide 6 g/m 2 , t h i o T E P A 500 m g / m 2 and carboplatin 
800 mg/m 2 ) . Event free survival (EFS) ± standard error (SE) for stage II breast 
cancer (n=16) treated with I C E is 64 ± 14% at 3 years and with C T C ( n = l l ) is 91 
± 9% at 1 year E F S for stage III breast cancer (n=15) treated with I C E is 53 ± 13% 
at 3 years, wi th M I T T (n=6) is 67 ± 18% at 2 years, wi th (n=10) B U C Y is 56 ± 
18% at 2 years and with C T C (n=10) is 90 ± 9% at 1 year. For patients with I B C 
(n=6) treated with I C E the E F S at 3 years is 33 ± 19%. For patients with anthra-
cycline responsive metastatic breast cancer E F S is 25 ± 13% at 3 years for 14 
patients treated with I C E , 38 ± 14% at 2 years for 21 patients treated with M I T T 
and 50 ± 22% at 1 year for 6 patients treated with T N T . E F S for 28 patients wi th 
metastatic breast cancer failing anthracycline but responding to salvage therapy 
with abbreviated doses of I C E is 13 ± 8% at 3 years. Final ly , for patients wi th 
metastatic breast cancer fail ing a l l forms o f induction therapy, E F S for 31 patients 
treated with M I T T is 3 ± 3% at 2 years and E F S for 28 patients treated with T N T 
is 21 ± 10% at 1 year . These data suggest that the novel regimens ( ICE , M I T T and 
T N T ) have excellent activity in breast cancer. T N T shows promising activity i n 
stage I V disease that has failed salvage therapy. B U C Y and C T C , which can be 
administered i n the outpatient setting because of somewhat reduced dose intensity 
and l imited toxicity, are both appropriate regimens for early stage disease. 
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Table 1. Dose ranges 

ICE MITT TNT BUCY CTC 
(g/m2) (g/m2) (g/m2) (mg/kg) (g/m2) 

ifosfamide mitoxantrone paclitaxel busulfan cyclophosphamide 
17.1-24.0 0.09-0.105 0.36 16 6 

carboplatin thiotepa mitoxantrone cyclophosphamide thiotepa 
1.8 1.2-1.5 0.048-0.075 120 0.5 

etoposide thiotepa carboplatin 
2.1-3.0 0.90 0.8 
n=92 n=60 n=34 n=10 n=21 

INTRODUCTION 

High-dose chemotherapy ( H D C T ) with autologous stem cell infusion for the 
treatment of breast cancer was introduced in the 1980s as a result of several factors. 
Standard dose chemotherapy, while producing objective responses in 40-80% of 
patients with metastatic disease, does not result in durable remissions in the vast 
majority of patients. Fewer than 5% of patients maintain a complete remission beyond 
5 years.1 Even in patients with stage II or III breast cancer with more than 10 axillary 
lymph nodes positive for metastasis, 5-year disease-free survival after conventional 
adjuvant therapy is approximately 40% varying with the hormonal receptor status and 
menopausal status of the patient at the time of diagnosis. 2 The relative lack of benefit 
from standard dose chemotherapy coupled with laboratory data suggesting a steep 
dose-response relationship for breast cancer models has led to the evaluation of dose-
intensive therapy in several clinical trials. 3 Many of these trials have shown a 
therapeutic advantage with more intensive therapy. Recent improvements in 
supportive care, including the use of hematopoietic growth factors, has reduced 
hematologic and related complications associated with dose-intense therapy. Current 
trials comparing conventional therapy with high-dose therapy in a prospective, 
randomized fashion in both the adjuvant and metastatic settings are ongoing. 

Since the Bone Marrow Transplant Program at the H . Lee Moffitt Cancer Center 
opened in 1989, we have evaluated several H D C T regimens for efficacy in breast 
cancer. While other investigators had published results with regimens that have 
included cisplatin, carmustine, cyclophosphamide, thiotepa and/or melphalan, our 
program chose to take advantage of agents that had been recently approved as well as 
others that had documented activity in breast cancer or potential synergy with the 
investigational agents. In general, regimens that were available in 1989 were 
efficacious only in chemoresponsive disease with treatment-related mortality reported 
as high as 25%. 3 Our goals were to broaden the therapeutic index of H D C T (increase 
efficacy, in both responsive and refractory disease, and reduce treatment-related 
mortality), define the dose-limiting toxicities and maximally tolerated doses of these 
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Table 2. Treatment outcomes for patients with breast cancer by stage and regimen 

Stage of ICE MITT TNT BUCY CTC 
disease (EFS@3yr) (EFS@2yr) (EFS@lyr) (EFS@2yr) (EFS@lyr) 
II 64 ± 14(16) . . . . . . . . . 91 ± 9 ( 1 1 ) 
III 53 ± 13(15) 67 ± 18 (6) . . . 56 ± 18(10) 90 ± 9 (10) 
IBC 33 ± 19 (6) . . . . . . — — 
IV-Adr* 25 ± 13 (14) 38 ± 14(21) 50 ± 22 (6) — — 
IV-mICE** 13 ± 8 (28) — — — — 
IV-Ref*** — 3 ± 3 (31) 21 ± 10 (28) — — 
*IV-Adr=stage IV disease responsive to anthracycline. 
**TV-mICE=stage IV disease refractory to anthracycline but responsive to abbreviated doses of ICE. 
***rV-Ref=stage IV disease refractory to both anthracycline and abbreviated doses of ICE. 

new combinations, and determine the efficacy of these regimens in breast cancer. These 

novel regimens include ifosfamide, carboplatin, and etoposide (ICE), and mitoxantrone 

and thiotepa with or without paclitaxel ( M l I T / T N T ) . W e have also evaluated busulfan 

and cyclophosphamide (BuCy) and carboplatin, thiotepa and cyclophosphamide (CTC) 

as potential outpatient regimens in the treatment of breast cancer. Results of these 

evaluations wi l l be presented here. 

PATIENTS AND METHODS 

From October, 1989, through June, 1996, we treated 304 breast cancer patients 

with one of five H D C T regimens. These regimens were incorporated into phase I /n 

studies that were I R B approved and for which written, informed consent was given. 

Only data on patients treated at the upper dose levels w i l l be presented. The ranges 

for these dose levels are shown in Table 1. 

I C E is given as a six-day regimen as previously described. 4 Stem cells were 

reinfused after a 48-hour chemotherapy-free interval. Mitoxantrone and thiotepa 

are administered as short infusions in both the M I T T 5 and T N T 6 regimens; 

paclitaxel is given as a 72-hour continuous infusion. Stem cells are reinfused after 

a 7-day chemotherapy-free period i n patients receiving the M I T T and T N T 

regimens. B u C y is given i n the traditional manner: busulfan 1 mg/kg orally every 

6 hours for 16 doses followed by cyclophosphamide 60 mg/kg over 2 hours every 

day for 2 days with stem cells reinfused 48 hours after cyclophosphamide. C T C is 

administered as short infusions over 3 days (to facilitate outpatient administration) 

with stem cells reinfused 48 hours after the last chemotherapy infusion. 

Initially, we treated all breast cancer patients on the I C E regimen. This included 

patients with stage U disease and eight or more involved axillary lymph nodes, stage DI 

disease I B C , and stage I V disease which had demonstrated a response to abbreviated 

doses of I C E (mini lCE) . 7 In 1991, we introduced the M i l l regimen for stage I V 
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ICE: B R E A S T C A N C E R 
Dose Levels 11-16 

p=0.00001 

Stage II (n=16) 

Inflammatory (n=6) 

Stage III (n=15) 

Stage IV (n=55) 

2 3 4 5 

Years After Transplant 

Figure 1. EFS for patients with breast cancer treated with ICE. 

ICE: B R E A S T C A N C E R 
Dose Levels 11-16 

Stage IV 
p=0.32 

Anthracycline responsive (n=12) 

•• 

Mini-ICE responsive (n=36) 

0 1 2 3 4 5 6 7 

Years After Transplant 

Figure 2. EFS for patients with stage TV breast cancer treated with ICE based on 
anthracycline responsiveness. 
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patients who did not have a demonstrable response to m i n i l C E but were otherwise 
candidates for high-dose therapy. Because of the early promising efficacy data of the 
M i l l regimen, in 1993 we began using it in stage HI disease and in patients with 
anthracycline responsive stage I V disease. A t that time, we added paclitaxel to M i l 1 
creating T N T to treat the stage I V patients with refractory disease. Due to an increased 
incidence of cardiotoxicity not seen in the phase I portion of the trial, we abandoned the 
M i l l regimen and switched to T N T in the stage TV responsive patients and B u C y in 
the stage ITJ patients. In an effort to consolidate our treatment approach to breast cancer, 
in 1995 we began treating all stage II (8 or more involved lymph nodes) and all stage 
HI patients with C T C and all stage I V patients with T N T . 

RESULTS 

Table 2 illustrates event-free survival (EFS) based on the stage of disease and 
regimen for a l l patients treated at the upper dose levels o f I C E , M I T T and T N T and 
all patients treated with B u C y and C T C at our institution. Addit ional ly, for patients 
with metastatic breast cancer, E F S based on responsiveness to induction therapy 
with an anthracycline-based regimen or, failing that, to 2 cycles of an abbreviated 
course of I C E is described. 

Figure 1 illustrates E F S for patients treated at the upper dose levels of the I C E 
regimen. Included in this group are patients with stage II and III breast cancer 
treated i n the adjuvant setting, patients with inflammatory breast cancer treated i n 
the adjuvant setting and patients with stage I V disease, both responsive to anthra-
cyclines and refractory to anthracyclines but responsive to m i n i l C E . Figure 2 
illustrates E F S for patients treated with I C E at the upper dose levels based on 
anthracycline responsiveness. A s can be seen, there is no significant difference i n 
outcome for patients who are anthracycline refractory but responsive to salvage 
therapy with m i n i l C E as compared with those who are anthracycline responsive. 

Figure 3 illustrates E F S for patients with anthracycline responsive breast cancer 
treated with I C E , M I T T or T N T . A s can be seen there are no significant differences 
between protocols. Figure 4 illustrates E F S i n patients wi th refractory breast cancer 
treated with M I T T or T N T . Although T N T appears to offer an early advantage, 
these differences are not statistically significant. 

Treatment-related mortality for I C E , M I T T and T N T has been previously 
descr ibed. 4 - 6 The treatment-related mortality at the maximum tolerated doses of 
I C E for al l patients with breast cancer (n=60) was 10% with central nervous system 
toxicity and acute renal failure noted to be dose l imit ing. For 45 patients with breast 
cancer treated at the maximum tolerated doses of M I T T , treatment-related 
mortality was 30% with dose-limiting toxicities noted to be protracted mucositis 
and delayed engraftment in patients treated on the phase I portions of the trial, 
whereas dose cardiotoxicity was noted for patients treated on the phase II portion 
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0.1 

0.0 

TNT (n=6) 

STAGE IV BREAST CANCER 
Anthracycline Responsive 

p=0.81 

MITT (n=21) 

ICE (n=12) 

1 2 3 4 5 

Years After Transplant 

Figure 3. EFSfor patients with anthracycline responsive metastatic breast cancer treat
ed with ICE, MITT or TNT. 

STAGE IV BREAST CANCER 
Refractory Disease 

p=0.83 

TNT (n=28) 

MITT (n=30) 

Figure 4. 
or TNT. 

1 2 3 4 
Years After Transplant 

EFS for patients with refractory metastatic breast cancer treated with MITT 
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of the trial. For 46 patients with breast cancer treated at the maximum tolerated 
doses of T N T , treatment-related mortality was 25% with dose l imit ing toxicities 
found to be enteritis for the phase I portion of the trial and cardiotoxicity for 
patients treated on the phase II portion of the trial. 

CONCLUSIONS 

W e have presented results following high-dose therapy and autologous stem cell 
rescue from several phase I and II cl inical trials in patients with breast cancer. These 
data suggest that the novel regimens ( ICE, M I T T and T N T ) have excellent activity 
in breast cancer. Among patients with metastatic breast cancer treated on these 
regimens, responsiveness to induction therapy appears to be the major predictor of 
outcome. Patients responding to an anthracycline-based regimen treated on a l l 
regimens, I C E , M I T T and T N T , had superior E F S compared with patients failing 
anthracyclines. This finding has been described by others; however, the differences 
are only seen in patients achieving a complete response to conventional therapy 
prior to high-dose therapy, not in those achieving a partial response. 8 Our data 
suggest that patients responding to therapy, with either a complete or partial 
response, benefit from high-dose therapy. It is important to note, as wel l , that some 
patients failing anthracyclines but responding to a salvage regimen consisting of an 
abbreviated course of I C E , demonstrated significant E F S following high-dose I C E . 
This suggests that this population of patients—anthracycline refractory patients 
responsive to salvage induction therapy—may also benefit from high-dose therapy. 
Additionally, regimens combining drugs with more individual activity against breast 
cancer, such as the T N T regimen, may allow more activity even in refractory 
patients. In our experience, T N T shows promising activity in stage I V disease that 
has failed salvage therapy, suggesting that the addition of paclitaxel to mitoxantrone 
and thiotepa results in superior antitumor activity. 

In patients with a lower tumor burden, i.e., early stage breast cancer, regimens 
with less dose intensity may be appropriate. Our early experience with B u C y and 
C T C defines and/or confirms the antitumor activity of these regimens in breast 
cancer. The use of these regimens does not appear to compromise long-term 
results. Addit ional ly, these regimens have toxicity profiles that lend themselves to 
administration i n the outpatient setting. 

Although high-dose therapy and autologous stem cel l rescue have been used 
with increasing frequency for the treatment o f breast cancer, it is remarkable that 
no one standard high-dose regimen exists but that multiple, different regimens are 
i n common use. 3 A t least one prospective, randomized trial has demonstrated that 
high-dose therapy for the treatment o f metastatic breast cancer results i n improved 
overall and E F S when compared with standard therapy. 9 However, despite the 
apparent superiority of high-dose therapy in inducing long-term remissions, the 
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majority of patients with metastatic breast cancer still relapse following high-dose 
therapy. The pursuit of newer, more active and less toxic high-dose regimens 
becomes imperative in the attempt to improve outcomes. 

In summary, the development of novel high-dose regimens with specific aims 
of increasing antitumor activity and decreasing toxicity remains an important 
aspect of improving the therapy of patients with breast cancer. Patients with early 
stage breast cancer and chemoresponsive metastatic breast cancer appear to derive 
the most benefit from this type of therapy but the development of regimens with 
superior antitumor activity can also result in improved outcomes for patients with 
advanced refractory disease. 
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ABSTRACT 

E x vivo expansion and culture differentiation of C D 3 4 + peripheral blood 
progenitor cells ( P B P C ) to neutrophil precursors may shorten the duration of 
neutropenia after high-dose chemotherapy ( H D C T ) . W e report our results in 16 
patients with metastatic breast cancer ut i l izing these ex v ivo cultured P B P C s . A l l 
underwent mobil izat ion with cyclophosphamide, etoposide and granulocyte 
colony-stimulating factor ( G - C S F ) . Four to five aphereses were performed at the 
appropriate time. One product from each patient was prepared using the Isolex 300 
Magnetic C e l l Separation System (Baxter Immunotherapy, Irvine, C A ) to obtain 
C D 3 4 + cells, which were then cultured i n gas permeable bags containing serum-
free X - V I V O 10 medium (Bio Whittaker, Walkersvi l le , M D ) supplemented with 
1% H S A and 10 ng/mL P I X Y 3 2 1 . A t day 12 of culture the mean fold expansion 
was 18X (range 6-36X). Cel ls from three patients did not expand. The final cel l 
product contained an average of 37% C D 1 5 + neutrophil precursors (range 
18.5-60%). Patients underwent H D C T with cyclophosphamide, carboplatin and 
thiotepa. Both cryopreserved nonexpanded and culture-expanded P B P C s were 
reinfused into 13 patients. The mean number o f cultured cells reinfused was 
58X10 6 cells/kg (range, 0.8-156X10 6). N o toxicity was observed related to the 
reinfusion. Engraftment was, on average, day 9 for absolute neutrophil count 
( A N C ) >500 and day 10 for platelets >20,000. E x vivo culture expanded and differ
entiated P B P C s can be obtained and safely reinfused. 

INTRODUCTION 

High-dose chemotherapy ( H D C T ) with autologous stem cell rescue (autoSCR) 
has become an important treatment modality for many patients with breast cancer. 
In order to shorten the duration of severe myelosuppression after high-dose 
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therapy, autologous hematopoietic progenitor cells collected from the marrow or 
mobil ized and collected from the blood have been utilized. Several studies have 
demonstrated the benefits of peripheral blood progenitor cells ( P B P C ) as a reliable 
long-term hematopoietic rescue from this myelosuppression. 1 In addition, the use 
of post-transplant myeloid colony stimulating factors such as G - or G M - C S F has 
also been shown to hasten neutrophil recovery but not red cell or platelet recovery. 2 

Despite the development of these advances there remains a "neutropenic window" 
of about 10-12 days. This delay or window is hypothesized to be caused by the 
obligatory time that it takes committed myeloid precursors to differentiate, mature 
and be released into the circulation. This paper discusses a potential new strategy 
to reduce this "neutropenic window", while at the same time al lowing full long-
term hematopoietic recovery after H D C T for breast cancer. 

W e have previously reported our preclinical experience on the growth and differ
entiation of selected marrow C D 3 4 + cells cultured in the mixture of IL-3 , G M - C S F 
and G - C S F that resulted in an 18-fold increase in cell number after 10 to 12 days in 
culture. 3 Based upon these results we developed a protocol to expand selected 
C D 3 4 + cells from P B P C for 12 days in l iquid culture with P I X Y 3 2 1 (the fusion 
product of IL-3 and G M - C S F ) and reinfuse these expanded, differentiated cells as a 
supplement to 3 cryopreserved P B P C after H D C T in women with metastatic breast 
cancer. W e report here on the feasibility and safety of this approach. 

MATERIALS AND METHODS 

Patient selection and treatment protocol 
Sixteen women with metastatic breast cancer were enrolled onto this feasibility 

trial after obtaining written informed consent approved by the University of 
Chicago Institutional Review Board. Patients underwent mobil izat ion wi th 
cyclophosphamide 4 g m / m 2 , etoposide 1 g m / m 2 and G - C S F 10 ug/kg/d. 
Leukapheresis was performed when white blood cell count recovered and was 
greater than 1000/uL and platelet count greater than 20,000/uL. The H D C T 
regimen consisted of cyclophosphamide 6gm/m 2 , thiotepa 600mg/m 2 and 
carboplatin 800 m g / m 2 in 4 divided doses given continuous I V infusion over 4 
days. Table 1 is a summary of the prior therapy for each patient and the results of 
the mobilization treatment. 

PB collection procedure 
Patients underwent leukapheresis using the Fenwal CS3000® Plus blood cell 

separator (Baxter Fenwal, Deerfield, IL) . The apheresis product from day 1, 2 or 3 
was used for C D 3 4 + selection and culture expansion. The apheresis product was 
assayed for total C D 3 4 + cel l content. The day of selection was chosen based on a 
min imum C D 3 4 + ce l l content of 37 mi l l ion cells/apheresis for patients no. 
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Table 1. Patient characteristics and mobilization 

Total cryo Total cryo 
MNC/kg CD34/kg 

PtID Pt age Prior chemo Prior RT X108 X106 

3000 39 CMF, CAF Yes 2.93 3.73 
3001 36 CMF, CTX/Adria No 4.23 5.08 
3002 52 CAF No 2.32 9.38 
3003 32 CMF, CA No 2.77 5.12 
3004 41 CAF, MTX/L-PAM/5FU No 3.80 48.30 
3005 49 CMF, CAF Yes 1.59 2.67 
3006 47 CMF, Tamox Yes 2.83 8.61 
3007 39 CMF, CAF No 4.06 18.67 
3008 51 CMF, Tamox, MVF, Adria No 5.39 10.09 
3009 35 CAF, Tamox No 2.09 32.35 
3010 47 CMF, Tamox Yes 1.88 9.74 
3011 46 CAF No 1.45 34.23 
3012 56 Adria/CTX, Taxol No 1.91 34.20 
3013 33 CMF,CA, Taxol Yes 3.07 6.54 
3014 49 CAF, Tamox, MVF No 2.75 25.73 
3015 48 CMF/Tamox, CAF No 3.78 28.94 

average 44 2.93 17.71 

3000-3002 and 100 mi l l ion cells/apheresis for al l subsequent patients. The 
unselected apheresis products were cryopreserved i n the usual fashion. 

Enrichment of CD34+ cells by immunomagnetic selection 
C D 3 4 + cells were isolated from one of the patient's apheresis collections 

u t i l iz ing the Baxter Isolex 300 Magnet ic C e l l Separation system (Baxter 
Immunotherapy, Irvine, C A ) as previously described. 4 

Culture of CD34+ Cells 
The C D 3 4 + cells were init ially seeded at a concentration of 0.5-1 X 1 0 5 ce l l s /mL 

in the presence of P I X Y 3 2 1 (Immunex, Seattle, W A ) in a modified prototype 
PL732 gas permeable bag containing serum-free X - V T V O 10 (BioWhittaker, 
Walkersvil le , M D ) . The bag(s) were incubated for a total of 12 days i n a high-
humidity, 37°C incubator containing 5% C 0 2 and 95% air. For patients no. 
3004-3008, the culture condition was modified to 5% C 0 2 and 5% 0 2 . A t day 7 of 
the culture, an additional volume of culture medium containing P I X Y 3 2 1 at 
lOOng/mL was supplemented to the culture to return the ce l l concentration to 
<3X 10 5 cel ls /mL. If no additional culture medium was required only 100 ng/mL of 
P I X Y 3 2 1 was added to the culture bag(s). 
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Phenotype and morphology of the culture expanded CD34+ cells 
The percentage of C D 3 4 + cells was determined following selection with the 

Isolex 300 Magnetic C e l l Separation System and, after the 12-day culture, by flow 
cytometry using a C D 3 4 monoclonal antibody conjugated to phycoerthyrin, 
H P C A 2 - P E (Becton Dickinson, San Jose, C A ) and a F A C S c a n flow cytometer 
(Becton Dickinson). In addition, the C D 1 5 + cells were quantitated with F I T C - L e u 
M l (Becton Dickinson). 

Reinfusion of culture-expanded cells 
The number of cells administered fol lowing expansion did not exceed the total 

number of cells that was obtained by a single apheresis procedure (approximately 
1 0 1 0 cells). A t day 12 the cultured cells were procured and washed using the 
CS3000 Plus C e l l Separator and resuspended i n 150 to 250 m L of a reinfusion 
solution consisting of Plasma-Lyte A (Baxter Fenwal, Deerfield, IL) (code 
2B2543) supplemented with 1% human serum albumin (Baxter Hyland, Glendale, 
C A ) . The cells were then rapidly reinfused into the patient through an indwell ing 
central venous catheter. 

RESULTS 

Proliferation of CD34+ cells in culture 
Table 2 summarizes the results of the proliferation in vitro of these positively 

selected C D 3 4 + P B P C . Thirteen patients' CD34+ P B P C showed an average prolif
eration of 18-fold with a range of 6 to 44 fold. The P B P C from three patients did not 
expand because of technical errors and, subsequently, they did not receive in vitro 
culture expanded C D 3 4 + P B P C . The mean viability of these procured cultured cells 
before reinfusion was 82% (range 54 to 95%). The average total number of cells 
after 12 days of culture was 366X10 7 (range 5 .6-1066X 10 7 cells). 

Morphology and flow cytometric phenotype 
Morphological ly, these expanded cells averaged 75% granulocytic precursors 

including promyelocytes, myelocytes and metamyelocytes as observed from the 
cytospin preparations. The mean percentage of C D 1 5 + cells in the final product 
infused into the patient was 37% (range 18.5 to 60%). 

Toxicity and hematologic recovery 
Thirteen patients received in vitro culture expanded C D 3 4 + P B P C after infusion 

of cryopreserved P B P C . There were no adverse events associated with the 
reinfusion of these cultured cells. Hematopoietic recovery was prompt with a 
median neutrophil recovery greater than 500/L at day 8 (range 8 to 10 days). 
Platelets were greater than 20,000/L with transfusion independence at day 10 
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(range 8 to 12) and platelet recovery greater than 50,000/L was achieved on day 1 
(range 9 to 14 days). Platelet recovery could not be determined in one patient 
because of necrotizing fascitis and need for platelet transfusions because of 
multiple surgical procedures. 

CONCLUSION 

In this report we demonstrate that this approach is feasible. In addition, the 
reinfusion of these expanded myeloid progenitors did not lead to acute toxicity. 
There were no signs or symptoms of leukagglutination reactions. Hematopoietic 
recovery, especially neutrophil recovery, was prompt; however, at the dose of cells 
infused it did not appear to be shortened in this preliminary trial. It should he 
pointed out, however, that the dose of cultured cells reinfused covered a 2-log 
range. Interestingly, the higher cultured cell doses were associated with patients 
showing the most efficient cel l recovery, although the database is too small to draw 
a final conclusion. 

Significant large-scale culture expansion and differentiation of C D 3 4 + selected 
P B P C can be achieved in vitro. These cells can be safely reinfused into patients. 
Further studies w i l l be needed to determine its full impact upon hematologic 
recovery after H D C T . In addition, the system described here is amenable to the use 
of additional growth factors, which may enhance or redirect C D 3 4 cell differen
tiation. This methodology provides a means of full-scale expansion of C D 3 4 cells 
to address a variety of problems related to the cytopenias associated with antineo
plastic therapy. 
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ABSTRACT 

Since June 1991, 312 patients with hematological malignancies and solid tumors 
were enrolled onto a study to receive high-dose therapy with P B S C transplantation. 
The patients (170 females/142 males) had a median age of 44 years (range, 18-65 
years). The spectrum o f diagnoses included 126 patients with low- and high-grade 
non-Hodgkin's lymphoma ( N H L ) , 23 patients with Hodgkin 's disease, 67 patients 
with multiple myeloma, 8 patients with leukemia and 67 patients with primary or 
metastatic breast cancer. A n additional 21 patients had other solid tumors. For the 
collection of P B S C , the patients received a granulocyte colony-stimulating factor 
( G - C S F ) (filgrastim)-supported cytotoxic chemotherapy which was dependent on 
the diagnosis. For instance, patients with N H L received high-dose cytarabine and 
mitoxantrone ( H A M ) , whereas patients with multiple myeloma received high-dose 
cyclophosphamide. Leukaphereses (LP) were performed during leukocyte recovery 
on the basis of a daily C D 3 4 + cell measurement. A strong correlation was observed 
between the number of circulating C D 3 4 + cells and the number of C D 3 4 + cells 
harvested. W i t h respect to the yield of C D 3 4 + cells, significant differences were 
observed among the various patient groups. The amount of previous cytotoxic 
chemotherapy was found to have an adverse effect on the collection efficiency. W e 
were particularly interested in the subset o f early C D 3 4 + / T h y - 1 + stem cells, 
especially in factors influencing its proportion and yield in the L P products. The 
mean telomere length ( M T L ) of mononuclear cells from L P products was also 
assessed in relation to the content of C D 3 4 + cells, since the M T L is thought to reflect 
the developmental stage of lymphohemopoietic cells on a molecular level, 
independent of the diagnosis, P B S C collection could be significantly improved by 
the introduction of large-volume leukaphereses. 
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INTRODUCTION 

Peripheral blood stem cells ( P B S C ) are increasingly used to support myeloab-
lative therapy in patients with hematological malignancies and solid tumors. In an 
attempt to improve mobilization and harvesting of P B S C , we first defined the 
quantity of P B S C required for engraftment after high-dose therapy, as wel l as 
factors that influence mobilization and autografting in patients with malignant 
lymphoma. 1 It was the purpose of the present study to retrospectively evaluate 
factors influencing mobilization of P B S C i n patients with low- and high-grade non-
Hodgkin ' s lymphoma ( N H L ) , Hodgkin ' s disease, multiple myeloma, acute 
leukemia and solid tumors. The questions addressed included monitoring of 
collection, the search for predictive parameters for the yield of hematopoietic 
progenitor cells, the collection efficiency in relationship to the patients' disease, the 
characterization of the hematopoietic progenitor and stem cells on the basis o f 
immunophenotyping and mean telomeric length as wel l as the introduction of large-
volume leukapheresis. 

PATIENTS AND METHODS 

Patients 
The data presented are based on 312 cancer patients who were enrolled onto 

different mobilization protocols between June, 1991, and August, 1995. The 
common denominator for their inclusion was that they received a cytotoxic 
chemotherapy fol lowed by the administration of R - m e t H u G - C S F (filgrastim: 
Amgen , Thousand Oaks, C A ) . There were 142 males and 170 females with a 
median age of 44 years (range 18 to 65). The choice of cytotoxic chemotherapy 
was dependent on the diagnosis i n order to combine an effective antitumor therapy 
with a cytokine-supported mobilization of P B S C . One hundred twenty-six patients 
had N H L and received high-dose cytarabine (2 g/m 2 , q l 2 hours, day 1 and 2) and 
mitoxantrone (10 m g / m 2 q24 hours, day 2 and 3). Twenty-three patients with 
H o d g k i n ' s disease were treated wi th a polychemotherapy consist ing of 
dexamethasone (24 mg/day on days 1-7), B C N U (60 m g / m 2 on day 3), etoposide 
(75 m g / m 2 on days 4-7) , cytosine arabinoside (200 m g / m 2 on days 4-7) and 
melphalan (30 m g / m 2 on day 3). Sixty-seven patients with multiple myeloma 
either received 4 g /m 2 or 7g /m 2 cyclophosphamide, while eight patients with acute 
leukemia underwent P B S C collection fol lowing early consolidation therapy with 
high-dose cytarabine (1 g / m 2 q l 2 hours, days 1 to 4) and mitoxantrone (10 m g / m 2 

q24 hours, days 2 to 5). The 88 patients with solid tumors were treated with a 
combination of ifosfamide (2500 mg/m 2 on days 1-2) and epirubicine (40 m g / m 2 

on days 1-3). 

Filgrastim (R-metHuG-CSF; Amgen) was given at a dose of 300 ug/day, 
subcutaneously. A s a result, the daily doses per kg bodyweight varied between 2.66 
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and 6.67 ug. Treatment with filgrastim began 24 hours after completion of 
cytotoxic chemotherapy and continued until P B S C harvesting was finished. 

The study was conducted under the guidelines of the Ethical Committee of the 
University of Heidelberg. Informed consent was obtained from each patient. 

PBSC collection 

P B S C collection was started as soon as a white blood count greater than 
1 X 1 0 9 / L was reached and a distinct population of C D 3 4 + cells was detectable by 
direct immunofluorescence analysis. Harvesting was performed using a Fenwal C S 
3000 (Baxter, Deutschland G m b H , M u n i c h , Germany), or a C O B E Spectra (Cobe 
Laboratories, Lakewood, C O ) . T w o hundred twenty-four patients underwent a total 
of 767 regular leukaphereses with processing of 10 L of blood at f low rates 
between 50-70 m L / m i n . For 88 patients, the collection of P B S C was performed 
during the course of 154 large-volume leukaphereses by processing 20 liters o f 
blood at flow rates between 75-150 m L / m i n . 

The apheresis product was mixed with the same volume of minimum essential 
medium containing 20% dimethylsulfoxide (Merck, Darmstadt, Germany). The final 
100 m L cell suspension was transferred into freezing bags (Delmed Inc., New 
Brunswick, NJ) and frozen to - 1 0 0 ° C using a computer-controlled cryopreservation 
device (Cryoson B V - 6 ; Cryoson Deutschland G m b H , Schollkrippen, Germany). The 
frozen cells were transferred into the l iquid phase of nitrogen and stored at - 1 9 6 ° C . 

Immunofluorescence staining and flow cytometry 

For the immunofluorescence analysis, 1 X 1 0 6 mononuclear cells ( M N C ) or 
20-50 u L of whole blood ( E D T A ) were incubated for 30 minutes at 4 ° C with the 
fluorescein (FITC)-conjugated monoclonal antibodies (mAb) H P C A - 2 (CD34) 
and HLe-1 (CD45) . C D 3 4 subsets were further analyzed using phycoerythrin 
(PE)-labeled H P C A - 2 (CD34) and the FITC-conjugated m A b C D w 9 0 (Thy-1, 
clone 5E10). 

Isotype identical antibodies served as control (Simultest). Except for Thy-1 
(Pharmingen, San Diego, C A ) , a l l antibodies were obtained from Becton 
Dickinson, Heidelberg, Germany. The cells were analyzed using a Becton 
Dickinson F A C S c a n , as previously described. 2 

Telomere length analysis 

D N A extraction from 1 X 1 0 7 leukapheresis products-derived M N C was 
performed as previously described. 3 Genomic D N A (10 pg) was digested using 
20 U of H i n f l and R s a l (Boehringer Mannheim, Germany) to obtain terminal 
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restriction fragments ( T R F ) which contain telomeric T T A G G G repeats and 
subtelomeric regions. After phenol/chloroform extraction the fragments were 
precipitated wi th ethanol and dissolved in 50 u L TE-buffer. Fifteen microliters o f 
the resulting restriction fragments were separated by 0.7% agarose gel 
electrophoresis at 40 V for 15 hours and transferred to nylon membranes (Gene 
Screen P lus , B io techno logy Systems, Bos ton , M A ) . H y b r i d i z a t i o n was 
performed as described 3 using 5'end-labeled [ 3 2 ] P - ( C C C T A A ) 3 o l igodeoxyri -
bonucleotides ( M W G Biotech, Ebersberg, Germany). 

The membranes were scanned by a Phosphorlmager (Molecular Dynamics) 
using the I M A G E Q U A N T software (Molecular Dynamics). Mean T R F lengths 
were determined as described by Kruk et a l . 4 

Statistical analysis 

Data were evaluated according to standard statistical methods (Statworks, 
Cricket Software, Philadelphia, P A ) . The results are given as mean ± standard error 
of the mean ( S E M ) or as median and range. Statistical significance between 
differences of grouped data was determined using the Student's f-test. A signif
icance level of p<0.05 was chosen. The relationship between the hematological 
parameters of the peripheral blood and leukapheresis products was evaluated using 
linear regression and correlation analysis. 

RESULTS 

Circulating CD34+ cells and monitoring of PBSC harvesting 
P B S C were harvested fol lowing G-CSF-suppor ted chemotherapy which was 

chosen according to the disease. A s soon as a white b lood count o f 1 .0X10 9 /L 
was reached fo l lowing the chemotherapy-induced nadir, the level of circulating 
C D 3 4 + cells in the peripheral blood was determined. If a distinct population of 
C D 3 4 + cells was discernible, leukaphereses were performed. There was a strong 
correlation between the number of circulating C D 3 4 + cells in the peripheral 
blood and the yie ld i n the respective leukapheresis product (R=0.72 , p<0.001), 
whereas no relationship was observed between the C D 3 4 + ce l l y ie ld and the 
white blood count or mononuclear cel l count. A s shown in Figure 1A, patients 
presenting with levels o f circulating C D 3 4 + cells above 100/uL were l ike ly to 
obtain a target quantity of at least 2.5 X10 6 C D 3 4 + cel ls /kg during the course of 
a single standard volume leukapheresis wi th processing of 10 liters of blood. In 
contrast, patients with C D 3 4 + ce l l levels below 10/pL rarely reached this target 
quantity. S t i l l , due to the substantial variabili ty in the y ie ld observed in patients 
wi th levels of circulating C D 3 4 + cells below 20/uL, at least one leukapheresis 
was performed i n each patient. It turned out that the min imum quantity of 
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Figure 1. (A) Number of CD34* cells/uL in the peripheral blood before leukapheresis 
and in the corresponding leukapheresis product (per kg bodyweight). The correlation 
analysis is based on a total of 614 paired samples and performed after logarithmic trans
formation. (B) Yield of CD34+ cells/kg in the first leukapheresis product and total num
ber ofCD34+ cells/kg harvested. The data were obtained in 224 patients who underwent 
a total of 767 standard 10-liter leukapheresis procedures. 

2.5 X 1 0 6 C D 3 4 + cel ls /kg envisaged for an autograft could not be obtained, i f the 
patients' first harvest contained less than 0.1 X 1 0 6 C D 3 4 + cel ls /kg (Figure I B ) . 
Both analyses are based on 224 patients who underwent a median number o f 2 
standard volume leukaphereses (range 1-10). 

Conf i rming a previous observation i n 15 patients, 5 a strong correlation was 
found between the concentration of C D 3 4 + cells determined during steady-state 
hematopoiesis before mobil izat ion and the peak value observed during G - C S F -
stimulated recovery. The measurement o f C D 3 4 + cells during steady-state 
hematopoiesis is based on the acquisition o f a mean number o f 132,000 events. 
This allows acquisition of a mean number of 76 events in the C D 3 4 gate, whi le 
appropriate controls are needed to exclude false positive events. Al though the 
measurement o f C D 3 4 + cells before mobil izat ion proved to be helpful and 
reliable i n patients wi th circulating C D 3 4 + cells above the detection l imit , its 
value for patients wi th levels below the threshold is only relative. O f 56 patients 
wi th baseline C D 3 4 + ce l l concentrations below detection l imit , 46 (82%) st i l l 
obtained a C D 3 4 + ce l l harvest o f at least 2 . 5 X 1 0 6 / k g during the course o f 2 
leukaphereses (median, range 1-8). 
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Figure 2. Yield of CD34+ cells per kg bodyweight and leukapheresis. The horizontal 
bars indicate the median value for each patient group according to the diagnosis. Non-
Hodgkin's leukemia: NHL; AL: acute leukemia; MM: multiple myeloma; HD: Hodgkin's 
disease; LP: leukapheresis. 

Disease-related mobilization efficiency 

P B S C mobilization data for the different patient groups are based on a total of 
961 measurements. A s a result of the diversity in the mobilization regimens, 
differences in the hematological effects observed between patient groups may 
reflect not only the nature of the underlying disease, but also the disease-related 
mobilization chemotherapy. Confirming our previous results in a group of 61 
patients,1 a major factor adversely affecting the mobilization efficiency was the 
amount o f previous cytotoxic chemotherapy which is particularly detrimental when 
additional radiotherapy had been administered. 

In general, patients with solid tumors mobilize very wel l , since out o f 88 
patients evaluated, only 7 patients (8%) did not reach the target quantity of 2.5 X 1 0 6 

C D 3 4 + cells/kg. This includes patients with metastatic disease and previous 
cytotoxic therapy as wel l as three patients with breast cancer treated neo-
adjuvantly. The results are similar for patients with low-grade N H L , while a signif
icantly smaller yield was observed for patients with high-grade N H L , acute 
leukemia and multiple myeloma. The smallest number was observed in patients 
with relapsed Hodgkin ' s disease, particularly since more than 90% of these patients 
also received large-field radiotherapy (Figure 2). 
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Figure 3 . Intra-individual comparison between the concentration of CD34+ cells in 
steady-state BM and peripheral blood during G-CSF-enhanced marrow recovery in 155 
patients. The assessment is based on the individual peak concentration of CD34+ cells 
observed during the rebound period. The mean peak concentration of circulating CD34+ 

cells was 2.3-fold greater compared to BM samples (120.98 ± 11.14/uL versus 51.65 ± 
7.60/uL, p<0.001). 

Circulating versus bone marrow (BM) CD34+ cells 

There are strong arguments for the use of P B S C rather than B M for supporting 
high-dose therapy that relates to quantitative as wel l as qualitative aspects. In a 
group of 155 patients, B M aspirates were obtained before mobilization to compare 
the concentration of C D 3 4 + cells with the peak value of circulating C D 3 4 + cells 
observed during marrow recovery. A s shown i n Figure 3, the peripheral blood 
contained a greater number of C D 3 4 + cells in 79% of the patients when compared 
with their respective B M samples. Since P B S C comprise clonogenic cells at 
various developmental stages with different capacities of self-renewal and differ
entiation, our evaluation included a subset analysis for the Thy-1 antigen. 6 C o -
expression of this antigen on a C D 3 4 + ce l l indicates an early hematopoietic 
progenitor cel l with extensive self-renewal ability as wel l as long-term repopu-
lating capacity. Comparing both hematopoietic compartments with regard to the 
proportion of C D 3 4 + / T h y - 1 + cells contained therein, a relevant finding was the 2.2-
fold greater mean proportion of this particular subset in the blood-derived 
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Figure 4. Proportion of CD34+/Thy-1+ cells in BM and leukapheresis (LP) products 
of 40 patients. For the intra-individual comparison, a BM sample was obtained before 
the start of cytotoxic chemotherapy. The evaluation of blood-derived CD34* cells in these 
patients is based on 109 LP products collected during G-CSF-enhanced marrow recov
ery. A 2.2-fold greater mean proportion of this early progenitor cell subset was observed 
in LP products compared with BM. 

leukapheresis products (27.47 ± 1.43% versus 12.56 ± 1.15%, p<0.001). The 
results are summarized in Figure 4. It was also interesting to note that the 
proportion of C D 3 4 + / T h y - 1 + cells collected during the course of sequential 
leukaphereses gradually decreased. The results are based on 22 patients who 
underwent a min imum of at least 3 leukaphereses (Figure 5). This decline in the 
proportion of more primitive progenitor cells argues for P B S C collection at an 
early time point during the G-CSF-enhanced recovery period. 

A n attempt was made to correlate the amount of C D 3 4 + cells collected per 
leukapheresis with the mean telomere length ( M T L ) of the mononuclear cells in the 
respective product. Considering the telomere length as a parameter for the 
replicative capacity of c e l l s , 7 8 we expected that a longer M T L — a s a reflection of 

Mean TRF length of blood-derived mononuclear cells 
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Figure 5. Proportion (mean ± SEM) of CD34+/Thy-1+ cells during the course of the 
first three leukaphereses. The assessment is based on a total of 66 leukapheresis prod
ucts sequentially harvested in 22 patients. 

a more juvenile population of lymphohematopoietic stem ce l l s—would be 
associated with greater levels of circulating C D 3 4 + cells. The mean terminal 
restriction fragment (TRF) length served as parameter for the M T L . Evaluating the 
L P products of 54 patients, there was no relationship between the C D 3 4 + ce l l yield 
and the T R P length which varied between 7.0 and 9.7 kb (median 8.11 kb) . 9 The 
results suggest that the proliferative capacity of the hematopoietic system is not 
related to this molecular marker which rather reflects the replicative capacity of 
cells than the patient's hematopoietic reserve. 

Independent of the diagnosis, P B S C collection could be significantly improved, 
when large-volume leukaphereses were introduced with processing of 20 liters o f 
blood instead of 10 liters. Cl in ica l ly wel l tolerated, the procedure led to an average 
2-fold increase in the number of C D 3 4 + cells harvested, which is particularly 
relevant when ex-vivo selection is envisaged. For 35 procedures, the content of 
C D 3 4 + cells was determined after processing of 10 liters and 20 liters, respectively. 
In all patients studied, the second harvest contained as many or more C D 3 4 + 

progenitor cells when compared with the first product. 1 0 This finding suggests a 

Large-volume leukaphereses for PBSC collection 



412 Chapter 8 

mobil iz ing effect of the leukapheresis procedure, as we observed a 2-fold increase 
in the concentration of circulating C D 3 4 + cells fol lowing processing of 16 liters 
(41.6 + 25.1 versus 20.9 ± 6.0 C D 3 4 + cells/uL). The underlying mechanisms of this 
mobilization effect are not clear. A s expected, large-volume leukaphereses were 
particularly advantageous for patients with small concentrations of circulating 
C D 3 4 + cells. The impact of processing large volumes of blood can also be 
appreciated by looking at the target number of 2.5 X 1 0 6 C D 3 4 + cells/kg, which 
provide rapid and sustained engraftment fol lowing high-dose therapy. Single 
harvests containing at least 2.5 X 1 0 6 C D 3 4 + cells/kg were collected in 74% of 
patients undergoing large-volume leukaphereses compared with a proportion of 
32% in patients undergoing regular procedures. A s patients stay in hospital during 
P B S C collection post-chemotherapy, introduction of large-volume leukaphereses 
resulted in a shorter time of hospitalization. 

DISCUSSION 

This is a retrospective study involving 312 patients with hematological 
malignancies and solid tumors who received cytotoxic chemotherapy followed by 
G - C S F in order to mobilize P B S C for autologous transplantation. The combination 
of cytotoxic chemotherapy with G - C S F support leads to significant rebound levels 
of circulating progenitor cells during marrow recovery and permits the collection 
of P B S C for autografting in the majority of patients. The peak value of C D 3 4 + cells 
observed during G-CSF-stimulated marrow recovery correlates with the C D 3 4 + 

cell concentration in peripheral blood before mobilization. Patients presenting 
without C D 3 4 + cells during steady-state hematopoiesis might be considered for 
experimental mobilization modalities to increase the yield of C D 3 4 + cells. These 
approaches include the addition of other cytokines with potential synergism such 
as c-kit l igand (also termed stem cell factor)" or in te r leukin-3 . 1 2 - 1 5 Recent data 
suggest that chemokines like interleukin-8' 6 and macrophage-inhibitory protein-1-
alpha ( M I P - l a ) 1 7 1 8 effectively mobil ize C D 3 4 + cells, while the underlying 
mechanisms are apparently different from those of the hematopoietic growth 
factors mentioned earlier. Moni tor ing of P B S C collection has been greatly 
facilitated by the C D 3 4 + cell assessment in the P B and L P products. Based on these 
measurements, a decision can be made when to start and when to finish P B S C 
collection. It also permits an estimate of whether an ex-vivo selection of C D 3 4 + 

cells is worthwhile. To ensure a sufficient number of C D 3 4 + cells, harvesting of 
P B S C should be envisaged as early as possible during the course of the disease, as 
the hematopoietic reserve declines with each cycle o f cytotoxic chemotherapy. 
Large field radiotherapy has an additional negative effect on the progenitor cel l 
pool. The gradual decrease in the proportion of C D 3 4 + / T h y - 1 + cells during the 
course of the first three leukaphereses indicates that more primitive progenitor cells 



Options with the Graft 413 

are generated and released during an earlier period of marrow recovery. 
Considering that more primitive progenitor cells are important for long-term 
reconstitution fol lowing high-dose chemotherapy, P B S C harvesting is more 
effective during the early rebound phase. 

The mean T R F length of the blood-derived M N C was not related to the amount 
of C D 3 4 + cells collected, implying that the molecular marker reflecting the 
'mitotic age' and replicative capacity of the cells is not predictive for the prolif
erative response of the hematopoietic system to G - C S F fol lowing cytotoxic 
chemotherapy. Another point of practical relevance relates to the introduction of 
large-volume leukaphereses, which permit the collection of an average 2-fold 
greater number of C D 3 4 + cells when compared with L P products fol lowing a 
regular 10-liter leukapheresis. The additional mobil izat ion effect is particularly 
beneficial in patients with a history of extensive cytotoxic pretreatment that 
adversely affects the response to cytokine and/or chemotherapy-based 
mobilization regimens. Earlier concerns, that cytokine-mobil ized C D 3 4 + cells 
from peripheral blood could be inferior compared with C D 3 4 + cells from B M , 
appear to be inval id . Based on an intraindividual analysis, i n the majority of 
patients a greater number of C D 3 4 + cells was found i n the G-CSF-s t imula ted P B 
with an increased proportion of C D 3 4 + / T h y - 1 + cells when compared with B M 
samples obtained before mobilization. P B S C are therefore suitable for the support 
of dose-escalated polychemotherapy as we l l as myeloablative high-dose therapy 
provided that a target quantity of 2.5 X 1 0 6 C D 3 4 + cells/kg is reinfused. In the same 
line, P B S C are apt targets for somatic gene therapy, as they are composed of a 
substantial proportion of stem cells wi th great self-renewal and long-term repopu-
lation ability. 
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ABSTRACT 

Cumulat ive myelosuppression expressed in progressive neutropenia and 
thrombocytopenia occurs during mul t i cyc le chemotherapy treatment. 
Mobi l iza t ion of hematopoietic progenitor cells decreases during subsequent 
chemotherapy cycles. The effect o f chemotherapy on mobil izat ion and prolif
eration of long-term culture-initiating cells ( L T C - I C ) has not been examined 
extensively and is addressed here. 

Sixteen patients wi th early advanced breast cancer received four cycles o f 
intensive F A C chemotherapy ( 5 - F U , adr iamycin, cyclophosphamide) wi th 
lenograst im (glycosyla ted r - H u - G - C S F ) support. Granu locy te co lony-
stimulating factor ( G - C S F ) was administered during two additional 10-day 
periods before the start, and at least three weeks after comple t ion of 
chemotherapy. B l o o d samples for assessment of colony-forming cells ( C F C ) 
and C D 3 4 + cells and proliferation of L T C - I C were collected during the periods 
of G - C S F administration, i n cycles 1 and 4 and from leukapheresis samples. 
M o b i l i z a t i o n of granulocyte-macrophage ( G M ) - C F C and burst-forming unit-
erythroid ( B F U - E ) was most op t imal i n cyc le 1 and decreased during 
chemotherapy. It recovered par t ia l ly dur ing G - C S F after chemotherapy 
compared wi th cycle 4, but to a lower level than during G - C S F before 
chemotherapy. M o b i l i z a t i o n of C D 3 4 + cells was comparable i n cycles 1 and 4 
and at a lower level during the periods of G - C S F only . The proliferative 
potential o f L T C - I C was best in b lood collected wi th in 1-2 days of maximal 
circulating C F C and C D 3 4 + ce l l numbers during each particular period and most 
optimal during G - C S F before chemotherapy and cycle 1. 

Timing leukapheresis during G - C S F in chemotherapy naive status or in the first 
chemotherapy cycle within one day from maximal concentrations of C F C and C D 3 4 + 

cells ensures the highest collection of L T C I C . 

415 
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INTRODUCTION 

Since the first c l inical trials in the late seventies, various studies have reported 
hematopoietic reconstitution after myeloablative treatment by infusion of 
peripheral blood progenitor cells ( P B P C ) collected in steady state1 or during 
recovery from chemotherapy. 2^ 1 Secondary graft failure occurred in some cases. 2 ' 3 

Infusion of P B P C , collected during administration of granulocyte-macrophage 
colony-stimulating factor ( G M - C S F ) , granulocyte-colony stimulating factor ( G -
C S F ) alone or during growth factor administration after chemotherapy, induced 
more rapid hematological recovery than infusion of autologous bone m a r r o w . 5 - 1 0 

M o s t reports focus on mobil izat ion of cells important for early post-transplant 
hematological recovery, and t iming of leukapheresis has been based on peak 
concentrations of C F C and C D 3 4 + c e l l s 1 1 - 1 7 or on the assumption that cells 
important for durable engraftment are mobi l ized early during hematological 
recovery at W B C count >0.5 or 1 X 1 0 9 / L or unequivocal rise o f C D 3 4 + ce l l 
n u m b e r s . 1 2 , 1 8 - 2 1 Specific markers are required to detect putative stem cells by 
f low cytometry 1 9 2 2 ' 2 3 because C D 3 4 + antibodies may inadequately predict 
circulation of stem cells. W e used long-term cultures 2 0 2 4 ' 2 5 to assess presence of 
putative stem cells at various times before, during and after chemotherapy 
treatment and evaluated two mobil izat ion regimens to define the optimal time for 
collection of primit ive cells ( L T C I C ) , which have the capacity to generate C F C . 

MATERIALS AND METHODS 

Patients and treatment 
Sixteen patients with early advanced breast cancer (median age 42 years), of whom 

six had received prior adjuvant chemotherapy (cyclophosphamide, methotrexate, 5-
fluorouracil), received four cycles of standard or intensified F A C chemotherapy at 
two- or three-week intervals. Lenograstim was administered at a dose of 10 ug/kg/d 
s.c. for ten days from day two in each chemotherapy cycle. Eight patients received 10 
pg/kg/d of G - C S F s.c. for a period of ten days before initiation of chemotherapy and 
eight patients 10 pg/kg/d of G - C S F s.c. for ten days at least three weeks after 
completion of chemotherapy treatment when the hematogram had normalized (Figure 
1). Treatment according to protocol, approved by the South Ethics Committee, was 
performed after written informed consent was obtained. A single leukapheresis was 
planned at W B C recovery >4X 10 9 /L in cycle 1 as previously described. 1 2 

Assessment of CFC, CD34+ cells and LTCIC 
Blood samples for ful l b lood count, C F C and C D 3 4 + cel l assessment were 

collected daily during the periods of G - C S F before and after chemotherapy 
treatment and on day 1, 4 and 7 through 13 in cycle 1 and 4. Each sample was 
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Figure 1. Treatment schedule. 

collected in 200 U / L preservative-free heparin. B l o o d M N C were separated using 
a Ficoll-Hypaque gradient (density 1.077 g/mL, Pharmacia, Germany). M N C were 
washed twice in phosphate buffered saline supplemented with 2% fetal calf serum 
(FCS) and counted in a Neubauer hematometer. L T C were initiated on day 5 and 
10 during the periods of G - C S F and on day 9 and 11 in cycle 1 and 4. 
Leukapheresis samples were assessed for mononuclear cells ( M N C ) , C F C , C D 3 4 + 

cells and L T C I C . Normal bone marrow of allogeneic transplant donors or 
volunteers was used for control L T C , with informed consent. 

Clonogenic assays and flow cytometry 
C F C were assessed as previously described. 2 5 Colonies were counted after 14 

days of incubation and classified as granulocyte-macrophage type ( G M - C F C ) , burst-
forming units-erythroid ( B F U - E ) or multipotent ( M i x - C F C ) . M N C were prepared for 
F A C S analysis as previously described 2 6 and analyzed within 24 hours. 

Bone marrow stromal cultures 
Bone marrow cultures were prepared as previously described. 2 5 Confluent 

stromal layers were used after 3 to 8 weeks. They were irradiated with 15 c G / m i n 
to suppress endogenous hematopoiesis. The supernatant was removed and replaced 
with 10 m L fresh L T C medium containing the test cells. 

Two stage long-term cultures 
Blood mononuclear cells at a concentration of 1X10 5 cells/mL in a volume of 10 m L 

L T C medium were seeded onto performed irradiated stromal layers. Half of the 
supernatant and nonadherent cells were removed weekly during feeding. The cells were 
counted and assayed for C F C as described above. The cultures were maintained for 8 
weeks. Control cultures were seeded with equal numbers of normal bone marrow M N C . 

Statistical methods 
Data from all patients within a particular period of G - C S F or chemotherapy 

cycle were pooled for analysis, as no significant difference could be detected 
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between different chemotherapy dose intensity levels. Data from all cycles were 
compared by nonparametric (ranking) methods. Statistically significant results 
were analyzed by the W i l c o x o n matched-pairs signed rank test. The relationship 
between cell counts was calculated using Pearson's product moment correlation. 
The magnitude of G M - C F C generation in L T C over 8 weeks was expressed by the 
area under the curve ( A U C ) . The M a n n Whitney test was used for comparison of 
the A U C . 

RESULTS 

Mobilization of CFC and CD34+ cells 
Results of mobil ized C F C and C D 3 4 + cel l numbers in the peripheral blood and 

leukapheresis have been published elsewere. 1 2 Br ief ly , G - C S F administration 
before chemotherapy did not influence mobilization of C F C and C D 3 4 + cells at 
later periods, in the cohort of patients receiving G - C S F prior to chemotherapy 
compared with the cohort receiving G - C S F after completion o f chemotherapy. 
Mobi l iza t ion of C F C and C D 3 4 + cells occurred concurrently during all assessment 
periods. M a x i m a l C F C and C D 3 4 + cel l numbers in the circulation were seen on 
days 6-7 during G - C S F before and days 9-10 during G - C S F after chemotherapy 
treatment. W B C recovery from nadir on median day 8 (range 8-9) in cycle 1 and 
day 9 (range 8-9) in cycle 4 occurred simultaneously with mobilization of 
progenitor cells. W B C recovery >4X 10 9 /L , the time for leukapheresis, occurred on 
median day 11 (range day 10-13) in cycle 1. Correlation coefficients for the 
relationship between W B C count and circulating C F U - G M and C D 3 4 + cells on the 
day of leukapheresis were r=0.576 and r=0.559, respectively. 

Median peak C F C and C D 3 4 + cel l numbers during all periods are shown in 
Figure 2. Mobi l iza t ion of C F C was optimal in cycle 1 and had decreased by about 
50% for C F C i n cycle 4 (p=0.28). Higher numbers of C F C were detected during G -
C S F after chemotherapy compared to those in cycle 4, but the levels did not reach 
those achieved during G - C S F before chemotherapy. Circulating C D 3 4 + cel l 
numbers were comparable during cycle 1 and cycle 4. Thus, C F C mobilization 
appeared compromised by chemotherapy treatment. This was not observed for 
C D 3 4 + cells. 

LTC 
Generation of G M - C F C in L T C is shown in Figure 3. The highest generation of 

G M - C F C was seen in cultures of L T C I C collected in chemotherapy-naive status on 
day 5 during G - C S F before chemotherapy. Generation of G M - C F C at the end of 
the fifth week of culture was comparable in L T C from blood collected on D l 1 of 
cycle 1 and from leukapheresis samples also collected during cycle 1. L T C initiated 
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Figure 3. Generation ofGM-CFC in LTC initiated on day 5 during G-CSF before (Gb) 
and after (Ga) chemotherapy, day 11 in cycle 1 and 4 and from leukapheresis samples, 
expressed as the median of numbers of GM-CFC per culture supernatant per week. 

from blood samples collected on day 10 during the periods of G - C S F and day 9 i n 
cycle 1 and 4 showed poor capacity to generate G M - C F C (data not shown). 

Figure 4 displays the area under the curve ( A U C ) for L T C initiated on day 5 of 
G - C S F administration before and after chemotherapy, on day 11 of cycle 1 and 4 
and for L T C from normal bone marrow samples. The highest values were observed 
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during G - C S F before chemotherapy. This capacity was slightly reduced after the 
first chemotherapy administration, decreased further during chemotherapy to a 
minimal after the fourth chemotherapy administration and recovered slightly 
during G - C S F after completion of chemotherapy treatment. N o significant 
difference (p>0.05) in proliferative potential between L T C I C collected on day 5 
during G - C S F before chemotherapy or day 11 of cycle 1 and L T C I C of normal 
bone marrow was found. Generation of G M - C F C by L T C I C collected on day 11 in 
cycle 1 compared with day 11 in cycle 4 was significantly different (p=0.002). 

DISCUSSION 

Our data suggest that initiation of leukapheresis on day 5 during G - C S F in 
chemotiierapy naive status is optimal for collection of committed progenitor 
c e l l s . 8 1 2 Even the first chemotherapy compromises mobil ized L T C I C in their 
capacity to generate G M - C F C . Add ing G - C S F to chemotherapy could not 
overcome either this effect or further deterioration during chemotherapy treatment. 
Breems 2 7 reported a negative relationship between the number of chemotherapy 
cycles and the number and proliferative potential o f collected L T C I C . 
Deterioration during the first four cycles was exponential with flattening of the 
curve during later cycles. 
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Various s tud ie s 1 6 , 2 1 ' 2 8 " 3 0 compared L T C I C mobil izat ion by different regimens, 
mostly i n blood samples of patients previously treated wi th chemotherapy or i n 
samples of leukapheresis collected at W B C recovery > 0 . 5 - l X 1 0 9 / L after 
chemotherapy + growth factor administration. Bender et a l . 2 9 reported superior 
contents o f primit ive and lineage restricted cells i n leukapheresis performed after 
mobil izat ion by C Y plus G - C S F compared to C Y alone. T o 2 1 reported character
ization of primit ive cells during four mobil izat ion regimens (Cy versus C y plus 
G - C S F versus C Y plus G M - C S F versus G - C S F ) . Frequencies of circulating 
C D 3 4 + C D 3 8 " cells were higher fo l lowing mobi l izat ion by G - C S F than by any of 
the other regimens. This observation agrees wi th our results wh ich suggest that 
p r imi t ive ce l l mob i l i za t ion becomes compromised by chemotherapy. 
Sutherland 1 6 reported higher frequencies of L T C I C i n blood samples drawn after 
mobil izat ion by C Y or G - C S F compared wi th C y plus G M - C S F . Benboubker 2 8 

also reported lower L T C I C frequencies after mobil izat ion by C Y plus G M - C S F 
compared with C Y and attributed this to differentiation induced by G M - C S F . 
This , however, neglected the possibili ty that the first chemotherapy cycle ( C Y 
only) may have been cytotoxic for primit ive cells assessed during the second 
mobil izat ion cycle consisting of C Y plus G M - C S F . Chen et a l . 3 0 characterized 
primit ive cells by expression of C D 3 4 and Thy-1 and absence of L i n markers and 
reported higher frequencies of C D 3 4 + T h y - 1 + L i n " cells after mobil izat ion by G M -
C S F than G - C S F . Contrasting observations may be due to differences i n subsets 
of pr imit ive cells characterized by L T C compared wi th flow cytometry, 
differences i n pr ior exposure to cyto toxic treatment, type o f previous 
chemotherapy and interval since prior cytotoxic treatment, and differences i n 
t iming of sampling. 

Our data indicate that exposure to cytotoxic treatment compromises 
mobilization of cells with LTC-in i t ia t ing potential during a particular mobilization 
regimen and suggest that collection during G - C S F in chemotherapy naive status or 
during the first chemotherapy cycle, within one day from peak circulating levels o f 
committed progenitor cells and C D 3 4 + cells at W B C recovery >4X 10 9 /L , results i n 
a high yie ld of L T C I C . G M - C F C mobilization late during chemotherapy treatment 
or during G - C S F after chemotherapy correlates with mobilization of L T C I C . 
Upfront planning of future treatment including optimal timing of leukapheresis for 
collection of L T C I C with capacity to generate high numbers of G M - C F C may be 
important for the success of new treatment modalities. 
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ABSTRACT 

Def in ing which subpopulation of circulat ing hematopoietic progenitor cel ls 
is predictive of both an opt imal performance of the graft harvest and a further 
short-term trilineage engraftment is s t i l l under debate. In an attempt to evaluate 
autograft engraftment potential, we prospectively studied the relationships 
between the amounts o f b lood mononuclear cells ( M N C ) , colony-forming unit 
granulocyte-macrophage ( C F U - G M ) , C D 3 4 + cel ls and their 33 + /33~ and 
38 +/38~ subsets contained i n graft products, and the kinetics o f trilineage 
engraftment i n patients wi th various malignant diseases. The ind iv idua l 
amounts o f each subgroup of reinfused cells were plotted against each 
engraftment kinetics parameter, defined by the number of days to reach 
absolute neutrophil count ( A N C ) of 0.5, 1 and 2 X 1 0 9 / L , unmaintained platelet 
counts o f 20 and 5 0 X 1 0 9 / L , and absolute reticulocyte counts o f 30 and 
5 0 X 1 0 9 / L on two consecutive days. Correlations were analyzed using three 
different statistical tests i n paral lel (the Spearman correlation test, a l inear 
regression test and a log-inverse model) . Whatever the statistical test, there was 
no significant correlation between the number o f days to reach the successive 
A N C , platelet and reticulocyte counts and the infused numbers o f M N C , C D 3 3 + 

and C D 3 3 ~ subsets (except A N C 2 X 1 0 9 / L for the latter). Moreover , the infused 
numbers of C F U - G M , C D 3 4 + and C D 3 8 + cells only correlated inconstantly 
wi th hematopoietic recovery kinetics parameters. In fact, the strongest and the 
most constant significant correlations wi th in the three statistical models were 
observed between the number of infused C D 3 4 + 3 8 ~ cells and each engraftment 
parameter. M o r e particularly, this ce l l subset was the only one to significantly 
correlate wi th reticulocyte recovery kinetics. Interestingly, the log-inverse 
model enabled a plateau of the engraftment kinetics correlation curves to be 
determined, starting from an infused dose of 0 . 1 / 0 . 2 X 1 0 6 C D 3 4 + 3 8 ~ cel ls /kg 
for the 3 ce l l lineages. Under this threshold value, the lower the number of cells 
infused, the slower the engraftment kinetics. This study suggests that the 
C D 3 4 + C D 3 8 " subpopula t ion, a l though essent ia l ly par t ic ipa t ing i n late, 
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complete hematopoietic recovery, also comprises committed progenitor cells 
invo lved i n early trilineage engraftment. D a i l y assessment of the C D 3 4 + C D 3 8 ~ 
leukapheresis content should also identify when to opt imal ly cease the 
leukapheresis procedure after the total harvested amounts o f these cells reach 
at least 3X10 5 /kg b .w. 

INTRODUCTION 

Defining which subpopulation of circulating hematopoietic progenitors is 
optimally predictive of early and/or sustained post-autologous blood cell transplant 
( A B C T ) multilineage recovery is still under debate. There are conflicting reports 
about the correlation of cl inical engraftment with either clonogenic assays or 
C D 3 4 + cel l counts. 

Previous studies have demonstrated a great heterogeneity in the stages of differ
entiation of C D 3 4 + subpopulations that may influence the rapidity and the quality 
of post-transplant hematopoietic r ecove ry . 1 2 Maturation of C D 3 4 + cells is 
accompanied by changes in cell surface marker expression. Terstappen et al . have 
shown that expression of the C D 3 8 antigen on C D 3 4 + cells indicates a commitment 
of a more primitive cell to myeloid, erythroid or lymphoid lineages. 3 In turn, 
C D 3 8 " cells contain multilineage hematopoietic cells with extensive proliferative 
capacities in fetal and adult bone marrow ( B M ) . 4 , 5 In parallel, the C D 3 4 + C D 3 3 
subsets were suggested to relate to the mobilization regimens and also to indicate 
the maturation/differentiation cel l stages.6 Us ing long-term B M culture, Andrews 
et al . demonstrated that colony-forming cells were derived from C D 3 4 + C D 3 3 ~ 
rather than from C D 3 4 + C D 3 3 + cells . 7 

W e have prospectively studied the relationships between the amounts of blood 
mononuclear cells ( M N C ) , colony-forming unit granulocyte-macrophage C F U -
G M , C D 3 4 + cells and their 33V33" and 38 + /38" subsets contained in graft products, 
and the kinetics of trilineage engraftment in patients suffering from various 
malignant diseases. 

MATERIALS AND METHODS 

Patients 
Twenty-five consecutive patients (15 males, 10 females) were enrolled in this 

study. Their median age was 43 (range: 21-54). Eleven patients had non-
Hodgkin ' s lymphoma ( N H L ) and six had multiple myeloma ( M M ) . Four patients 
had acute leukemia: three acute lymphoblastic leukemia ( A L L ) , and one acute 
phase (AP) of chronic myeloid leukemia ( C M L ) . T w o patients had Hodgkin ' s 
disease (HD) and two others had breast cancer (BCa) . 

A l l patients had received various chemotherapy courses according to their disease, 
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prior to the mobilization regimen. The latter always comprised chemotherapy, adapted 
to the type of disease. Additionally, nine of the eleven patients with N H L , the six 
patients with M M , the two patients with B C a and the two patients with H D , received 
sequential administration of either granulocyte-macrophage colony-stimulating factor 
( G M - C S F , n=2) or granulocyte colony-stimulating factor (G-CSF) , alone (n= l l ) or 
combined with JL-3 (n=6). Dai ly subcutaneous administration of G - or G M - C S F was 
started 24 hours after chemotherapy at a dose of 5 pg/kg/day (whatever the cytokine) 
until completion of leukaphereses ( L K ) , except for patients with M M , who were 
administered a particular protocol combining JL-3, 5 pg/kg/day, from day 1 to day 7, 
and G - C S F from day 4. 

Evaluation of the graft content in CD34+ cells and subsets 
C D 3 4 + cells were identified using the staining method and flow cytometry assay 

we previously described. 8 In short, nucleated cells were adjusted at a concentration 
of l X l 0 7 / m L in Dulbecco's phosphate buffer saline ( D - P B S , Gibco , Cergy 
Pontoise, France), subsequently divided into 200 uL aliquots, and incubated for 30 
minutes in the dark at room temperature with 20 u L of phycoerythrin (PE)-
conjugated 8G12 monoclonal antibody ( M o A b ) ( H P C A - 2 , Becton Dickinson, L e 
Pont de Cla ix , France) and 25 u L of P E - I g G l conjugated M o A b (Becton 
Dickinson). Then, cells were incubated for 7 minutes with a lysing reagent (Ortho, 
Roissy, France) and washed twice in D - P B S with 2% fetal calf serum (FCS) . 

C e l l aliquots were stained with 8G12 M o A B as described above, for detection 
of C D 3 4 + C D 3 3 and CD34+CD38 subsets, then incubated with 20 uL of fluorescein 
isothiocyanate (FITC)-conjugated anti-CD33 M o A b or 20 p L of FITC-conjugated 
anti-CD38 M o A b (Immunotech, Marsei l le , France). In parallel, both unstained 
cells and cells stained with a control isotype applied as a combination of 
nonspecific F I T C - I g G l with P E - I g G l (Simultest Control , Becton Dickinson) were 
used as negative controls. After a 30-minute incubation, the cells were mixed with 
4 m L of lysing reagent (Ortho) and washed twice in D - P B S with 2% F C S . They 
were then immediately analyzed with a F A C S t a r (Becton Dickinson, Mountain 
V i e w , C A ) equipped with a 5 W argon laser. Fifty thousand cells were acquired in 
mode L I S T and the data were analyzed with the Consort 30 program. C e l l 
aggregates and debris were excluded by gating in acquisition. C D 3 4 + cells were 
obtained by side scatter cytogram (SSC) versus PE-red fluorescence. Filters (530 
nm and 570 nm) were used for selection of green and red fluorescence attributable 
to F I T C and PE-labeled antibodies (Abs). Compensation levels were set to l imit the 
superposition of fluorochrome emission spectrum. C D 3 4 + ce l l subpopulations were 
determined by electronic gating on the C D 3 4 + population identified in a two-color 
display of P E - 8 G 1 2 versus side scatter. These gated C D 3 4 + events were studied 
with FITC-labeled A b . Subpopulations of C D 3 4 + cells were identified on the 
cytogram of P E versus F I T C fluorescence. The l imi t between negative and positive 
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expression of the C D 3 3 or C D 3 8 markers was set according to negative control-Ab 
(PE versus F I T C fluorescence) in the lymphocyte region. 

Finally, absolute quantification of C D 3 4 + cells and subsets per m L was evaluated 
in L K product ( L K P ) samples by multiplying the M N C count determined with a 
S T K S C e l l Counter Coulter (Coultronics, Margency, France) with the percentage of 
C D 3 4 + cells determined by flow cytometry. Results were finally expressed as the 
numbers of total C D 3 4 + cells or subsets per kg body weight (b.w.). 

CFU-GM colony assay 
Fresh M N C from each L K P sample were adjusted and plated at a concentration 

of 2 X 1 0 5 viable cells n duplicate in a culture medium consisting of 0.8% methyl-

cel lulose supplemented wi th 20% human placental condit ioned medium 

(standardized against M e d i u m H431 [Stem C e l l Technologies, Vancouver, 

Canada]) and 20% fetal calf serum (FCS) . Plates were incubated at 37°C and 5% 

C O 2 , in a humidified atmosphere. Colonies containing more than 50 cells were 

scored on day 12, using an inverted microscope. 

Myeloablative conditioning therapy and ABCT 
Pretransplant conditioning regimens depended on the disease. Fractionated total 

body irradiation (total-body irradiation [TBI]=10-12 G y delivered in 5-6 fractions) 
was combined with high-dose chemotherapy ( H D C T ) in 14 patients, while the 
others underwent H D C T only. Twenty-four hours after completion of high-dose 
therapy, cryopreserved blood cells were thawed at the patient's bedside and 
immediately reinfused to the patient. N o patient received cytokines post-transplant. 
A l l patients were nursed in a laminar air flow room and routinely received gut 
decontamination, as w e l l as broad spectrum antibiotics and irradiated 
cytomegalovirus-negative blood products, as required. The kinetics of engraftment 
was defined by the number of days from graft infusion to reach an absolute 
neutrophil count ( A N C ) of 0.5, 1 and 2X10 9 /L, a platelet count of 20 and 
50 X 1 0 9 / L without transfusion support, and an absolute reticulocyte count of 30 and 
5 0 X 1 0 9 / L , on two consecutive days. 

Statistical analysis 
The nonparametric Spearman rank correlation test was used for examining the 

relationships between the individual amounts of different subvarieties of cells 
reinfused and the number of days required for hematopoietic recovery after A B C T 
for each patient. When dependent and predictive variables were related, the 
parameters of a linear regression model (Y=b0 + bj x cells) and a log-inverse model 
(Y=427e (bo + b l x cells) were estimated, and the goodness-of-fit of the models was 
evaluated with the coefficient determination (R2). Patients who died before 
engraftment of either lineage were censored at the date of death. 
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Table 1. Summary of relationships between the kind of infused cells and days required 

for hematopoietic recovery depending on the statistical model 

Type of Days to:  

reinfused ANC Platelets Reticulocytes 

cells >0.5G/L ¿1 GIL >2 GIL >20 GIL >50GIL >30 GIL >50 GIL 

MNC 2) - - - - - - -

3) - - - - - - -

1) + - - + + - -

CFU-GM 2) + + - + + - -

3) +++ +++ - + + + + - + 

1) - - +++ ++ + - -

34+ 2) - - + + - - - -

3) - - +++ + + - -

1) - - - - - - -

34+33+ 2) - - - - - - -

3) - - - - - - -

1) - ++ 
34+33" 2) - ++ 

3) - - ++ - - ++ ++ 

1) - - +++ ++ + - -

34+38+ 2) - - ++ -

3) - - +++ + + - -

1) ++ + +++ +++ +++ +++ +++ 

34+38" 2) - - ++ + + + + 

3) + + +++ +++ +++ +++ ++ 

1) Spearman's test 

2) Linear regression model (L): 
Y=ho + hi Xcells 

3) Log-inverse model (S): 
Y=e**(bo + bl/x) 

+++ 

Spearman's 
correlation 
coefficient 

r 5: -0.65 
r&-0.50 
rs:-0.40 
r < -0.40 

R square 
(L and S models) 

R 2 s 0.45 
R 2 > 0.30 
R2>0.18 
R2<0.18 

p values 

s 0.001 
£ 0.01 
<0.05 
>0.05 
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Figure 1 A. Neutrophil recovery kinetics. 
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Figure 1B. Platelet recovery kinetics. 
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Figure 1C. Reticulocyte recovery kinetics. Plots of linear fit and log-inverse fit (with 95% 
confidence intervals of the mean predicted responses) expressing the relationship between 
the numbers of reinfused CD34+CD38~ cells and a) Neutrophil recovery kinetics, b) 
Platelet recovery kinetics, c) Reticulocyte recovery kinetics, using either the linear regres
sion test (top) or the log-inverse test (bottom). When considering the latter, the curves 
always reach a plateau starting from similarly infused CD34*CD38~ doses of 0.1/0.2 X106 

cells/kg for the three cell lineages. 

Data analysis was performed with SPSS® 6.1.2. for Windows™ softwares. The 
two-tailed significance was determined by using the Student's or the F statistical 
tests. Results were considered as significant for p value <0.05. 

RESULTS 

Post-transplant hematopoietic recovery 
O n average, 1 .6X10 8 M N C / k g (range 0.1-4.65), 15 .5X10 6 C F U - G M / k g (range 

2.5-57.7) and 2 . 2 X 1 0 6 C D 3 4 + cells/kg (range 0.3-10.2), 1 .3X10 6 C D 3 4 + 3 3 + 

cells/kg (range 0.07-10.1), 0 . 7 7 X 1 0 5 C D 3 4 + 3 3 " cel ls/kg (range 0.02-7.7), 
1 .9X10 6 C D 3 4 + 3 8 + cells/kg (range 0.27-6.33), and 0 . 1 5 X 1 0 6 C D 3 4 + 3 8 " cells/kg 
(range 0.011-1.62) were reinfused. 
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Table 2. Evidence of a faster trilineage engraftment in patients receiving CD34+ cell 
amounts >2X 106/kg compared to those receiving less than 2X 106/kg CD34+ cells 

Median no. of days to: 
(range values) 

No. of infused ANC Platelets Reticulocytes 
CD34+ cells >0.5 >1 >2 >20 >50 >30 >50 
>2X106/kg 10.5 12.5 15 14 17 18 21 

(9-13) (11-17) (12-22) (9-27) (11-31) (12-22) (14-33) 

<2X106/kg 12.5 15 30 27 38 24 30 
(9-16) (12-22) (11-75) (10-60) (13-130) (14-42) (15-90) 

p value <0.05 <0.05 <0.001 <0.001 <0.001 =0.01 <0.01 

The average times to reach A N C of 0.5, 1 and 2 X 1 0 9 / L were 16, 20 and 32 
days, respectively. The highest day values were related to the A P - C M L patient, 
whose hematopoietic recovery was extremely delayed, as is frequent in this 
disease. When excluding this patient's values, the average times decreased to 11, 
14 and 23 days, respectively. The median times to reach 20 and 50X10 9 /L platelets 
were 28 and 37 days, respectively, or 21 and 29 days after exclusion of values from 
patient N ° 21. However, three patients never reached 50X10 9 /L platelets before 
they died on day 14, 120 and 550, respectively. Absolute reticulocyte counts 
reached 30 and 50X10 9 /L within 21 and 27 days (or 20 and 25), respectively. 

Correlation analysis of the numbers 
of infused cells with the engraftment kinetic 

The individual amounts o f the different ce l l subvarieties reinfused for 

transplant were plotted against the number of days to reach the different 

neutrophil, platelet and reticulocyte counts defining the trilineage engraftment 

kinetics for each patient. Whatever the test, there was no significant correlation 

between the infused numbers o f M N C , C D 3 3 + and C D 3 3 " subsets and the 

number of days to reach the successive A N C (with the exception o f A N C 

2 X 1 0 9 / L for CD33") , platelet and reticulocyte counts. The number o f infused 

C F U - G M weakly correlated with the time to A N C >0.5 and 1 X 1 0 9 / L , correlated 

significantly better with the kinetics o f platelet engraftment, but not with reticu

locyte recovery. The correlation o f the total C D 3 4 + ce l l numbers wi th 

engraftment kinetics was inconstant in the 3 statistical models: it was not 
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significant wi th the time to low A N C and reticulocyte count recovery, but good 
enough with the time to A N C >2X 10 9/1 and weak with the two platelet values. 
The C D 3 8 + subset showed a good correlation with A N C > 2 X 1 0 9 / 1 , but only a 
weak to no correlation with a l l the other parameters. In fact, the strongest and the 
most constant significant correlations within the 3 statistical models were 
observed between the number of infused C D 3 8 " cells and each of the engraftment 
parameters. M o r e particularly, this ce l l subset was the only one to significantly 
correlate wi th ret iculocyte recovery kinet ics . A l l correlat ive values are 
summarized i n Table 1. 

Interestingly, the log-inverse model allowed a plateau of the engraftment 
kinetics correlation curves to be determined, similarly starting from an infused dose 
of 0.1/0.2X 10 6 C D 3 8 " cells/kg for the 3 cel l lineages. Under this threshold value, 
the lower the number of cells infused, the slower the engraftment kinetics, while in 
contrast, infusion of >0 .3X10 6 /kg C D 3 8 - cells d id not shorten the time of 
hematopoietic recovery. 

DISCUSSION 

Whi le in recent years several studies have attempted to define which cel l 
subpopulation could best predict the kinetics of further engraftment, results have 
been inconsistent. Although a recent study recommended the assessment of M N C 
dose alone as reliably predicting early granulocyte and platelet recovery 9 , this is not 
confirmed by most other s tud ies , 1 0 1 2 including ours. Despite the correlations we 
found, l ike others, between C F U - G M and CD34+ cells in L K P , C F U - G M 
assessment finally appears not to be much more convincing. 

M o s t investigators now insist on the powerful predictive role of graft C D 3 4 + 

ce l l values i n op t imal ly predic t ing the rapidi ty o f further engraftment 
k i n e t i c s . 1 0 1 1 1 4 - 1 6 However , i n our study, the transplanted C D 3 4 + ce l l values only 
correlated wi th the later stage of neutrophil recovery (but not earlier) and 
platelet recovery kinetics, regardless o f wh ich correlation test was applied. 
W h e n attempting to determine, as other investigators have, threshold C D 3 4 + ce l l 
values above those where prompt engraftment occurs w i t h increas ing 
confidence, we observed that patients receiving more than 2 X 1 0 6 C D 3 4 + 

cel ls /kg significantly experienced a faster trilineage engraftment than those 
receiving fewer than 2 X 1 0 6 C D 3 4 + cel ls /kg. In the latter situation, the time to 
achieve 0.5 X 1 0 9 neutrophils/L never exceeded 16 days, even when reinfusing 
numbers of C D 3 4 + cells as l ow as 0 . 5 X l 0 6 / k g . However , the patients receiving 
such low C D 3 4 + ce l l doses reached totally normal b lood ce l l counts s ignif i 
cantly later, or never. It is therefore suggested that infusion of l o w total C D 3 4 + 

ce l l doses consistently has less impact on short-term rather than long-term 
hematopoietic recovery. 
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Addit ional ly, as both immature stem cells and committed progenitors express 
the C D 3 4 + antigen, it might be cl inical ly interesting to better refine stem cel l 
measurement by evaluating C D 3 4 + subsets, which could avoid overestimating the 
true stem cel l content o f the graft. 

In contradiction with others , 1 1 1 7 in our present study we did not find any 
correlation between the number of transplanted C D 3 4 + C D 3 3 + cells and any of the 
early trilineage engraftment parameters, whatever the statistical test applied, whereas 
the transplanted C D 3 4 + C D 3 3 " cells only correlated well with the later stage of 
neutrophil engraftment. The number of infused C D 3 4 + C D 3 8 + cells were not more 
predictive, since they did not convincingly correlate in our study with any stage of 
trilineage engraftment kinetics—except for the later stage of neutrophil 
recovery—and only weakly with platelet recovery kinetics. 

Conversely, the strong correlation we observed between the number of 
transplanted C D 3 4 + C D 3 8 " cells and almost al l stages of trilineage engraftment, 
including the earlier ones, might be considered somewhat surprising. They seem to 
suggest a functional heterogeneity of the C D 3 8 " subpopulation, initially supposed to 
participate solely in late, complete hematopoietic reconstitution. Surprisingly, it also 
appears to have a correlation with early trilineage engraftment. 

In a short study, Buscemi et al. recently reported data similar to ours. 1 8 They also 
found that the total number of grafted C D 3 4 + cells correlated with platelet recovery 
but not with early neutrophil recovery. They did not find any correlation between 
hematopoietic recovery and either the C D 3 4 + C D 3 3 + and C D 3 4 + C D 3 8 + subsets, or the 
infused numbers of M N C and C F U - G M . But, overall, they found a very strong 
correlation between platelet recovery and the C D 3 4 + C D 3 8 _ subset. Interestingly, 
using three-color flow cytometry analysis, they also showed that the grafted 
C D 3 4 + C D 3 8 " cells were either H L A - D R + or H L A - D R " . Therefore, they suggested a 
lineage commitment, implying that C D 3 4 + cells negative for C D 3 8 also comprise 
committed progenitors. Further evaluation using three- or four-color flow cytometry 
together with clonogenic assays, would require purification of both 
C D 3 4 + C D 3 8 " H L A - D R + and H L A - D R " subpopulations to subsequently try to 
determine the exact role of these two minuscule cell subpopulations with regard to 
short- and long-term engraftment. 

In conclusion, careful assessment of the C D 3 4 + C D 3 8 " subpopulation in graft 
products might be the best predictive parameter of both short- and long-term trilineage 
engraftment, much more reliable than the C D 3 4 + assessment. Furthermore, for us, the 
optimal threshold value seems to be between 1 and 2 X 1 0 5 C D 3 8 " cells/kg, and 
numbers >3X10 5 /kg w i l l certainly not reduce time to hematopoietic recovery. The 
daily assessment of the C D 3 4 + C D 3 8 " content in L K P should additionally identify 
when to optimally cease the leukapheresis procedure after the total harvested number 
of these cells reaches such values. Since this can be done without major technical 
difficulty using just two-color flow cytometry, we suggest its general practice. 
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INTRODUCTION 

M y e l o m a relapse is the single most important cause o f treatment failure for 
patients undergoing high-dose chemoradiotherapy and autologous progenitor cel l 
support . 1 - 4 Innovative strategies are needed to prevent relapse of myeloma after 
autologous transplant. The induction of autologous graft-versus-host disease 
( G V H D ) has been studied for breast cancer, 5- 6 lymphoma, 7 and acute myelogenous 
leukemia, 8 and could also be useful in myeloma, since a graft-versus-myeloma 
effect exists. 9 

Study schema 
Patients with intermediate or high tumor mass multiple myeloma were eligible 

for this study. The study was approved by the institutional review board and al l 
patients signed a written informed consent according to institutional guidelines. 

A l l patients had autologous stem cells collected after chemotherapy and growth 
factor mobilization. Three patients required bone marrow harvests to supplement 
the peripheral blood stem cell collections. 

Patients received combination chemotherapy with thiotepa 750 mg/m 2 , busulfan 
12 mg/kg and cyclophosphamide 120 mg/kg, as previously described. 1 2 Filgrastim 
was administered to a l l patients at a dose of 5 pg/kg daily beginning on the day of 
stem cell infusion until the neutrophil count was >5.0X 10 9 /L . 

Cyclosporine was begun on the day of stem cell infusion at an initial dose of 1 to 
2 mg/kg given as a continuous intravenous infusion over 24 hours. Cyclosporine 
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levels were measured two to three times a week until the patient stopped taking the 
drug. The cyclosporine dose was adjusted to maintain whole blood levels between 
50-150 ng/dL in the first seven patients (low level group) and between 150-300 
ng/dL in the following patients (high level group). Patients were allowed to switch to 
oral cyclosporine once they were able to tolerate oral medications. Cyclosporine was 
given until day 28 after stem cell infusion and was discontinued for any grade 3 or 
greater toxicity, or with a doubling of the baseline creatinine level. Cyclosporine was 
resumed once toxicity resolved. S ix patients also received gamma interferon at a dose 
of 0.02 mg/m 2 subcutaneously every other day from day 7 to day 28 post transplant. 
A l l patients were treated with alpha-interferon at a dose of 1 -2X10 6 units three times 
a week from the time of platelet recovery until disease progression. 

The primary end points of this study were toxicity and induction of G V H D . 
Patients were monitored daily whi le hospitalized and two to three times weekly 
after discharge until day 28. A l l patients underwent bl ind skin biopsies on day 28 
to assess for subclinical G V H D . Sk in biopsies were independently reviewed and 
scored by one of the investigators ( M C ) in a blinded fashion. Established toxicity, 
engraftment and G V H D criteria were used for study eva lua t ion . 1 3 - 1 5 Survival was 
determined as of August 1,1996, and rates were calculated according to the method 
of Kaplan and M e i e r . 1 6 

RESULTS 
From November, 1994, until M a y , 1995, 22 patients were enrolled. Patient and 

disease characteristics at the time of transplant are summarized in Table 1. A l l 
patients were évaluable for toxicity. Fourteen patients developed mucositis 
requiring narcotic analgesia, 9 patients developed >grade 2 nephrotoxicity, and 7 
patients developed >grade 2 hepatic toxicity. Major toxicity according to 
cyclosporine group is summarized in Table 2. T w o treatment-related deaths were 
observed: one patient developed progressive renal and liver failure and refused 
dialysis, and anofiier patient died from veno-occlusive disease of the l iver in 
association with a C M V infection. N o significant differences were observed in the 
incidence of grade 3^1 organ toxicities when compared with 37 historical controls 
treated with the same preparative regimen (Table 2). 

A l l patients recovered a neutrophil count o f 0.5 X 1 0 9 / L a median of 11 days post 
transplant (range 6-15) . Nineteen patients achieved platelet transfusion 
independence at a median of 21 days (range 7-209). In the historical control group, 
the time to neutrophil recovery was 9 days, and the time to platelet transfusion 
independence was 12 days. 

Patients received cyclosporine for a median of 26 days (range 4—28). Fourteen 
patients had cyclosporine held for 2 to 24 days (median 6 days) secondary to renal 
and liver dysfunction. Cyclosporine levels according to treatment group are 
summarized in Table 3. 
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Table 1. Patient and disease characteristics at time of transplant 

Variable 

N 

age in years, median (range) 

22 

50 (39-52) 

female: 3 
male: 19 

globulin type 

time to transplant in days, median (range) 
number of prior therapies, median (range) 

disease status at transplant 

pre-transplant LDH IU/dL, median (range) 

pre-transplant (J-2M mg/L, median (range) 

cyclosporine group 

IgG: 11/nonsecretory: 3 
IgA: 4/Bence Jones: 3 
IgD: 1 

590 (84-3354) 
3(1-5) 

primary refractory: 14 
sensitive relapse: 5 
refractory relapse: 1 
first CR: 2 

475 (264-734) 

3.3(1.3-13.4) 

low dose: 7 
high dose: 9 
high dose and Y-interferon: 6 

Three patients developed cl inical skin G V H D that responded to steroid therapy. 
Eight patients developed histologic evidence of G V H D without cl inical signs o f 
G V H D (subclinical G V H D ) . The incidence o f cl inical and subclinical G V H D was 
four of seven patients in the low cyclosporine level group and three o f seven i n the 
high cyclosporine level group. 

Seven of 18 patients wi th measurable disease pretransplant achieved 
remissions. Seven patients have progressed 84-354 days post transplant (median 
160 days). Seven patients died between 28 and 426 days post transplant (median 
194 days). T w o died from regimen-related toxicity, the other five from compl i 
cations o f their disease. Fifteen patients are alive between 45 and 664 days post 
transplant. Overal l survival is 73 ± 10% at 18 months. 
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SUMMARY AND CONCLUSIONS 
In this report, we show that induction of autologous G V H D is feasible in 

patients wi th multiple myeloma undergoing high dose chemotherapy and 
autologous stem cel l transplantation. Several observations made during this study 
merit further comment. 

The addition of cyclosporine early after transplant increased the incidence of 
mi ld nephrotoxicity. Many patients required discontinuation of cyclosporine, with 
one patient developing renal failure requiring dialysis. Further phase II trials w i l l 
continue with a recommended target cyclosporine level between 150 and 300 ng/dL. 

The rate of induction of cl inical ly evident autologous G V H D in this study 
seemed to be lower than that reported for breast cancer or lymphoma. The lower 
rate could be related to an underlying T cel l dysfunction and immune deficiency 
associated with myeloma. 1 6 W e continue to explore the feasibility and efficacy of 
autologous G V H D induct ion i n conjunction wi th gamma-interferon and 
interleukin-2, in efforts to harness an antimyeloma effect. 
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INTRODUCTION 

Hematopoiesis has been a subject o f intense investigation during the past four 
decades since the seminal i n v ivo studies of T i l l and M c C u l l o c h i n the late 1950s. 1 

Their studies demonstrated the existence of pluripotent hematopoietic stem cells 
in an animal model system. The importance of resident, marrow microenvi-
ronment in nurturing hematopoiesis was elegantly demonstrated by Dexter et a l . 2 , 3  

Their in vitro studies were also conducted i n an animal model system. Fina l ly , 
cloning hematopoietic growth fac tors 4 - 6 has enabled us to understand, in detail, 
the critical role that "marrow hormones" have i n regulating hematopoiesis both i n 
vitro and in v ivo and in both animal model systems and humans. W e now believe 
that the process that we cal l hematopoiesis is a carefully orchestrated interaction 
of the hematopoietic microenvironment, hematopoietic stem cells and hemato
poietic growth factors. 

The c l in ical utility o f this wealth of fundamental knowledge about hemato
poiesis has manifested itself i n the field of bone marrow transplantation ( B M T ) . 
The modern era of B M T began in the late 1960s when the c l in ica l significance of 
genotypic human leukocyte antigen ( H L A ) matching was appreciated. The term 
"bone marrow transplant" has come, now, to mean, in its broadest sense, a 
therapeutic procedure i n which myeloablative/immunosuppressive cytotoxic 
therapy is given with curative intent for malignant and nonmalignant disorders 
after which reconstitution of hematopoiesis and lymphopoiesis is required and 
accomplished by the infusion of hematopoietic stem cells, which may be collected 
from a variety of donors and from a variety of anatomic sites. The recovery of 
hematopoiesis after high-dose therapy ( H D T ) and stem cel l transplantation 
provides us with a unique opportunity to study the rate l imi t ing steps in human 
hematopoiesis that has been profoundly perturbed. 

443 
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Figure 1. Interactions of hematopoietic microenvironment, stem cells and growth fac
tors in recovering hematopoiesis (engraftment) following PBSCT as rescue from HDT 
induced myeloablation. Reproduced with permission of the publisher from the cover of 
Volume 770 of the Annals of the New York Academy of Sciences.23 

Autologous stem cell transplants after H D T for a variety of malignancies have 
become very commonplace.7 After allogeneic stem cell transplantation, principally 
for lymphohematopoietic malignancies, we know that both the initial, recovery 
phase of hematopoiesis (termed early engraftment) and the ongoing, sustained 
process of long term hematopoiesis (termed permanent engraftment) are almost 
exclusively the province of the allogeneic donor cells. In autologous transplants, 
because of the kinetics (rapidity) of recovery of blood counts, we strongly suspect 
that early engraftment is due to the previously collected, stored and subsequently 
reinfused autologous "donor" cells but we are unsure as to the relative contri
butions of these reinfused cells and the residual, surviving, endogenous cells in 
sustained hematopoiesis. By genetic marking of donor cells we can demonstrate the 
participation of reinfused cells in permanent engraftment.8 But, without the ability 
to genetically mark endogenous cells, we cannot establish the degree of partici
pation of residual endogenous cells in sustained hematopoiesis. In a recent review 
of our experience,9 we demonstrated that early engraftment after autologous 
transplants is the consequence of the same carefully orchestrated process involving 
microenvironment, stem cells and growth factors as described above. This 
interaction is illustrated in Figure 1. 
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W e can visualize, then, two functional "roles" of hematopoiesis; one being 
recovery from a perturbed state (of which early engraftment is an example) and 
the other being maintenance of a steady state (of which permanent engraftment 
is an example). The purpose of this communication is to explore what we have 
learned at the bedside from patients receiving H D T and autologous peripheral 
b lood stem cel l ( P B S C ) transplants i n order to model mathematically how human 
hematopoiesis responds to a massive insult to the steady state, i.e., recovering 
from a severely perturbed state. There is no doubt that H D T produces a major 
insult to steady state hematopoiesis. The autologous P B S C transplant provides 
the cells necessary to recover from the markedly perturbed state so produced and 
they are responsible for the phenomenon of early engraftment. This communi
cation w i l l not deal wi th the homeostatic mechanisms of steady state hemato
poiesis, a much more difficult subject to study i n humans. 

MATERIALS AND METHODS 

Patients 
A l l patients whose data w i l l be presented herein were eligible for, enrolled in 

and gave written informed consent for treatment protocols that were reviewed and 

approved by the Scientific Review Committee of the H . Lee Moffit t Cancer Center 

and Research Institute and reviewed and approved annually by the Institutional 

Review Board of the University of South Florida. The principal diagnoses were 

breast cancer and lymphoproliferative malignancies, as described previously. 9 

High-dose regimens 
A l l patients for whom hematopoietic recovery was observed were treated with 

either one o f four different H D T regimens ( I C E , M I T T , T N T and B U C Y 2 ) that 
we have previously reported 9 or with our modification of the C T C protocol i n 
which cyclophosphamide was given at 6000 mg/m 2 , t h i o T E P A at 500 m g / m 2 and 
carboplatin at 800 m g / m 2 in divided doses as brief intravenous infusions daily for 
3 days . 1 0 I C E is the acronym of the regimen containing ifosfamide, carboplatin 
and etoposide; M I T T represents the mitoxantrone and t h i o T E P A protocol; T N T 
stands for the Taxol® (paclitaxel), Novant rone® (mitoxantrone) and t h i o T E P A 
regimen; and B U C Y 2 stands for (version number 2 of) the busulfan and 
cyclophosphamide protocol . 1 1 

Growth factors 
Throughout the studies from which data w i l l be presented, the only hematopoietic 

growth factor used was granulocyte-colony stimulating factor ( G - C S F ; filgrastim, or 
Neupogen®, Amgen, Thousand Oaks, C A ) . G - C S F was used in two circumstances: 
1) for mobilization of autologous P B S C for transplantation (T) either alone or 
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HEMATOPOIESIS 

microenvironment 

Figure 2. Three-dimensional spatial representation of the concept of the three participants 
in the process of hematopoiesis: microenvironment, stem cells and growth factors. 

following chemotherapy (see below) and 2) after H D T and P B S C T at 10 pg/kg/day 
starting on the day after P B S C T and continuing until the absolute granulocyte count 
( A G C ) exceeded 1000/uL for three consecutive days. 

Mobilization regimens 
The concept of mathematical modeling was developed from studies involving 

only P B S C . Autologous P B S C were collected after 1) G - C S F use alone (16 
pg/kg/day for 9 days with collection beginning on day 7 and continuing daily 
thereafter through day 10) termed G - C S F priming or 2) G - C S F (5 pg/kg/day until 
completion of P B S C collection) given after chemotherapy with cyclophosphamide 
( C Y ; 50 mg/kg/day by brief intravenous infusion for 2 days) with or without 
etoposide (VP16 ; 600 m g / m 2 continuous intravenous infusion over 48 hours) 
termed C Y V P G mobilization. Details about these P B S C priming/mobil izing 
regimens have been previously reported. 1 2 

Statistical analyses 
Where given, al l values of p are from two-tailed tests derived from appropriate 

logrank analyses of two or more patient groups. E n d points for analyses were days 
after P B S C T to recovery of A G C to more than 500/uL or platelet count ( P L T ) to 
more than 20,000/pL, self sustained. 

RESULTS 

Dose-response relationships 
To derive a mathematical model of hematopoiesis recovering from a major 

insult, we need to change our thinking about H D T and autologous stem cell 
transplantation. W e must visualize this aspect of hematopoiesis differently. W e must 
convert our thinking from the concept of interactions of microenvironment, stem 
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cells and growth factors to biological dose response relationships for each 
"participant" in hematopoiesis, albeit complicated by interactions of the partic
ipants. W e must think of quantifying the presence or activity of the participants as 
wel l as the outcome of their presence, activity and/or interactions. W e must replace, 
i n our thinking, then, Figure 1 with Figure 2. 

Quantification of parameters 
Figure 2 illustrates the concept that early engraftment is a result of quantifiable 

"characteristics" of stem cells, growth factors and the microenvironment. For each 
participant (or, alternatively termed, variable or parameter), there w i l l be a dose-
response relationship that can best be seen i f the other two quantifiable parameters 
are held constant (see below for examples). The form (or shape) of the dose-
response relationship is not necessarily predictable. The dose-response relationship 
may be simply linear. Or it may be complicated as in a sigmoid curve where 1) 
below a certain "quantity" of the parameter (often termed the threshold or minimum 
dose), there is no response, 2) above a certain quantity of the parameter (often 
termed the ceiling or optimum dose), there is no increase in response despite 
increase in the parameter and 3) between these "l imits" of the parameter, the 
response increases as the parameter increases but this response is not restricted to 
being linear. 

For a specific patient then, Figure 2 illustrates that there w i l l be, after H D T and 
autologous P B S C T , a specific "quantity" of stem cells (reinfused and endogenous), a 
specific quantity of growth factors (from exogenous sources and produced endoge-
nously) and a specific quantity of "microenvironmental influence" that w i l l determine 
the pace of early engraftment. On the one hand, it is quite easy to visualize quantifi
cation of stem cells, although we cannot easily determine the "quantity" of residual, 
endogenous stem cells after H D T . Further, it is also easy to visualize the quantification 
of growth factors in terms of choice of growth factor(s) and dose, route and schedule 
variables; however, we cannot easily determine what growth factor(s) are produced 
endogenously after H D T , let alone determine their "quantity." O n the other hand, it is 
difficult to visualize the quantification of microenvironmental influence. For this, we 
propose visualizing this quantifiable parameter as the percent of normal. For this 
exposition, we define the microenvironment broadly to include the cellular elements 
of the marrow stroma (and the molecules on their cell surface) and the noncellular 
elements of the stroma (insoluble and soluble molecules produced by the cellular 
elements). Further, we define microenvironmental influence as the functional ability 
of the marrow microenvironment to support hematopoiesis. This ability may be good 
or poor depending upon all of the clinical events that preceded the autologous P B S C T 
(including, but not hmited to, the neoplastic disease process, metastases to the bone 
marrow, prior chemotherapy and H D T itself, that may have individually or collec
tively altered the physiology of or produced damage in the microenvironment). 
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f(x,y,z) 

Figure 3 . (A) Every patient who receives a PBSCT after HDTwill have quantifiable 
"amounts" of microenvironmental influence, stem cells and growth factors as shown by 
the point xl,yl,zl. Summing up the values of xn,yn,zn for many patients describes a sur
face in three-dimensional space. (B) Engraftment measured as the day that the AGC 
exceeds 500/pL is a hyperbolic function of the quantitative values ofx,y,z, which displays 
the characteristics of having an asymptote. 

Three-dimensional space 
Returning to Figure 2, we propose that for each patient we can, at least 

theoretically, establish the quantity of each of the three participants in the 

process of hematopoiesis recovering from a major insult. This gives us a single 

point ( x l , y l , z l ) in three-dimensional space for each patient (see Figure 3 A ) . 

Summing up the indiv idual points (xn,yn,zn) for many patients w i l l describe a 

surface in three-dimensional space. (It is worthy of parenthetical note that there 

may be one or two other "independent" variables in addition to the three we 

have chosen, in which case we wou ld be dealing with , for instance, four- or f ive-

dimensional space when we model hematopoiesis mathematical ly. Th is , 

however, is diff icul t to v isual ize and, fortunately, is not necessary for 

understanding the major thrust of this exegesis.) 

Saturation kinetics 
Next, we propose that the pace of engraftment can be quantified as the day of 

recovery of granulocytes or platelets to specific levels (e.g., A G C of 500/pL and P L T 

of 20,000/uL, self sustained). Further, the pace of engraftment is the result of a 

mathematical function of the three hematopoietic variables, stem cells, growth factors 

and microenvironment, as shown in Figure 3B. This mathematical function may 

contain both independent and interactive terms. Consequences of these variables may 

be additive or synergistic. In any event, the relationship between this function and 
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Figure 4. Demonstration of the hyperbolic relationship for PBSC between engraft-
ment (day to AGC > 500/pL) and the number of nucleated cells infused per kg (A), 
the number of CD34+ cells infused per kg (B) and the number of CFU-GM infused 
per kg (C). At high doses there is no faster engraftment; at low doses there may be 
delayed engraftment. 
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engraftment is hyperbolic. A t low values of the function, engraftment is late (slow) or 
fails to occur at all and, at high values of this function, engraftment is prompt (fast) or 
early but there is a limit to just how fast recovery can occur (the asymptote). The 
existence of an asymptote (see the horizontal line in Figure 3B) is highly suggestive 
of saturation kinetics. The biological significance of saturation kinetics should not be 
underestimated. For instance, it is altogether possible that there are a maximum 
number of microenvironmental "nurturing" niches available to which stem cells can 
bind, thus limiting the number of "starting" cells for the process of recovery of 
hematopoiesis and, thereby establishing a minimum time requirement between the 
transplant and the signs of engraftment described above due to the constraints of cell 
cycle times (see below). More stem cells infused than the available niches can handle 
cannot alter the pace of engraftment. Clinical ly, i f two of the hematopoietic variables 
were kept fixed (held constant), such as the choice, dose and schedule of exogenous 
growth factor(s) (e.g., G - C S F at 10 ug/kg/day) and the marrow microenvironment 
(e.g., in a patient receiving a P B S C T for high risk stage II or III breast cancer after 
precisely four courses of one single type of adjuvant chemotherapy and following 
precisely one single type of H D T regimen), then a hyperbolic curve would be seen, as 
indicated in Figure 4 for the relationship between pace of engraftment and the third 
hematopoietic variable (whether it be nucleated cells, C D 3 4 + cells or granulocyte-
macrophage colony-forming units ( C F U - G M ) infused per kilogram recipient body 
we igh t ) . 1 1 1 3 Unfortunately, we cannot quantitate microenvironmental influence, 
clinically, even on the percent of normal scale. 

Clinically defined variables 
However, we can identify, clinically, at least three variables of H D T and P B S C T 

that do condition the pace of engraftment. The importance of these variables has 
come to light over the past several years as our group has explored different P B S C 
priming/mobilizing regimens and different H D T regimens while not changing any 
aspect of the growth factor we were using after P B S C T and while quantitating, in 
the laboratory, the number of C D 3 4 + cells and C F U - G M in our P B S C collections. 
The three conditioning variables are 1) the H D T regimen (a surrogate for microen
vironmental influence), 2) the P B S C mobil iz ing regimen and 3) the C D 3 4 + cel l or 
C F U - G M content of the P B S C collection. The latter two appear to be independent 
measures of stem cell numbers and function as w i l l be demonstrated below. This is 
seen in Figure 5 A . 

Engraftment results 
In our clinical t r i a l s , 1 4 - 1 6 we have observed that engraftment is faster after the I C E 

regimen than after the T N T regimen and that C Y V P G mobilized P B S C give faster 
engraftment than do G - C S F primed P B S C (see Figure 6). These observations have 
been made even though similar numbers of C D 3 4 + cells have been reinfused in all 
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Figure 5. (A) Three-dimensional spatial representation of three independent variables: 
stem cells, mobilization method and HDT regimen. (B) Day of engraftment as a func
tion ofCD34+ cell count after two different HDT regimens (ICE and TNT) and with two 
different PBSC preparations (CYVPG mobilized PBSC and G-CSF primed PBSC) illus
trating the hyperbolic relationship of one variable (CD34+ cells) with respect to the day 
of engraftment when the other two independent variables (PBSC mobilization and HD T 
regimen) are fixed (held constant). 

cases. Notice that earliest engraftment times are identical for al l four combinations of 
H D T and P B S C mobilizing regimens, supporting the concept of an asymptote, i.e., a 
minimum recovery time for hematopoiesis that cannot be significantly reduced further 
because of saturation kinetics for some rate-limiting parameter, which is likely to be 
the number of available, functional and nurturing microenvironmental niches. 

Hyperbolic functions 
Turn your attention now to Figure 5B which shows four hyperbolic curves. 

When C D 3 4 + cells are at levels below that which would saturate the niches (see the 
vertical line in Figure 5B) , we see that the number of C D 3 4 + cells are rate-limiting. 
A s described above, we also see that C Y V P G mobilized P B S C give speedier 
engraftment than do G - C S F primed P B S C at a given level of C D 3 4 + cells both for 
I C E and T N T . Further, we see for a given P B S C mobil izing regimen that there is 
faster engraftment for patients treated with the I C E H D T regimen than for the T N T 
H D T regimen at a given level of C D 3 4 + cells. Thus, by fixing two variables at a 
time, we can see the contribution of the third variable emerging. But how can 
different paces of engraftment result from the same number of C D 3 4 + cells? 

Subsets of CD34+ cells 
The four panels o f Figure 7 may provide an answer. It is important to remember 

that, when we quantitate the number of C D 3 4 + cells i n a P B S C collection, we are 
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RECOVERY OF GRANULOPOIESIS AFTER AUTOLOGOUS PBSCT: 
EFFECT OF MOBILIZATION AND TRANSPLANT REGIMENS 
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Figure 6. Time to engraftment curves for four populations of patients: 1) those treated with 
ICE and received CYVPG mobilized PBSC, 2) those treated with TNT and received CYVPG 
mobilized PBSC, 3) those treated with ICE and received G-CSF primed PBSC and 4) those 
treated with TNT and received G-CSF primed PBSC. 

enumerating a heterogeneous population of hematopoietic progenitor ce l l s 1 7 not al l 
of which are rate l imit ing in determining the pace of recovery of hematopoiesis. In 
fact, at present we don't know to which C D 3 4 + progenitor cell subpopulation we 
can attribute responsibility for the phenomenon of early engraftment. But, for the 
sake of this portion of the exposition, we shall assume that it is the population of 
C F U - G M among the C D 3 4 + cells that is directly correlated with the pace of 
recovery of granulocytes. Figure 7 shows four possible scenarios for enrichment of 
peripheral blood content of hematopoietic progenitor cells suitable for transplant. 
Estimated numbers of progenitor cells o f different hematopoietic lineages are 
shown for illustrative purposes. 

Insofar as the numbers of C D 3 4 + cells are concerned, the four possible scenarios 
are: 1) nonmobilization (no increase in the number of C D 3 4 + cells but increases in 
the absolute numbers of progenitor cells, see Figure 7 A ) , 2) ideal mobilization 
(increases in the number of C D 3 4 + cells along with increases in the proportions 
[and absolute numbers] of a l l measured progenitor cells, Figure 7B) , 3) acceptable 
mobilization (increases in the number of C D 3 4 + cells and of the proportion [and, 
therefore, numbers] of C F U - G M but no increases in the absolute numbers of other 
progenitor cells, Figure 7C) and 4) poor mobilization (increases in C D 3 4 + cells 
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A. CD34+ CELL SUBSETS B. CD34+ CELL SUBSETS 
COLONY FORMING UNITS COLONY FORMING UNITS 

C. CD34+ CELL SUBSETS D. CD34+ CELL SUBSETS 
COLONY FORMING UNITS COLONY FORMING UNITS 

Figure 7. (A) Illustration of "non"-mobilization ofCD34+ cells but with changes in the 
composition of the collected CD34* cells with respect to clonigenic hematopoietic pro
genitor cells. (B) Illustration of the effects of an "ideal" mobilizer. (C) Illustration of an 
"acceptable" mobilizer. (D) Illustration of a "poor" mobilizer. 

with increases in C F U - S [the putative pluripotent hematopoietic stem cell as 
described by T i l l and McCul loch ] but no increases in the absolute numbers of 
C F U - G M and other progenitor cells, Figure 7D) . If the pace of engraftment were 
merely a function of the number of C D 3 4 + cells, then we would expect identical 
engraftment times for unmobilized P B S C and nonmobilized P B S C that would be 
different from the mobilization times for the other three types of P B S C . Further, 
the engraftment times for ideally mobil ized, acceptably mobil ized and poorly 
mobil ized P B S C would be identical and faster than for the other two types of 
P B S C . Intuitively and experientially, we know that this is not the case. It is more 
l ikely and supported by our experience that the pace of engraftment is related to a 
subset o f C D 3 4 + cells, which we propose to be C F U - G M for the sake of this part 
of the argument. In that case, the order o f engraftment from fastest to slowest for 
the five possible types of collections would be ideally > (faster than) acceptably > 
non- > poorly = unmobilized P B S C (see Figure 8A) . 

Subsets of CFU-GM 
A t this point, it is important to recognize that there is also heterogeneity i n the 

population of C F U - G M as wel l as in the population of C D 3 4 + cells. This hetero
geneity is principally i n the cell cycle status and state of activation. (There may also 
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be other characteristics of C F U - G M that introduce even more heterogeneity.) C e l l 
cycle status is the time honored classification of G 0 , G p S, G 2 and M . The state of 
activation for C F U - G M may be viewed as the state of "readiness" to begin prolif
eration and differentiation to produce mature cells for the circulation without 
significant delay. After al l , we must consider the minimum period of time before 
engraftment can be detected, the asymptote discussed above, as the time during 
which there are sufficient rounds of cel l division and sufficient time for terminal 
differentiation of the formed elements of the blood. W e propose that "readiness" can 
reside only in the subpopulation of C F U - G M that are beyond G , , which we have 
termed G > ( i n five of the panels o f Figure 8 (see B - F ) . C F U - G M in the G , phase of 
the cell cycle w i l l more rapidly enter S phase upon appropriate stimulation once in 
nurturing niches of the marrow than w i l l C F U - G M in G Q . However, the entry of G{ 

C F U - G M into S phase may still require a period of time that is genetically 
predetermined. Our hypothesis is that it is the most "ready" cells that are the ones 
responsible for the earliest signs of engraftment followed, thereafter, by cells that 
have been stimulated but had to go through a series of intracellular events before 
they could proliferate and produce progeny that could terminally differentiate. F ive 
panels of Figure 8 ( B - F ) show theoretical distributions of C F U - G M subpopulations 
according to the cell cycle status with the putative activated (ready) C F U - G M 
residing in the cell cycle phase G > r These distributions are shown side by side in 
Figure 9 A . If the G > 1 subset were entirely or predominantly responsible for the day 
of engraftment, it is obvious that there may be quite different days of engraftment 
for the different categories of mobil ized C D 3 4 + cells. W e must acknowledge here 
the fact that we cannot state with certainty that the "ready" cells responsible for early 
engraftment are, in fact, a subset of C F U - G M even though C F U - G M proliferate and 
differentiate in vitro into granulocytes and macrophages. 

Cytokinetics 
N o discussion of proliferating cells should fail to include a discussion of cytoki

netics. W e have introduced the concept of cel l cycle status above. N o w we wish to 
discuss the implications of the time it takes a progenitor cell to go completely 
through the cell cycle insofar as cel l number doublings are concerned. If we 
assume, in the most extreme scenario, that a l l hematopoietic progenitor cells, that 
determine the time of early engraftment, produce progeny that are both viable and 
committed to differentiation (i.e., neither of the daughter cells are committed to 
self-renewal and neither undergo apoptosis), then simple exponential mathematics 
w i l l reveal how many doublings can take place in , say, 10 days to produce evidence 
in the blood of early engraftment (e.g., A G C > 500/uL or P L T > 20,000/uL). 

To obtain the answer we must only know the cel l cycle time. M o s t estimates 
today of cel l cycle time for hematopoietic cells are in the vicinity of 24 hours. 1 8 If 
that were true, then only 10 doublings could take place in 10 days and the 
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Figure 8. (A) Total CFU-GM content of PBSC collections after four types of mobi
lize™ versus "un"-mobilized (control) blood (derived from Figure 7, Panels A 
through D). (B) CFU-GM subsets by cell cycle status in PBSC collection of "un"-
mobilized blood. (C) Subsets after "non"-mobilizer. (D) Subsets after "ideal" mobi
lizes (E) Subsets after "acceptable" mobilizer. (F) Subsets after "poor" mobilizes 

maximum cel l production from a single "ready" progenitor cel l would be 2 1 0 or 
1024 cells. W i t h a 24 hour generation (cell cycle) time for hematopoietic cells at 
peak efficiency and with no dropout, it is obvious that, i f C D 3 4 + ce l l content varied 
by a factor o f 10 between two types of P B S C products and was solely responsible 
for the pace o f engraftment, then the difference in engraftment times for two 
products would only be approximately 3 days (as 10 is approximately equal to 2 3 

[=8]). The same is obviously true for C F U - G M . Rarely do two types of P B S C 
products differ by 10-fold but not uncommonly do engraftment times differ by 7 or 

http://nt.il-
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Figure 9. (A) Summary of CFU-GM subsets by cell cycle status in PBSC collections 
after four different types ofmobilizers as compared to controls (unmobilized blood). (B) 
Evaluation of CFU-GM in the most "active" phase of the cell cycle (G>}) with respect to 
the number of doublings (exponent of 2) that it would take to "expand" unmobilized 
peripheral blood CFU-GM to reach the level in the blood for each of the four types of 
mobilizers. If, for example, the cell cycle time for CFU-GM were 24 hours, then it would 
take 4 doublings for the "ready" CFU-GM of "unmobilized" blood to reach the level 
found in "ideally" mobilized blood which would predict only a 4-day difference in time 
to engraftment with the two different types of PBSC products. 

more days (Figure 6 above and Figure 10). Figure 9B shows the number of 
doublings that it would take for "unmobil ized" blood to reach the levels in 
"mobi l ized" blood with respect to activated C F U - G M ( G > 1 ) . If the cel l cycle time 
were 24 hours and C F U - G M ( G > 1 ) were the "pivotal" progenitor cel l , then we may 
deduce the number of days of difference in engraftment times for the different 
P B S C products from the exponent o f 2 that describes the relative heights o f the 
columns in Figure 9 B . 

Further, i f the generation time were reduced to 18 hours from 24 hours then 10 
doublings (to produce 1024 cells) would take place in 7.5 days. Even more 
extreme, i f a P B S C mobilization regimen were to reduce the generation time to 12 
hours, then 1024 cells would be produced in 5 days or half the time would be 
required to produce enough cells to meet the criterion for demonstrating early 
engraftment. Numerically, this latter calculation might explain some of the 
differences we have observed between P B S C preparations; however, there are no 
data at present to support generation times of less than 18 hours. Final ly , when we 
look at Figures 10A and 10B, we see differences in engraftment times of up to 10 
days using a single type of P B S C mobilization but different H D T regimens. If 
engraftment times were solely due to the number of C D 3 4 + cells and the generation 
time were 24 hours, then there should be a 2 1 0 =1024-fold difference in the number 
of C D 3 4 + cells to explain a 10-day difference in early engraftment. Further, i f the 
generation time were less than 24 hours, an even greater difference in the number 
of C D 3 4 + cells must be present to explain the difference in the pace of engraftment. 
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A RECOVERY OF GRANULOPOIESIS AFTER AUTOLOGOUS 
PBSCT: EFFECT OF TRANSPLANT REGIMEN 
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DAYS AFTER TRANSPLANT 

Figure 10. (A) Time to engraftment for CYVPG mobilized PBSC after four different 
HDT regimens: BUCY2, ICE, TNT and MITT. (B) Time to engraftment for G-CSF 
primed PBSC after four different HDT regimens: CTC, ICE, TNT and MITT. 

Thus, for cytokinetic reasons as wel l , the c l in ical and laboratory data we have 
collected support the mathematical model we propose that the readily quantifiable 
characteristics of stem cells (i.e., the numbers of C D 3 4 + cells and C F U - G M ) are 
but one of the determinants o f the ultimate pace of engraftment. 

Clinical examples 
It is appropriate, now, to return to our cl inical studies to see two examples of 

pace of engraftment and the variability produced by different H D T regimens. 
Figure 10A shows the patterns of engraftment for four H D T regimens with the 
source of stem cells being C Y V P G mobil ized P B S C . Figure 10B shows the 
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patterns of engraftment for four H D T regimens with the source of stem cells being 
G - C S F primed P B S C . (Please note that Figure 6 took two curves each from Figures 
10A and 10B.) The two panels of Figure 10 ( A and B ) once again demonstrate the 
minimum period required before early engraftment occurs and the major impact of 
different H D T regimens on the pace of engraftment. A n inverse relationship may 
exist; the more damaging the H D T regimen is to the microenvironment the lower 
the percent of normal of the microenvironmental influence. However, remember 
that the H D T regimen was considered above as only a surrogate of the percent of 
normal of the microenvironmental influence on the pace of engraftment. H D T 
could be solely responsible for altering the microenvironment or it may just be a 
covariate representing the cumulative effects of al l the damaging events that went 
on before the P B S C T (see above). It is our opinion, as we have tried to unravel this 
Gordian knot, that it is more l ikely to be the H D T that is responsible for the 
different engraftment times observed than the other marrow microenvironmental, 
potentially damaging events that may have occurred prior to H D T . 

In addition, it is worth listing examples of P B S C - m o b i l i z i n g regimens that may 
fit at least three of the theoretical classes of mobilizers listed above. F rom our data, 
we consider C Y V P G a member of the category of " ideal" mobilizers, G - C S F a 
member of the category of "acceptable" mobilizers and G M - C S F (as we used it; 9 
days of 250 fig/m2 with P B S C collections on days 7 through 10 1 9 ) a member of the 
category of "poor" mobilizers. If a potential P B S C mobilizer didn't increase the 
C D 3 4 + ce l l content of the harvest (a "non"-mobilizer), we did not use the collected 
P B S C for transplantation purposes (hematopoietic rescue). 

Mathematical model 
Final ly , we are prepared to propose two equations that may describe the cl inical 

phenomena we have observed. The equations are derived from the algebraic 
formula (#1) for a hyperbola: 

1) y = c + 1/x, 

where " x " is the independent variable representative of the participants in 
hematopoiesis, " y " is the dependent variable representing the outcome of 
recovering hematopoiesis (the day of engraftment) and " c " is a constant that 
represents the asymptote value on the y-axis or the min imum time before 
engraftment can be observed. For the purposes of this discussion, we may replace 
formula 1 wi th a modified version shown in formula 2 that may be more 
"c l i n i ca l l y " relevant: 

2) D ( A G C > 5 0 0 ) = k A G C + 1/F(x,y,z) 
where " D " is the day that the A G C exceeds 500//<L, " k A G C is the minimum time 
before engraftment may be detected and "F(x,y,z)" is a function of the three 
quantifiable participants in early engraftment, i.e., " x " represents either me total 
number of C D 3 4 + cells or C F U - G M , " y " represents the proportion of " x " that are 
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activated (ready) as determined by the P B S C mobilization regimen and " z " is percent 
of normal of microenvironmental influence as represented, in surrogate or covariate 
fashion, by H D T regimen. W e w i l l let k A G C = 8 days as median time to engraftment 
has rarely been reported to be earlier than 9 days. W e assert that 0 < F(x,y,z) < or = 
1 are appropriate upper and lower limits. A t these limits for F(x,y,z), we w i l l find that 
the limits: oo > D(AGC>500) > or = 9 days are reasonable limits for D(AGC>500) . 

There are, at least, two candidate expressions for F(x,y,z) that would meet the 
criteria of 1) identifying three independent variables and 2) reflecting interactions 
of the three variables, as we l l . These two expressions are shown in formulas 3 and 
6 below. The first potential solution is: 

3) F(x,y,z) = f(x) + f(y) + f(z) + f(x,y) + f(y,z) + f(x,z) + f(x,y,z) 
where: 

4) f(variable) = c v a r i a b l e ( l - e - v a r i a b l e / ° P t i m u m ) 

for which the variable (v) may range from zero to the optimum (o) "dose" o f the 
variable (i.e., dose which produces the optimum response) and the value o f 
f(variable) ranges from zero to 0.6321 calculated from (1 - 1/e). Further, 
interaction terms have the form: 

5) f (vl ,v2) = l^m^a - e - v l / o l ) ( l - e- v 2 / o 2 ) 
where 1 and m are constants. 

The second potential solution is: 

6) F(x,y,z) = d A G C ( l - e - x / a ) ( l - e-**)(l - e"^) 

where "a ," "b" and c are the values of " x , " " y " and z at which the optimum 
response is obtained. The limits of each variable is zero to the optimum dose for 
that variable which means, again, that the limits for each factor in the equation of 
the form (1 - e~v/o) are zero to 0.6321. If we substitute the expression for F(x,y,z) 
from formula 6 into formula 2, we get: 

7) D(AGC>500) = k A G C + l / [ d A G C ( l - e - x / c ) ( l - e-y*)(l - e"^)]• 
Setting x, y and z at a, b and c, we can solve for the constant d A G C , which we 

find to be 4. 
The two expressions (formula 3 and formula 6) for F(x,y,z) have reasonable 

power (when substituted into formula 2 yielding, for instance, formula 7) to 
describe the cl inical results that we have observed. Between the two expressions, 
we are, however, more attracted to formula 6 because of its conceptual simplicity 
and because both constants ( k A G C and d A G C ) are already known for formula 7. 
Clearly, however, each potential version of F(x,y,z) must be tested thoroughly 
before acceptance is warranted. 

DISCUSSION 

From many years of delivering a number of different H D T regimens requiring 
autologous hematopoietic stem cel l rescue, we have been impressed with the lack 
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of predictability of the duration of aplasia after stem cells have been reinfused and, 
particularly, with the lack of correlation of C D 3 4 + ce l l and of C F U - G M levels in 
the stem cell collection and the duration of aplasia when we looked at different 
P B S C mobi l iz ing regimens and different H D T regimens. W e did not find the 
anticipated first order kinetics with early engraftment associated only with the 
number of progenitor cells quantifiable in the laboratory. W e did, however, find 
that the probability of late engraftment or failure to engraft was associated with low 
numbers of C D 3 4 + cells and with low numbers of C F U - G M infused. Further, we 
found major differences in engraftment times between different H D T regimens and 
major differences in engraftment times between different P B S C mobilization 
regimens. W h y have we made these observations? 

W e have made these observations because we have explored several, novel 
H D T regimens at truly high-dose intensity and we have explored several P B S C 
mobilization regimens in virtually al l of the H D T regimens. This has given us a 
unique vantage point from which to begin thinking about engraftment in a different 
light other than something to agonize over (because the aplasia was too long and 
patients were susceptible to potentially fatal opportunistic infections) as patients 
recovered from the aplasia that H D T produces for which the P B S C T is required to 
optimize survival potential. In other words, cl inical observations have made us 
rethink the fundamental biology of the hematopoietic system. This has been, truly, 
a bedside-to-bench-to-bedside exercise, a paradigm of translational research. F rom 
our evaluation of our cl inical observations evolved our mathematic model of 
human hematopoiesis. 

Dur ing the process of rethinking about human hematopoiesis, we realized that 
we were looking at recovery from a profoundly perturbed state and not merely 
adjustments i n steady state hematopoiesis. W e realized that we needed to 
understand recovery of blood counts in the context of biologically meaningful, 
dose-response relationships between quantifiable independent variables (while 
including the potential of interaction of these "independent" variables) and 
quantifiable dependent variables (in this case, the outcome of early engraftment). 
W e recognized that the time to engraftment was a function of at least three 
independent variables (which mathematically describe a surface i n three-
dimensional space), that the dose response curve was hyperbolic and that there 
appeared to be saturation kinetics involved (the asymptote implied a min imum 
necessary period of time before engraftment, as measured by blood counts, could 
be observed). Final ly , we realized that, when two variables were held constant, we 
could demonstrate the hyperbolic dose-response to the third variable relatively 
easily. W e explored further the relationship of C D 3 4 + ce l l and C F U - G M content of 
P B S C collections and time to engraftment and realized that the cel l type 
responsible for pace of engraftment was in a subset of C D 3 4 + cells and, l ikely to 
be, further, in a subset of C F U - G M , as wel l . A t present, we have no way to identify 
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MODEL OF HEMATOPOIETIC MICROENVIRONMENT 
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Figure 11. Schematic representation at the marrow microenvironmental level of the 
roles of nurturing microenvironmental niches, CFU-GM capable of binding to these nich
es and the fraction of these CFU-GM which are "ready" (activated) to begin prolifera
tion and differentiation. From this diagram, we can see where the values of x,y,z are 
derived for formula 7, the mathematical model of recovering hematopoiesis (early 
engraftment). 

and quantitate this pivotal subpopulation of hematopoietic progenitors. Last, we 
explored cell cycle phases and cytokinetics and realized that recovery of blood 
counts after P B S C T could not simply be ascribed to characteristics of stem cells 
alone without major reductions in generation times and a total commitment to 
differentiation of al l progeny of the pivotal subpopulation that we allude to above. 

One of the most difficult parts of this endeavor was accepting the fact that we 
could not easily quantitate the "microenvironmental influence" on recovery of blood 
counts even though we know that it exists from animal model studies 2 0 and in 
humans, as wel l . This means that, for any new H D T regimen to treat better and with 
curative intent, any specific malignancy, we w i l l not know how fast engraftment 
w i l l be even with our best, "ideal" P B S C mobilizer until we give the H D T regimen 
and observe the pace of engraftment for a significant number of patients. W e cannot 
drop empiric observations and use only theoretical considerations as we plan new 
therapies and determine their benefits as wel l as their drawbacks. 

Similarly, with respect to P B S C mobilization regimens, because we cannot 
quantitate the "pivotal" hematopoietic progenitor cell for the process of hematopoietic 
recovery (early engraftment), as we develop new mobilizing regimens, we must still 
determine the repopulating potential of the new type of P B S C with clinical trials. Here, 
too, empiric observations w i l l be required as new mobilizing regimens are developed. 
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Our last cornments deal with the mathematical model for recovering hemato-

poiesis. The major thrust of this communication was to develop a mathematical 

equation for hematopoiesis recovering from the massive insult of H D T with the 

P B S C T providing the progenitor cells. This was done to "demystify" the process of 

hematopoiesis and to establish the relationships of the participants in recovering 

hematopoiesis. If we could understand the mathematical relationships of and the 

limits placed upon the individual participants established by the biological 

constraints associated with each participant, then we would not only understand the 

process better, but we would also be able to begin making certain predictions with 

respect to the behavior of recovering hematopoiesis as we change our H D T 

therapies and P B S C mobilization regimens. Formula 7 is, we believe, an excellent 

beginning effort to achieve the goal we seek. Figure 11 illustrates schematically 

from where values of x, y and z may be derived in vivo for formula 7. Its true worth 

w i l l surface with the passage of time, especially i f it has real predictive value. 

Figure 11 also illustrates the probability that some "nurturing" microenviron-

mental niches w i l l remain empty despite the presence of "excess" unbound C F U -

G M . This fol lows from the concept that b inding of C F U - G M to 

microenvironmental niches is due, in all l ikel ihood, to reversible ligand-receptor 

molecular interactions which have a binding constant which is defined as: 

^binding
 = [ligand-receptor complex]/[free ligand][free receptor]. 

(In this case, the binding constant is, obviously, the reciprocal of a dissociation 

constant so familiar to all chemists.) If there were but one species of ligand and 

receptor, then we would find that K b i n d i n g = K a f f i n i t y (= l / K d ¡ s s o d a t i o n ) . If there were 

more than one species of ligand and receptor responsible for binding of C F U - G M 

to microenvironmental niches (as is l ikely) , then we would find that K b i n d i n g = 

^avidity which expresses a "weighted" average of K a f f m i t y for individual species. In 

any event, the consequence of these types of molecular interactions is that not a l l 

microenvironmental binding sites w i l l be occupied nor w i l l a l l available C F U - G M 

be bound even i f below saturating numbers. Depending upon how powerful K b i n d i n g 

is , there w i l l be more or fewer free (unbound) sites and C F U - G M . This is 

independent of the consequences of steric hindrance which most assuredly must 

exist as we l l . 

W e wish to conclude by saying that, at this point in time, we believe there are 

three rate-limiting steps in recovery from the highly perturbed state produced by 

H D T and they are: 1) the number of available, nurturing microenvironmental 

niches a) left after departure of former occupants, b) not damaged by the malignant 

disease process and c) surviving a l l of the prior chemotherapy including the H D T 

regimen; 2) the number of the subset of C F U - G M which are "ready" (activated) to 

proliferate and differentiate immediately upon entering the circulation but can 

"perform" only after arriving i i . the marrow space and successfully competing with 

non-ready (but capable of binding) C F U - G M for attachment to the marrow 
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microenvironmental, nurturing niches; and 3) the generation time of the pivotal 
(ready) hematopoietic progenitor cel l , i.e., the time necessary for this cel l to go 
through one complete cell cycle. 

The challenges that l ie ahead for us are 1) to devise methods to quantitate 
microenvironmental influence for human marrow stroma and 2) to develop a 
system for quantitating the pivotal hematopoietic progenitor cel l responsible for 
early engraftment. Shortening cell cycle time may very wel l be desirable but w i l l 
probably be very difficult to accomplish. A t present, we do not believe that changes 
i n growth factors (numbers, doses and schedules) given after P B S C T w i l l l ikely 
make a big difference unless they somehow increase the number of nurturing 
marrow stromal niches, which may increase the maximum response because the 
level (number) of "starting" progenitor cells i n nurturing niches w i l l be higher as 
the process of recovery of hematopoiesis from the massive insult o f H D T begins. 

Finally, one interesting interaction possibility among hematopoietic participants 
has recently surfaced. It is possible that different mobil iz ing regimens may not only 
generate different numbers of "ready," pivotal progenitor cells but also have an 
effect on the microenvironment, as wel l , in at least two potential ways: 1) improving 
the microenvironment in situ and/or 2) mobil iz ing a microenvironmental precursor 
cell that is infused along with the hematopoietic progenitor c e l l . 2 1 2 2 
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ABSTRACT 

There is mounting evidence that marrow stem cel l transplantation can 
successfully treat patients with solid malignancies that would otherwise recur wi th 
conventional chemotherapy. The marrow, although no longer used frequently as a 
source of stem cells, is a reservoir for min imal residual cancer i n the patient. In an 
effort to determine i f the presence of marrow disease is associated wi th a higher 
rate of tumor cel l contamination in peripheral blood stem ce l l ( P B S C ) collections 
and decreased disease-free survival (DFS) , we performed immunocytochemical 
( ICC) analysis on paired P B S C and marrow samples taken from 404 patients with 
stage I V breast cancer. The I C C method used monoclonal antibodies and avidin-
biotin alkaline phosphatase staining. Mobi l i za t ion regimen was available for 127 
patients. For patients where the mobilization regimen was known, the incidence 
of P B S C contamination from patients with immunocytochemistry ( ICC) positive 
marrow was compared with contamination of those with negative marrow. 
C l in i ca l follow-up was available for 236 patients and Kaplan-Meier survival 
analysis was performed on al l these patients. Patients wi th I C C positive marrow 
had the highest incidence of tumor contamination of P B S C products. The lowest 
incidence of P B S C contamination was found i n the I C C negative marrow group 
mobil ized with chemotherapy/cytokine. In addition, patients with I C C positive 
B M had the lowest D F S (p<0.04). W e conclude that I C C testing of marrow is a 
useful test for autologous bone marrow transplant (au toBMT) candidates with 
stage I V breast cancer. 
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INTRODUCTION 

For breast cancer alone, it is anticipated that over 180,000 individuals w i l l 
develop this disease in the United States in 1996. Over 45,000 women w i l l die from 
this disease every year. 1 For high-risk patients, autologous bone marrow transplant 
(autoBMT) therapy is being used with increasing frequency. However, despite this 
advancement in the care of these patients, relapse of disease is still the major cause 
of treatment failure. Consequently the most important questions facing oncologists 
are 1) when to use high dose therapy (autoBMT therapy), 2) how can we accurately 
and sensitively determine response to therapy and 3) how can we identify subgroups 
of patients who would benefit by post-autoBMT or alternative therapy? 

W e have been using a highly sensitive and specific immunocytochemistry ( ICC) 
breast cancer micrometastatic detection assay since 1990. This assay uses antibreast 
monoclonal antibodies, alkaline phosphatase staining and can detect down to 1 breast 
cancer cell among 1,000,000 normal hematopoietic cel ls . 2 , 3 Since the marrow may be 
a measure of minimal residual cancer left in vivo prior to au toBMT therapy, we 
wished to test the value of this I C C assay. W e evaluated paired marrow and 
peripheral blood stem cel l ( P B S C ) specimens prior to au toBMT therapy in 404 
patients with stage I V breast cancer. W e then evaluated the association between 
marrow disease and P B S C contamination in relation to the mobilization regimen. For 
patients where the clinical follow-up was known, we determined i f there was an 
association between marrow disease and disease-free survival (DFS). 

MATERIALS AND METHODS 

Patient population and samples tested 
From July, 1990, to July, 1996, marrow specimens and P B S C specimens were 

drawn from 404 patients with stage I V breast carcinoma. The diagnosis of breast cancer 
and extent of disease was performed using standard histopathology and radiologic 
testing. A l l specimens were obtained after the initiation of induction chemotherapy 
which included a variety of regimens. The conditioning regimens used for autoBMT 
also was widely varied. Patients were transplanted regardless of response to therapy. 

Preparation of marrow specimens and PBSC specimens 
Approximately 3 m L of bone marrow was obtained from the posterior i l iac 

crest. P B S C samples were obtained from central venous catheters and ranged from 
1-5 m L . Samples from referring hospitals arrived within 24 hours and all 
specimens were processed within 48 hours of collection. Upon arrival in the 
laboratory, the marrow was diluted with Liebowitz L-15 medium (L-15) supple
mented with 10% fetal bovine serum ( F B S ; Gibco; Grand Island, N Y ) . Diluted 
samples were layered over Ficol l -Hypaque (Pharmacia; Uppsala, Sweden) and then 
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subjected to density gradient centrifugation. The mononuclear cel l fraction was 

tested for viabili ty (Trypan exclusion), cytocentrifuged onto slides and stored at 

4°C for immunostaining the next day. 

Immunostaining 
Patient specimens were removed from 4°C storage and tested for immunoreac-

tivity. Immunostaining was accomplished using the avidin biotin-alkaline phosphatase 
technique. Slides were fixed in a paraformaldehyde solution at 4°C for 30 minutes and 
washed thoroughly in phosphate-buffered saline (PBS; G I B C O ) . Prior to 3/95 
immunostaining was performed using the Zymed immunoperoxidase kit. Following 
fixation, slides were incubated with anti-breast carcinoma antibodies for 45 minutes at 
room temperature. This was followed with incubation in normal goat serum, followed 
by Zymed reagents as per protocol. After 3/95 following fixation slides were placed 
on the Biotek automated immunostainer and incubated with anti-breast carcinoma 
antibodies for 30 minutes at 37°C. Biotek immunoreagents for alkaline phosphatase 
staining were performed as per protocol. The specimen was then incubated with 
Ehrlich's hematoxylin counterstain and cover slipped with cytoseal. 

RESULTS 

There were 92 patients with I C C positive marrow. For marrow positive patients, 
tumor contamination of P B S C was 24 of 92 (26%) versus 42 of 312 (13%) for 
marrow negative patients (p=0.004). The mobilization regimen was known for 127 
patients. The P B S C contamination is shown i n Table 1. The lowest incidence of 
P B S C contamination was found in the I C C marrow negative group mobil ized with 
chemotherapy/cytokine. This was significantly better than those who were I C C 
marrow negative cytokine mobil ized (p=0.008) and than those who were I C C 
marrow positive chemotherapy/cytokine mobil ized (p=0.029). 

Clinical follow-up was available for 236 patients. The overall D F S was 14% for all 
patients. This is consistent with most stage I V patient populations despite the hetero
geneity of therapy. D F S was significantly reduced for patients with I C C positive 
marrow (p=0.04) when compared to patients who were I C C negative (Figure 1). 

DISCUSSION 

There is now clear evidence that au toBMT w i l l result i n long-term D F S for 
patients with high risk stage n, in disease and chemosensitive stage I V disease. 4 5 

Little is known regarding why patients with stage I V disease fail au toBMT therapy. 
The successful outcome of B M T is multifactorial. The tumor burden should be low, 
the tumor cells must be chemosensitive, and the stem cell graft needs to be tumor-
free. 6 7 Recent studies suggest that the cl inical outcome of H D C / a u t o B M T protocols 
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Table 1. The relationship of ICC marrow disease with PBSC contamination in regards to 
mobilization regimen 

Mobilization regimen BM Group BM* Group 
PBSC- PBSC+ PBSC- PBSC* 

cytokine only 13 5 (28%) 17 3 (15%) 
chemo/cytokine 68 3 (4%) 14 4 (22%) 

may be influenced by the patient's response to intensive induction or re-induction 
chemotherapy. 5 8 Given that the majority of patients relapse at existing sites o f 
disease, the ability of chemotherapy to clear a patient's disease may be a deciding 
factor in determining an appropriate H D C / a u t o B M T candidate. 

Only about 15% of patients present with stage I V disease. Currently, the 
prognosis for this group of patients is poor. Only about 15-25% of patients with 
chemoresponsive disease w i l l have long-term benefit from a u t o B M T therapy. 8 , 9 

There is now growing evidence that patients wi th persistent disease may ultimately 
fail a u t o B M T or other high-dose chemotherapy regimens. 8 , 9 Mar row disease is of 

Disease-Free Survival: BM Pos/Neg 

U ' 1 1 1 r- 1
 1 1 1 
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Survival Time (Days) 

Figure 1. Comparison of long-term DFSfor stage TV breast cancer patients with ICC 
positive marrow versus those with ICC negative marrow. DFS percentage is on the y-
axis and survival time in days in on the x-axis. The number of patients in each group is 
indicated at the top of the graph. 
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particular importance in this group of patients. Approximately 70% of patients with 
untreated metastatic breast cancer w i l l have marrow disease. 1 0 This high incidence 
means that monitoring the marrow is ideal for determining the chemorespon-
siveness of the induction therapy and who may be clear of occult disease. 

This study presented here adds further evidence that our minimal residual cancer 
I C C assay of marrow helps to distinguish subgroups of patients. The monitoring of 
marrow with this assay helps to determine subgroups with: 1) The highest incidence 
of P B S C contamination; 2) the lowest incidence of P B S C contamination and 3) 
those with the lowest D F S . W i t h this information, the au toBMT physician can 
identify high risk subgroups on which to base cl inical decisions. Therapeutic options 
can include: 1) G iv ing additional induction therapy to I C C marrow positive patients 
to clear disease before stem cell harvesting; 2) adding post-autoBMT therapy or 3) 
choosing alternate therapy. Future studies w i l l focus on trying to stratefy these 
patients into different treatment strategies and to see i f D F S can be further increased. 
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INTRODUCTION 

High-dose therapy (HDT) requiring transplantation of a source of hematopoietic 
stem cells to restore hematopoiesis has become a standard salvage therapy for patients 
with lymphoma who have failed conventional therapies.1 Originally, bone marrow 
( B M ) was employed as the source of reconstituting stem cells. Unfortunately, up to 
40% of patients eligible for H D T and transplantation had evidence of tumor in their 
histologically normal B M when this was evaluated using a sensitive culture 
technique.2 Retrospective analysis demonstrated that patients with minimal tumor 
contamination of their transplanted marrow harvest had a poor outcome compared 
with patients whose harvest had no evidence of tumor. 2 3 This situation, as wel l as 
difficulties in obtaining adequate harvests from patients with prior radiation therapy to 
the pelvis, led investigators at the University of Nebraska Medical Center to evaluate 
stem cells harvested from blood under steady state conditions (no mobilization), by 
leukapheresis as an alternative reconstituting source to B M . 4 Evaluation of blood stem 
cell harvests for tumor contamination employing the same techniques as applied to 
B M harvests showed that blood stem cell harvests were less frequently contaminated 
or contaminated with fewer tumor cells than B M harvests.5 This has since been 
confirmed by others in a variety of diseases.6 

Consequently, a retrospective analysis was performed of the outcome of H D T 
for the treatment of lymphoma with blood stem cells versus B M as the reconsti
tuting stem cel l source. The results demonstrated a statistically significant 
advantage in disease-free survival for patients receiving b lood stem ce l l 
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transplantation. 7 Al though this was potentially due to lower tumor ce l l contami
nation of the infused harvests it could not be proven, and other explanations—for 
example, better immunological reconstitution of blood stem cel l recipients— 
could account for these observations. A l s o , as this was a retrospective analysis, 
bias due to inadvertent patient selection cannot be formally excluded as an 
explanation of the differences. 

Consequently, a multicenter prospective randomized study of blood stem cells 
( P S C T ) versus B M (au toBMT) was developed that included molecular and 
cellular techniques of tumor detection as we l l as analysis o f immunological 
recovery of the transplanted patients in an attempt to resolve the question 
regarding whether blood or B M is the best reconstituting source of stem cells. 
Because of advances in technique, the methods applied differed from the 
historical studies. Original ly , b lood stem cells were harvested i n steady-state 
without mobil izat ion. M o r e recently, chemotherapy and/or cytokine mobi l ized 
blood stem ce l l harvests have been shown to provide rapid hematopoietic 
reconstitution and fewer leukaphereses are needed to obtain an adequate harvest. 4 

However , there is evidence that the techniques that mobi l ize b lood stem cells 
may also mobi l ize tumor ce l l s , 8 and this is the case in lymphoma. 9 The 
prospective randomized study employs a cytokine to mobi l ize blood stem cells. 
Cultures established from cytokine-mobil ized blood stem cel l harvests generate 
many more cel ls , especial ly m y e l o i d cel ls , than nonmobi l i zed harvests. 
Or ig inal ly , molecular confirmation of the presence of tumor in cultured harvest 
employed Southern blot analysis, which was required to match the original 
tumor. 2 The prospective randomized study relies primari ly on the more sensitive 
technique of P C R to detect bcl-2 rearrangements or the C D R I I I of the immuno-
globin genes or the T ce l l receptor. 1 0 

A t this time, a complete analysis of the available data including the outcome of 
B M versus blood stem cells as the reconstituting source has not yet been attempted. 
A comparison has been made between the outcome of culture versus molecular 
detection of lymphoma i n the infused harvest, and potentially interesting 
differences have been noted that are described in this report. 

MATERIALS AND METHODS 

Patients 
Seventy patients (35 males and 35 females) have been entered in the trial 

since the initiation in October, 1993. The age range of patients is 18-68 years 
wi th a median of 46 years. Thirty-four patients have been randomized to P S C T 
and 36 to autologous (auto)BMT. The median number of prior chemotherapies is 
two i n each arm with 96% of the patients i n the a u t o B M T arm having 
chemotherapy sensitive disease and 88% in the P S C T arm. 
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Culture studies 
Samples of peripheral blood and B M were received before harvest, followed by 

either a sample from the B M harvest or apheresis harvest depending on treatment 
randomization. Samples were diluted with an equal volume of Hanks Balanced Salt 
Solution ( H B S S ) , then layered over a ce l l separation medium (Accu-Prep 
Lymphocyte, Accurate Chemical and Scientific Corporation, Westbury, N Y ) and 
centrifuged at 400g for 20 rninutes. The cells collected from the interface were 
washed once by centrifugation (400g for 7 minutes),- then resuspended in Tris-
buffered ammonium chloride (pH 7.2) for five minutes to lyse mature red cells. A n 
equal volume of complete medium ( R P M I 1640 medium supplemented with 20% 
F C S , 1% peniciUin/streptomycin, 1% L-glutamine) was added to each tube and the 
suspensions were washed again. Cultures were established in 25 c m 2 T-flasks using 
a modification of a technique described by Phi l ip et a l . 1 1 using 1% phytohemag-
glutinin ( P H A ; Murex Diagnostics, Inc., Norcross, Georgia) stimulated human spleen 
cell conditioned medium. Flasks containing 2 .0X 10 7 cells in 10 m L of medium were 
cultured at 37°C in 5% C 0 2 in air. A t the weekly change of half the medium, the 
supernatant cellularity of each culture was determined using a hemacytometer. Each 
culture flask was photographed weekly using a N ikon inverted phase contrast 
microscope. A cytospin of the nonadherent cells was made for morphological 
analysis and the harvested cells were then centrifuged at 400g for five minutes, the 
supernatant was removed and the pellet frozen for future D N A analysis. These 
parameters were employed to determine i f there was any evidence of lymphoma in 
the infused harvest. The results were reported to the statistical core for analysis. 

Molecular studies 
D N A extraction of tissue sections from paraffin-embedded material was performed 

as described by Wright and Manos , 1 2 while D N A extraction from fresh cell 
preparations was performed by the cell lysate method described by Gribben and co
workers. 1 3 A semi-nested P C R procedure was used to amplify IgH C D R U I using 
consensus primers as described by W a n et a l . 1 4 The P C R reactions were performed i n 
an OmniGene Thermocycler (Hybaid Ltd. , England) with the following cycling 
parameters: annealing for 40 seconds at 55°C, extension for 40 seconds at 72°C and 
denaturation for 40 seconds at 95°C. Both the initial and the nested rounds of amplifi
cation were performed for 30 cycles. Detection of bcl-2 translocation involving the 
major breakpoint region was performed using primers and reagents described by 
Gribben et a l . 1 3 The cycling conditions were similar to those used for amplifying IgH 
C D R U I . Sequencing of the tumor-specific IgH C D R U I was performed directly on the 
P C R product without prior cloning. If there was substantial contamination by IgH 
C D R U I products from normal B cells present in the tumor, pure clonal products could 
be obtained by either denaturing gradient gel electrophoresis of the P C R product or 
micromanipulation of the tumor sections before the P C R , as described previously. 1 5 



476 Chapter 8 

Table 1. Comparison of culture and molecular positive samples in current study 
(observed) versus historical data (expected) [Marrow and apheresis data combined] 

Observed*1' Expectedc 

culture positive 8/55 (14%) 18-27% 

molecular positive 13/27 (48%) 18-27% 
"Molecular detection done by PCR versus Southern originally. 
bCytokine used to mobilize stem cells into apheresis harvest versus nonmobilized originally. 
'Original studies published in references 2 and 3. 

The clonal IgH CDRII I product was recovered after gel purification and sequenced 
using the Sangers chain termination method with a cycle sequencing kit containing 
fluorescent dideoxynucleotide terminators according to the manufacturer's 
instructions (Applied Biosystems, Foster City, C A ) . The sequencing gel was read 
using the Appl ied Biosystems 373A Sequenator (Applied Biosystems, Foster City, 
C A ) . The V , D and J regions in the CDRII I product were determined with the help of 
the G C G program and the sequence database ( S A W ) kindly supplied by Dr. 
Schroeder, University of Alabama. The tumor-specific oligonucleotide primers and 
probes were then designed with the help of Ol ig 4.1 Software (National Biosciences, 
Plymouth, M N ) . In general, only one primer could be obtained due to the short length 
of the CDRII I . In the detection of minimal residual disease, D N A was amplified using 
first round consensus primers to the CDRII I region as described above. Two 
microliters of a 1:400 dilution of the P C R product from the first round of amplification 
was re-amplified using either the consensus V - or J-nested primer coupled with the 
tumor-specific primer for that particular case. After the nested or semi-nested amplifi
cation, the P C R product was electrophoresed in agarose gel and Southern transferred 
to a nylon membrane. The membrane was then hybridized with the 3 2 P-labeled tumor-
specific probe at a temperature 10°C below the T m calculated according to the 
formula Tm=4(G+C) +2(A+T) and washed at the appropriate stringency before 
autoradiography. 1 7 The results were reported to the statistical core for analysis. 

Data collection and analysis 
Data were collected on paper forms by the participating institutions and provided 

to the Statistical and Data Center where it was verified by the study coordinator and 
then entered into the study database. A l l data management and analysis was performed 
using the S A S system. Comparisons of survival were made using the Kaplan-Meier 
method and comparisons of survival distributions were made using the logrank test. 

RESULTS 

The outcome of culture versus molecular detection of lymphoma in the harvest 

in the current study versus the historical studies is presented in Table 1. 
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Figure 1. Molecular analysis for a rearranged bcl2 gene in the original paraffin block 
of tumor, fresh and cultured marrow aspirates (all positive), fresh and cultured blood 
sample (negative) and cytokine mobilized fresh and cultured leukapheresis harvest (pos
itive) of a patient with intermediate grade non-Hodgkin's lymphoma. 

The data for the historical s tudies 2 3 were computed based on the relative 
proportions of patient B M versus leukapheresis harvests in the current study and 
combining the range of values from historical studies. It is evident that the 
proportion of culture-positive harvests in the current study is lower than in the 
historical studies (18-27%). Potentially, this reflects the l ikel ihood that patients are 
being offered H D T requiring transplantation at an earlier stage of disease 
progression when overall burden of disease is lower and when there is less 
exposure to therapies that have the potential to select resistant clones. A t the same 
time, the proportion of molecularly positive harvests (48%) was higher than in 
historical studies (18-27%) and it was evident that there was a major discrepancy 
between the proportion of molecularly positive harvests and culture-positive 
harvests, wh ich had only been observed infrequently i n previous studies. 
Potentially, the proportion of molecularly positive harvests is higher because of the 
increased sensitivity of the molecular methods employed in the current study. 
However, an additional, significant component l ikely arises because the use of a 
cytokine to mobilize blood stem cells for collection also mobilizes tumor cells 
(Figure 1) and this almost certainly increases the frequency of molecularly positive 
leukapheresis harvests. Note that this occurs both in patients whose B M is positive 
and in those whose B M is negative. In the latter instance, this observation suggests 
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Figure 2. Failure-free and overall survival curves for patients with intermediate grade 
non-Hodgkin's lymphoma undergoing HDT and transplantation with a harvest retro
spectively identified to be positive or negative for lymphoma by either culture or mole
cular techniques. 

that the tumor cells are mobil ized from sites other than B M (see patient U l l in 
Table 3), although this could also arise because of sampling variance in the B M 
aspirates and/or core biopsies. Clearer evidence of the lack of growth i n culture of 
molecularly positive harvests is presented in Table 2, and shows a matched-pairs 
analysis of culture versus molecular detection of tumor for a number of patients. 

It may be noted that 10 molecularly positive harvests d id not grow i n culture. 
Also , five culture-positive harvests were not, initially, molecularly positive in studies 
on the fresh sample. In at least three cases, the cultured cells were molecularly 
positive, suggesting that in some instances, the combination of culture plus molecular 
detection is more sensitive than either technique alone and that the combination is 
l ikely detecting exceedingly infrequent tumor cells at a frequency estimated to be less 
than one tumor cell in 10 5 normal cells. The significance of such infrequent tumor 
cells is hard to assess. One other possibility, noted previously, 2 is the situation i n 
which the culture contains expanding virally infected lymphocytes. The conclusion 
from the foregoing analysis of the data is that not all harvests molecularly positive for 
lymphoma cells contain tumor cells that are capable of growth in culture. 
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Table 2. Relationship between culture positive and molecular positive results for samples 
with complete data sets 

molecular positive molecular negative 
(n=13) (n=14) 

culture positive 3 5 
culture negative 10 9 

A n important question is whether minimal lymphoma detected by either culture 
techniques or molecular techniques or both, in histologically negative harvests is 
cl inical ly significant. This issue is addressed by the failure-free and overall survival 
curves presented in Figure 2. The failure-free and overall survival of patients, who 
in retrospect, unknowingly received a culture-positive harvest, was significantly 
poorer than that of recipients of a culture-negative harvest (Figures 2A and B ) . In 
contrast, the failure-free survival of recipients of molecularly positive harvests, 

Table 3. Patterns of positivity for lymphoma, by tissue, with and without culture 

Weeks of culture 

Pt. Sample Fresh 1 2 3 4 5 6 

blood + + - - - ND ND 

H3 marrow + + - - - ND ND 

apheresis + - - - - ND ND 

blood + + + - + + + 

U7 marrow + + + + + - + 

apheresis + + + + + + + 

blood - - - + - ND ND 

U l i marrow - - - - - ND ND 

apheresis - - + + - ND ND 

blood + + - - - ND ND 

U13 marrow + + - - - ND ND 

apheresis - + - - - ND ND 

blood - - - - - ND ND 

U14 marrow + - - - - ND ND 

apheresis + + - - - ND ND 

blood + + + + + - ND 

U17 marrow + + + + + + ND 

apheresis + + + + + - ND 
ND=no data. 
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although numerically poorer than that of recipients of molecularly negative 
harvests, was not significantly different (Figure 2C) and no differences at al l were 
noted in overall survival (Figure 2D). When the patients were combined on the 
basis of either a culture-positive or molecularly positive harvest their survival was 
statistically significantly worse than that of recipients of tumor-negative harvests 
(data not shown). Therefore, evidence of minimal lymphoma contamination 
detected by outgrowth of lymphoma cells in culture is a very significant predictor 
of a cl inical ly poor outcome. Detection of lymphoma contamination by molecular 
techniques is less cl inical ly predictive, implying that while some molecularly 
detected lymphoma cells may be cl inical ly important, not a l l molecularly detected 
lymphoma cells are cl inical ly significant. 

Some potential reasons why molecularly detected lymphoma cells may not be 
cl inical ly important is evident from Table 3, which tracks the weekly outcome of 
cultures established from different sources (blood, B M , leukapheresis harvest) 
from a sample of patients whose culture-negative fresh tissue sample was 
molecularly positive or negative. In general, the patterns of growth are much more 
reflective of the patient than they are of the source of the cells. This implies that the 
characteristics of the patient's tumor are more important to outcome than the source 
of the tumor. Based on hints that growth of lymphoma cells in culture might, in 
part, be related to the status of their p53 gene expression, 1 8 in a very preliminary 
study, the p53 m R N A status of lymphoma cells growing out in culture from patient 
harvests has been examined. There is evidence that such lymphoma cells had 
decreased or absent p53 m R N A expression, perhaps related to p53 mutations, but 
this needs to be confirmed. 

Potentially, therefore, the culture technique is a surrogate predictor o f additional 
molecular abnormalities of lymphoma cells. These additional abnormalities, such as 
decreased p53 m R N A levels, confer an aggressive phenotype on the tumor including 
growth in culture and, potentially, resistance to therapy and a poor outcome. 

DISCUSSION 

These studies have established that not al l molecularly detected lymphoma 
cells in hematopoietic harvests have the ability to grow in culture. Furthermore, 
lymphoma outgrowth in culture is a very significant predictor o f a poor c l in ica l 
outcome for patients inadvertently reinfused with harvests containing such cells. 
In contrast, the presence of molecularly detected lymphoma cells i n reinfused 
harvests is not a significant predictor of c l in ical outcome. There was a hint from 
preliminary studies that the outgrowth of lymphoma cells in culture may be a 
surrogate, predicting the existence of additional molecular abnormalities in some 
lymphoma cells. These additional molecular abnormalities confer not only the 
ability o f the tumor cells to grow i n culture but also an aggressive phenotype and, 
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Tumor Progression, Metastasis and Post-Transplant Relapse 
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Figure 3. Illustration of a conceptual model of tumor progression metastasis and post-

transplant relapse that would explain current observations of the relationship of the 

properties of minimal lymphoma in hematopoietic tissues to the clinical outcome of 

HDTand transplantation. 

potentially, resistance to therapy. These preliminary observations obviously 

require an additional evaluation. Incidentally, these studies demonstrate also that 

lymphoma can be mobil ized by cytokines into leukapheresis harvests as noted 

previously 9 and, potentially, sites other than B M may be a source of such cells. A 

possible conclusion from these observations is that for intermediate grade 

lymphomas, molecular detection of minimal tumor cells i n harvests of marrow or 

leukapheresis may not be completely reliable i n predicting c l in ical outcome. 

Currently, this has not been analyzed separately for blood stem cel l versus B M 

harvests as described by Gribben et a l . 1 6 for low grade lymphomas. Perhaps 

combining molecular detection o f lymphoma using a clonal marker (CDRII I 

and/or bcl-2 rearrangements) with an assessment of m R N A status of pro-apoptotic 

(e.g., p53) or anti-apoptotic (e.g., bcl-2) genes might provide equivalent 

information to culture detection of lymphoma. This would be desirable because 

the culture technique is time consuming, technically complex and expensive and 

not readily adaptable for use at multiple centers. 
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A n attempt has been made to fit these observations into a conceptual model 
(Figure 3) in order to plan future studies to clarify these issues. There is hetero
geneity in the biological behavior o f lymphoma cells, such as growth in culture 
and c l in ica l aggressiveness, not reflected by clonal molecular assays which 
detect C D R I I I sequences or bcl-2 rearrangements. It is l ike ly that this hetero
geneity is i n part a consequence of selection of tumor cells during the natural 
evolution of the tumor and potentially is also promoted by therapeutic agents. A s 
noted i n Figure 3, metastatic lymphoma that has established itself i n B M has 
acquired characteristics o f survival (at least) and possibly growth at an inappro
priate site. In contrast, lymphoma in blood, whi le it could include such cells, is 
also more l ike ly to contain a higher proportion of effete or nonclonogenic cells. 
This might account for the poorer c l in ica l predictive ability o f the detection of 
lymphoma i n blood than B M in low grade lymphomas . 1 6 A l s o , it may predict that 
nonmobil ized blood is a less l ike ly source of established metastatic cells. 
However , i f a cytokine is used for mobil izat ion, a greater proportion of the cells 
i n blood w i l l be established metastatic lymphoma cells mobi l ized by the 
cytokine. A greater number of reinfused tumor cells in the harvest may be 
associated wi th a greater risk of relapse, but it might take longer for such cells to 
expand to the extent of detectable relapse. Therefore, mobi l ized blood stem ce l l 
harvests may contain more potent ial ly aggressive l ymphoma cel ls than 
nonmobil ized blood stem cel l harvests but, on the other hand, may sti l l be less 
l ike ly to re-establish c l in ica l ly significant metastatic disease than B M . These 
possibilities are l ike ly to be significantly modified by the selection of lymphoma 
cells during treatment that, no matter what their source, w i l l dominate outcome. 
The presence of such aggressive cells may presage a high l ike l ihood of rapid 
relapse, wh ich could arise either from reinfused tumor cells or tumor cells 
surviving H D T of the patient. 

It is important in the future to test these concepts because they may aid in the 
selection of the most cost-effective therapy. If the contaminating lymphoma cells 
in a harvest are effete and/or nonclonogenic, harvest manipulation may not be 
necessary. Removal or reduction of the burden of potentially clonogenic, but not 
necessarily highly aggressive, lymphoma cells from the harvest might at least delay 
relapse or otherwise reduce the proportion of late relapses. 

In contrast, this study suggests that harvests containing lymphoma cells that 
grow i n culture or otherwise have an aggressive molecular phenotype, no matter 
what their source, might still be associated with a poor outcome, even i f the harvest 
is manipulated to reduce tumor cel l content. Potentially, such patients might be 
candidates for alternative therapies. These could include immunotherapy, which 
might avoid the immunosuppression associated with H D T , thus denying the tumor 
cells this advantage as wel l potentially bypassing the l ikely chemoresistance of 
such aggressive lymphomas. 
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CONTAMINATION OF THE BONE MARROW 
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INTRODUCTION 
Micrometastatic involvement of the bone marrow ( B M ) is common i n breast 

cancer. A t the time of init ial diagnosis, 4 -48% of patients with Stage I or Stage II 
breast cancer have tumor cells in their B M as detected by immunologic 
techniques. 1 - 6 A number of studies have demonstrated that micrometastatic disease 
in the B M is a prognostic factor for patients with newly diagnosed breast cancer, 
and is predictive of early relapse, as wel l as the site of relapse. 2 3 Patients with 
lymphoma and neuroblastoma receiving high-dose chemotherapy ( H D C T ) with 
hematopoietic support may have a higher relapse rate i f their B M or peripheral 
blood progenitor cells (PBSCs) are contaminated with tumor. 7 , 8 It is unknown i f 
tumor cells in the cellular support contribute to relapse i n breast cancer. However, 
the detection of malignant cells in the hematopoietic support and the application of 
techniques to eliminate the contaminating cancer cells may improve the number of 
long-term, disease-free survivors fol lowing H D C T . 

A number of different techniques and monoclonal antibodies have been used to 
detect micrometastatic disease in the B M or tumor cell contamination of the 
P B S C s . 1 " 6 , 9 There have been significant variations in the rate of detection of 
micrometastatic disease, as well as the clinical implications of the presence of 
malignant cells, depending on the technique and the antibodies employed. 

COMPARISON OF THREE TECHNIQUES TO DETECT TUMOR CELLS IN THE BM 

W e use a model system with spiked B M samples to compare three techniques 
to detect micrometastatic disease in the B M , immunohistochemistry, two-color 
immunofluorescence and fluorescence activated ce l l sorting ( F A C S ) wi th 
histologic examination of the sorted cells. 

MATERIALS AND METHODS 

W e serially diluted breast cancer cells from the C A M A - 1 or S K B R 3 cell lines 
into normal B M mononuclear cells at final tumor to marrow cells ratios of 1:10, 
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1:100, 1:1000, 1:10,000, 1:100,000 and 1:1,000,000. Different samples of each 
dilution were tested with each method to detect tumor cells. The samples were 
distributed to the different investigators in a blinded fashion. 

FACS with cytology 
Triplicate samples of 2 X 1 0 6 cells were incubated for 30 minutes at 4 ° C with 50 

u L of a solution containing saturating concentrations (20 pg/mL) of F I T C 
conjugated monoclonal antibodies as previously described, 1 4 plus a phycoerythrin 
conjugated anti C D 4 5 monoclonal antibody (Coulter). Samples were washed twice 
in P B S containing 1% fetal calf serum and 0.02% sodium azide. The samples were 
analyzed with a Becton Dickinson Fluorescence-activated cel l sorter ( F A C S t a r p l u s ) . 
Emission of fluorescence at 530 nm (FITC) and 585 nm (PE) was analyzed after 
pregating on the basis of forward and right-angle light scattering to eliminate 
residual red blood cells, nonviable cells, and cellular debris. T w o parameter 
histograms of F I T C versus P E were acquired. A sample was considered positive by 
flow cytometry i f it was more than two standard deviations above the negative 
control. Cel ls that were F I T C positive were sorted into 2 groups, one that was 
C D 4 5 positive and one that was C D 4 5 negative. Each group was then processed for 
cytologic examination. 

Cytologic analysis following fluorescence-activated cell sorting 
Cytospins were made by spinning the samples at 1000 rpm for three minutes. 

Slides were fixed and stored in 95% ethanol. The slides were stained using a 
modified Papanicolaou method and the slides were examined under high-power 
light microscopy by a cytopathologist. The cytospins were scored as positive or 
negative, and the number of tumor cells were quantitated. 

Immunohistochemical method 
Cytospin slides were prepared with 5 X 1 0 5 BM/breast cancer cells per slide by 

spinning samples at 1000 rpm for 3 minutes. A minimum of 10 slides, 5 X 1 0 6 cells, 
were examined. Slides were air-dried overnight, fixed for 10 minutes in cold 
acetone, air dried for 2 hours, then stained using a modification of the alkaline 
phosphatase-antialkaline phosphatase ( A P A A P ) technique. Slides were washed 
three times i n T B S (pH 7.6), blocked with 5% normal goat serum, then incubated 
for one hour with antitumor cell antibodies followed by rabbit anti-mouse IgG for 
30 minutes, and a complex composed of alkaline phosphatase and murine 
monoclonal anti-alkaline phosphatase for 30 minutes, with three washes of T B S 
between incubations. A red color was developed for 15-30 minutes using a new 
fuchsin substrate containing levamisole to suppress endogenous alkaline 
phosphatase activity. The cells were lightly counterstained with methylene green. 
Stained slides were examined using a standard binocular light microscope with 
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Table 1. Reactivity with normal BM 

Method Normal bone marrow1 0.1% breast cancer mix' 
two-color immunofluorescence 28/28 4/4 
immunohistochemical 27/28 4/4 
FACS with cytology 28/28 4/4 
'Number correctly identified/total. 

10 X and 40 X objectives. Both immunohistochemical staining and morphology 
were used to differentiate tumor cells and normal B M cells. 

Two-color immunofluorescence method 
The normal BM/breast cancer cell mixtures with 1 X 1 0 6 total cells were 

incubated with the 4 FITC-conjugated monoclonal antibodies for 45 minutes at 4 ° C 
i n the dark. In addition, an ant i -CD45 phycoerythrin directly conjugated 
monoclonal antibody (Coulter) was included. F I T C (green) excites at a wavelength 
of 495 nm and emits at 525 nm. Phycoerythrin (PE) (red) excites at 488 run and 
emits at 578 nm. The mixtures were washed three times with phosphate-buffered 
saline with 0.1% bovine serum albumin and 0.001% sodium azide ( P B S / B S A / A Z ) . 
The cells were f ixed wi th the same P B S / B S A / A Z solution and a 1% 
paraformaldehyde solution, and cytospin slides were prepared, with 2 X 1 0 5 cells on 
each cytospin slide. A minimum of 10 slides, 2 X 1 0 6 cells, were examined. These 
cells were centrifuged onto the slide at 750 rpm for five minutes. Mount ing media 
with 50% P B S and 50% glycerol with 0.1% phenylenediamine was added and the 
slides were coverslipped. These slides were examined using a fluorescent binocular 
microscope with bright field capacity with the 25X and the 4 0 X objectives. Bo th 
immunofluorescent staining and cellular morphology under bright field were used 
to differentiate tumor cells and normal B M cells. 

RESULTS 

Specif ic i ty for dist inguishing normal from contaminated marrow as 
demonstrated i n Table 1, the 3 immunodetection techniques were essentially 
identical with excellent specificity. 

Sensitivity for detecting tumor cells at different ratios i n three separate 
experiments were carried out i n which serial dilution o f breast cancer cells were 
mixed with normal B M cells. A s demonstrated in Table 2, the two color immuno
fluorescence technique was the only technique that consistently detected the 
contaminating breast cancer cells even at a concentration of one tumor cell in 10 6 

normal B M cells. 
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Table 2. Tumor cell detection 

Method Tumor cell dilution1 

1:103 1:104 1:105 1:106 

two-color immunofluorescence 3/3 3/3 3/3 3/3 
immunohistochemical 3/3 3/3 3/3 1/3 
FACS with cytology 3/3 2/3 2/3 2/3 
'Number correctly identified/total. 

DETECTION OF BREAST CANCER CELLS IN THE BM FROM STAGE IV 
BREAST CANCER PATIENTS 

Using our F A C S assay with the cytologic examination of the sorted cells, we 
evaluated the B M from Stage I V breast cancer patients treated on two different 
protocols. In the first protocol, the patients received no induction chemotherapy 
and were only treated with one cycle of high dose cyclophosphamide, cisplatin and 
B C N U with autologous B M support. In the second protocol, the patients received 
A F M induction chemotherapy for 3-4 cycles fol lowed by the high dose 
chemotherapy with autologous B M support. A s demonstrated in Table 3, the 
patients treated on the upfront trial had significantly higher incidence of tumor cells 
in the B M . This was true both for the F A C assay as wel l as the histologic 
examination of the sorted cells. 

In addition, we have used our two-color immunofluorescence assay to look at 
the B M from the patients treated on our purge protocol. The patients al l had 
positive B M biopsies, a pelvic bone metastases or more than 3 bone metastases. 
Before induction chemotherapy, over 80% of the patients treated on the purge 
protocol had contaminating tumor cells in the B M as detected by the two color 
immunofluorescence technique. Fo l lowing induction chemotherapy, one-third of 
the patients still had tumor cells contaminating the B M . Only 3 of the 31 patients 
who were positive prior to the immunomagnetic purging remained positive 
fol lowing the purging procedure, and those 3 patients had a marked reduction in the 

Table 3. Number of breast cancer patients with antigen positive cells in the BM 

Patient group 
Flow cytometry no. 

(% positive) 
Cytology of sorted cells no. 

(% positive) 
Upfront trial 7/15 (47%) 8/15 (53%) 

p=0.04' p<0.0001> 
AFM trial 7/49 (14%) 1/45 (2%) 
Total 14/64 (22%) 9/60(15%) 
'Comparison of patients treated on the Upfront trial versus the AFM trial. 
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number of contaminating tumor cel ls . The K a p l a n - M e i e r curve above 
demonstrated that the patients who had no tumor cells contaminating the harvested 
B M prepurge (negative) have a trend toward a better overall survival compared to 
the patients who had tumor cells contaminating the B M prepurge (positive), 
although the differences are not statistically significant (p=0.11). 

TUMOR CELL CONTAMINATION OF THE BM IN HIGH-RISK 
PRIMARY BREAST CANCER 

W e conducted a pilot study of four cycles of C A F fol lowed by high-dose 
cyclophosphamide, cisplatin and B C N U with hematopoietic support for patients 
wi th high risk primary breast cancers as defined by 10 or more positive lymph 
nodes. The patients were treated from 1987 through 1990. W e had samples of the 
harvested B M to test for tumor ce l l contamination using our immunohisto-
chemical technique. O f the 83 patients, 23 have progressed (28%). There was a 
statistically significant difference for those patients who had tumor ce l l contam
ination of the B M compared with those patients who had no tumor cells i n the 
B M , in terms of both disease-free and overall survival . Thir ty of the 83 patients 
(36%) had tumor cells contaminating the harvested B M . O f the 30 positive 
patients, there have been 15 recurrences (50%), and of the 53 negative patients, 
there have been 15 progressions (28%) p=0.038. S imi la r ly , the presence of tumor 
cells in the B M correlated with a worse overall survival , 13 of the 30 positive 
patients have died (43%) and 10 of the 53 negative (19%), p=0.022. 
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Using a univariant analysis, the log of the number of tumor cells detected also 
correlated with a worse disease-free and overall survival, so the higher the number 
of tumor cells contaminating the B M , the shorter the survival. In a multi-variant 
analysis, the tumor cell contamination of the B M , as wel l as the number of antigen 
positive cells in the B M , predicted for a worse disease-free and overall survival. 
There were no significant correlations between the tumor cell detection assay and 
the E R status, P R status, E R or P R status, size of the primary or number of positive 
axillary lymph nodes. N o other two variable model contained significant variables. 

TUMOR CELL CONTAMINATION OF PBSC 

W e have examined the P B S C s for tumor cell contamination using our immuno-
histochemical and our two color immunofluorescent assays. There is a consistently 
lower incidence of tumor cell contamination of the P B S C s compared to B M . In the 
pilot study of patients with 10 or more positive nodes, only 2 of the 65 patients who 
received P B S C s (4%) had tumor cells detected. In 90 breast cancer patients, stages 
II through I V , only 4 patients (4%) had tumor cells detected in their P B S C 
collections. There is no correlation with the presence of tumor cells in the P B S C 
collections and disease-free or overall survival. 

SUMMARY 

There are a number of sensitive techniques to detect tumor cells contaminating 
the B M or P B S C s used as hematopoietic support fo l lowing h igh dose 
chemotherapy. Our two-color immunofluorescent technique consistently detects 
one tumor cell i n 10 6 normal B M or P B S C s . W e did find a correlation between the 
presence of tumor cells contaminating the B M and a worse disease-free and overall 
survival for patients with 10 or more positive lymph nodes treated with high dose 
chemotherapy and hematopoietic support. W e have not found any correlation 
between the presence of tumor cells in the B M and the survival for patients with 
metastatic breast cancer treated with high dose chemotherapy. The incidence of 
tumor cell contamination of the P B S C collections is significantly lower than B M 
contamination. Further improvements in the detection techniques by concentrating 
the tumor cells or eliminating the majority of the normal hematopoietic cells may 
increase the sensitivity of the detection techniques and allow one tumor cel l to be 
detected in 10 8 or 10 9 cells. In addition, gene marking studies of the hematopoietic 
support may further define the role of contaminating tumor cells in patients treated 
with high dose chemotherapy and hematopoietic support. The role of purging the 
hematopoietic support remains unknown, although there are a variety of effective 
purging techniques. 
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ABSTRACT 

A number of recent studies have documented tumor contamination of 
autologous hematopoietic grafts i n patients wi th breast cancer. These studies 
have concluded that: 1) tumor contamination occurs less frequently i n peripheral 
blood stem cel l ( P B S C ) collections than i n bone marrow ( B M ) ; 2) fewer patients 
have tumor contamination of P B S C than B M ; 3) tumor cells may be present i n 
hematopoietic grafts regardless of c l in ica l status at time of pheresis and 4) 
hematopoietic-residing tumor cells appear to be capable of clonogenic growth i n 
vitro. Thus, there is justifiable concern that stem ce l l mobi l izat ion procedures 
may also mobi l ize tumor cells into P B S C collections. 

W e used immunocytochemical ( ICC) and i n vitro tumor ce l l clonogenic assay 
( T C A ) techniques to analyze premobilized peripheral b lood (PB) , B M and P B S C 
collections from breast cancer patients mobi l ized with cytokine alone ( G - C S F ) 
and chemotherapy followed by cytokine (cyclophosphamide [ C y ] / G M - C S F ) . 
Before mobil izat ion wi th G - C S F , only 1/37 (3%) P B and 4/36 (11%) B M 
specimens had ICC-detectable tumor cells. After 5 or 7 days of G - C S F adminis
tration, 3/38 (8%) patients had ICC-detectable tumor cells in the large-volume 
P B S C collect ion. This difference was not statistically significant. Before 
mobil izat ion wi th C y / G M - C S F , only 1/32 (3%) P B and 4/36 (11%) B M 
specimens had ICC-detectable tumor cells. After day 15 of C y / G M - C S F 
mobilization, 2/37 (5%) patients had ICC-detectable cells i n the large-volume 
P B S C collection. This difference was not statistically significant. 

Tumor cells wi th in vitro clonogenic growth potential in the T C A were 
observed in the premobilized B M of one patient, and in the P B S C specimens of 
another two patients i n the G - C S F cohort. In the C y / G M - C S F cohort, one patient 
showed tumor colony growth in premobilized P B , and one patient showed tumor 
colony growth in the B M . N o patients showed tumor colony growth in P B S C 
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samples. These data indicate that tumor contamination i n chemosensitive, 
advanced-stage breast cancer patients is not significantly increased in single, 
large-volume apheresis fol lowing mobil izat ion with either G - C S F or C y / G M -
C S F . Addi t ional trials in expanded patient cohorts are needed to verify these 
init ial observations. 

INTRODUCTION 

High-dose chemotherapy ( H D C T ) fo l lowed by autologous hematopoietic 
stem ce l l support is increasingly being used i n the treatment o f patients wi th a 
variety of malignancies. This treatment has shown encouraging results i n 
patients wi th loca l ized and metastatic breast cance r . 1 - 4 However , a number of 
recent studies have documented tumor contamination of bone marrow ( B M ) 
and peripheral b lood stem ce l l ( P B S C ) graf t s . 5 - 9 W e developed sensitive 
immunocytochemical ( ICC) and i n vitro tumor ce l l c lonogenic assay ( T C A ) 
techniques to demonstrate that breast cancer cells are present i n both B M and 
P B S C col lect ions f rom breast cancer p a t i e n t s . 6 1 0 - 1 2 These studies have 
concluded that tumor contamination occurs less frequently i n P B S C than i n 
B M , 6 tumor cells may be present in P B S C collections regardless o f the 
patient's c l i n i ca l status at time of apheresis, 1 2 and that a strong correlation 
exists between the I C C detection of these tumor cells and their capacity for i n 
vitro clonogenic g r o w t h . 6 , 1 3 

Additional evidence suggests that breast cancer cells may be released into the 
peripheral circulation as a result of cytokine mobilization procedures. 1 4 Whi le the 
exact role of the infusion of tumor cells in autologous hematopoietic grafts remains 
to be elucidated, two recent studies have demonstrated that infused tumor cells are 
present at sites of post-transplant disease relapse. 1 5 , 1 6 Thus, there is justifiable 
concern that potentially harmful tumor cells may contaminate P B S C infusions and 
contribute to disease recurrence. 

In this study, we examined the possible role of hematopoietic stem ce l l 
mobi l iza t ion procedures i n mob i l i z ing tumor cells into P B S C collections. 
Specif ical ly , we used I C C and T C A assays to monitor the premobil ized 
per ipheral b l oo d ( P B ) , B M and single, la rge-volume m o b i l i z e d P B S C 
collections for the presence and i n vitro colony growth of breast cancer cells . 
Our results indicate that no significant mobi l iza t ion of tumor cells occurred i n 
two cohorts o f chemosensitive patients wi th advanced-stage breast cancer. N o 
increase i n tumor ce l l contamination was observed i n P B S C collections 
fo l lowing 5 or 7 days mobi l iza t ion wi th granulocyte colony-st imulat ing factor 
( G - C S F ) , or in P B S C collections on day 15 fo l lowing pr iming with cyclophos
phamide f o l l o w e d by granulocyte-macrophage co lony-s t imula t ing factor 
( C y / G M - C S F ) . 
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MATERIALS AND METHODS 

Patient population 
Between February, 1994, and August, 1995, 38 consecutive patients with 

advanced-stage breast cancer participated in a study of H D C T with B M and/or 
P B S C support at the Johns Hopkins Oncology Center. E l ig ib i l i ty criteria included 
histologically documented Stage III or I V breast cancer, response to conventional-
dose chemotherapy, his tological ly negative B M biopsy, and adequate 
hematopoietic, renal and hepatic reserves to undergo high-dose treatment. The 
median age of the patients was 44 years (range 28-61 years). Ten patients had 
Stage IIIB breast cancer, and 28 patients had Stage I V breast cancer. O f the patients 
with Stage I V disease, 11 had radiographic evidence of bone metastases. The study 
was approved by the Joint Committee for C l in i ca l Investigation of the Johns 
Hopkins Hospital, and written informed consent was obtained from al l patients. 

Mobilization procedures 
A l l patients underwent premobilization P B draw, B M harvesting and post-

mobilization P B S C collection i n a single, large-volume apheresis. One cohort o f 
patients was mobil ized using human recombinant G - C S F (Amgen, Thousand Oaks, 
C A ) at 5 pg/kg/day. Initially, G - C S F was given for seven days. Once it was 
established in the first 10 patients that peak P B C D 3 4 + ce l l concentration occurred 
on day six, subsequent patients received a five-day course of G - C S F . The single, 
large-volume apheresis procedure was performed on day eight in 10 patients, and 
on day six i n 28 patients. The historical control patient population was treated on a 
protocol with similar eligibil i ty requirements. W e have reported on this patient 
population previously. 1 1 Brief ly , P B S C mobilization was accomplished with 
cyclophosphamide (Cy) at 4 g /m 2 administered over 90 minutes on the day 
following B M harvest. Human recombinant G M - C S F (Immunex Corp. , Seattle, 
W A ) was administered at 5 pg/kg/day for 15 days. A single, large-volume 
apheresis was performed 15 days after C y administration. 

High-dose chemotherapy 
G - C S F mobil ized patients received H D C T with C y and thiotepa (6 g /m 2 and 

800 mg/m 2 , respectively) by continuous infusion over 96 hours. Hematopoietic 
support was followed by the induction of autologous graft-versus-host disease with 
cyclosporine A and -y-interferon as previously described. 1 7 C y / G M - C S F mobil ized 
patients received high-dose therapy with C y and thiotepa (6 g /m 2 and 800 mg/m 2 , 
respectively) by continuous infusion over 96 hours with hematopoietic cel l support. 
N o v o b i o c i n , an agent that augments a lkylat ing agent cytotoxici ty , was 
administered during high-dose therapy as part of a Phase II trial at a dose of 4 g/day 
for seven days as previously described. 1 8 
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For both groups of patients, samples of pre-mobilized P B , harvest B M and post-
mobil ized P B S C were obtained under aseptic conditions. These samples were 
analyzed for the presence and in vitro clonogenic growth of tumor cells. 

Tumor cell detection by immunocytochemistry (ICC) 
A total of 3-5 m L of P B , B M and P B S C specimens containing a min imum of 

1 X 1 0 7 cel ls /mL were collected in sterile, sodium heparin tubes. The I C C procedure 
for the detection of breast cancer micrometastases has been described previously. 6 

Brief ly , mononuclear cells were separated by Ficol l -Hypaque density gradient 
separation (Pharmacia, Uppsala, Sweden), washed in Liebovi tz L-15 tissue culture 
medium ( G I B C O / B R L , Grand Island, N Y ) supplemented with 15% fetal bovine 
serum ( G I B C O / B R L ) , and cytocentrifuged onto glass microscope slides. 
F o l l o w i n g brief storage at 4 ° C , the slides were f ixed i n a 
paraformaldehyde/methanol fixative, washed thoroughly in phosphate-buffered 
saline ( P B S ; G I B C O / B R L ) and blocked for endogenous peroxidase activity in a 
phenylhydrazine (Sigma Chemical , St. Louis , M O ) solution. A cocktail of murine 
IgG monoclonal antibodies directed against breast and/or epithelial cel l antigens 
was incubated on the cytospin preparations for 30-60 minutes. Immunoperoxidase 
staining was accomplished using the Zymed streptavidin immunoperoxidase kit 
(Zymed, So. San Francisco, C A ) . 

W i t h this I C C assay, the tumor cells stain bright red, and the hematopoietic cells 
are counterstained blue. In previous series, we have established a tumor-detection 
sensitivity of one tumor cell in 5 .0X 10 5 hematopoietic c e l l s . 6 1 0 Mos t importantly, 
this I C C assay preserves cellular morphology for verification of tumor-consistent 
phenotype, and shows no cross-reactivity with nontumor cells. 

For each P B , B M and P B S C ICC-stained specimen, up to 5 . 0 X 1 0 5 cells were 
directly examined by light microscopy. The number of ICC-posi t ive, morphology-
consistent tumor cells was calculated by direct observation, and expressed with a 
common denominator of 100,000 hematopoietic cells. 

Tumor cell clonogenic assay (TCA) 
The T C A technique has been described p r ev ious ly . 6 1 3 Brief ly , 5 . 0 X 1 0 5 

mononuclear cel ls /mL were plated in triplicate in 35 m m 2 Petri dishes in a soft 
agar-based medium supplemented with human recombinant growth factors. 
Negative control plates consisted of medium without the supplemental growth 
factors. Fo l lowing 14 days in culture, the tumor colonies (>40 cells) were 
enumerated by inverted phase microscopy. The agar cultures were then floated 
onto large microscope slides, and immunostained in a blinded fashion by Dr . 
Thomas Moss , at Children's Hospital, Los Angeles, C A . The tumor colonies were 
stained with FITC-conjugated anti-cytokeratin antibody SB-3 (Accurate Chemical , 
Westbury, N Y ) or anti-breast cancer antibodies 520C9, 260F9, and 317G5 (kindly 
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Table 1. Results of the ICC assay1 

Peripheral blood1 BM2 PBSC3 

G-CSF Cy/GM-CSF 
1/37 (3%) 1/32 (3%) 

G-CSF Cy/GM-CSF 
4/36(11%) 4/36(11%) 

G-CSF Cy/GM-CSF 
3/38 (8%) 2/37 (5%) 

lNumber of patients with tumor cells detected by ICC. 
Specimens collected on day 0, before mobilization. 
3PBSC specimen collected on day 15 after CylGm-CSF mobilization, and on day 6 or 8 
after G-CSF mobilization. 

provided by Baxter Healthcare, Immunotherapy Div i s ion , Santa A n a , C A ) . These 
antibodies have been used by others for the detection of breast cancer 
micrometastases . 8 1 9 

W e have tested the T C A assay on over 200 B M and 100 P B S C specimens from 
patients wi th breast cancer. These combined studies have shown that the 
combination of human growth factors and agar-based medium supports the 
clonogenic growth of breast cancer cells in both B M and P B S C . 6 , 1 0 1 1 , 1 3 W e have 
observed no tumor colony growth in normal B M specimens with this assay. 
Further, we have reported that the in vitro growth of tumor colonies in the T C A 
assay correlates significantly (p<0.0001, chi-square test) with the tumor detection 
results obtained in the I C C assay. 6 

Statistical analysis 
Confidence intervals for the proportion of tumor-positive P B , B M and P B S C 

collections were calculated using exact binomial confidence intervals. Fisher's 
Exact Test was used for comparison of categorical data. 

RESULTS 

In total, 75 consecutive patients with advanced-stage breast cancer participated 
in two studies o f H D C T with hematopoietic support using two different P B S C 
mobilization regimens. Mobi l iza t ion with either G - C S F alone or C y followed by 
G M - C S F resulted in efficient mobilization of P B S C . 

ICC assay results 
The I C C results for the detection of tumor cells in P B , B M and P B S C are 

presented in Table 1. Sixty-six patients had pre-mobilized P B and B M , and 
postmobilized P B S C specimens analyzed. In the remaining nine patients, I C C 
analysis was not performed in at least one of the hematopoietic specimens because: 
1) the P B sample was not collected prior to B M harvest (six patients); 2) the 
morphology of the B M sample was inadequate for analysis (two patients) or 3) lack 
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Table 2. ICC Results: Patients with tumor-positive specimens 
Mobilization 

protocol/patient 
number Peripheral blood BM PBSC 

G-CSF (n = 38) 
1 ND 1 152 1 
2 0 1 0 
3 0 0 3 
4 0 0 2 
5 0 20 0 
6 1 1 0 

Cy/GM-CSF (n = 37) 
1 0 18 0 
2 0 2 0 
3 0 8 0 
4 0 0 1 
5 2 4 1 

1Not Done; too few cells for analysis. 
2Number of tumor cells per 10s hematopoietic cells. 

of a sufficient number of B M cells to perform the assay (one patient). 
B y semi-quantitative analysis, tumor cell contamination of specimens varied 

between 0 and 20 tumor cells per 10 5 hematopoietic cells. Tumor cel l counts were 
similar with both G - C S F and C y / G M - C S F mobilization regimens. Only 2 of 69 P B 
specimens (3%) and 8 of 72 B M specimens (11%) had tumor cells detected by the 
I C C assay. The two patients who had tumor cells detected in the P B sample also 
had tumor cells detected in the B M sample obtained before mobilization. 

After mobilization with G - C S F , 3 of 38 P B S C samples (8%) had tumor cells 
detected by the I C C assay. In the patients who received C y / G M - C S F , 2 of 37 P B S C 
(5%) samples were found to be tumor positive. This difference was not statistically 
significant (p=1.0). A l l five patients with ICC-posi t ive P B S C samples had Stage I V 
disease, only one of whom had radiographic evidence of bone metastases. In total, 
5/60 (8%) Stage I V patients had ICC-posi t ive P B S C samples compared with 0/5 
Stage IIIB patients (p=0.6). 

F ive patients with tumor cells detected by I C C in the B M samples obtained 
before mobilization had tumor-free P B S C samples after administration of G - C S F 
(2 patients) or after C y / G M - C S F (3 patients; Table 2). However, three patients had 
tumor cells detected by the I C C assay in the P B S C sample (two after G - C S F alone 
and one after C y / G M - C S F ) despite tumor-free premobilization P B and B M 
samples. A t least one hematopoietic specimen was ICC-posi t ive in 10 of 60 Stage 
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Table 3. TCA results 

Peripheral blood BM PBSC 
Patient number ICC TCA ICC TCA ICC TCA 
G-CSF (n=38) 

3 0 ND 2 0 Neg 3 Pos 
4 0 Neg 0 Neg 2 Pos 
6 1 Neg 1 Pos 0 Neg 

Cy/Gm-CSF (n=37) 
1 0 Neg 18 Incl3 0 Neg 
2 0 Neg 2 Incl 0 Neg 
3 0 ND 8 Incl 0 Neg 
5 2 Pos 4 Incl 1 Neg 

1ICC results as number of tumor cells per 10s hematopoietic cells. 
2Not Done; too few cells for analysis. 
^Inconclusive results. 

I V patients (17%) compared with 1 of 15 (7%) Stage IIIB patients (p=0.4). O f the 
patients with Stage I V disease, at least one of the hematopoietic samples was I C C 
positive in 5 of 20 (25%) patients with radiologic evidence of bone metastases 
compared to 5 of 40 (13%) without documented bone metastases (p=0.3). 

TCA assay results 
Overal l , the T C A assay was positive i n only four patients (Table 3). 

Interestingly, two patients mobil ized with G - C S F had tumor cells with i n vitro 
clonogenic potential detected i n the P B S C sample despite ICC-negative pre-
mobil ized P B and B M , and TCA-negat ive B M . Another patient mobil ized with G -
C S F , who had ICC-posi t ive P B and B M specimens but ICC-negative P B S C , had a 
TCA-pos i t ive B M sample. One patient, mobil ized with C y / G M - C S F , had I C C and 
TCA-pos i t ive P B and ICC-posi t ive B M , but the tumor cells identified by I C C in 
the P B S C specimen failed to have in vitro clonogenic potential. In three other 
patients, a l l mobil ized with C y / G M - C S F , the T C A results o f ICC-posi t ive B M 
samples were inconclusive. Tumor colonies were detected by inverted-phase 
microscopic evaluation, but the immunostaining o f these T C A specimens was 
inconclusive. N o T C A positivity was observed i n ICC-negative specimens. 

DISCUSSION 

Although the cl inical relevance o f occult tumor contamination o f autologous 
hematopoietic grafts is unclear, an association between occult B M tumor 
involvement detected by tissue culture, I C C and polymerase chain reaction ( P C R ) 
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and poor post-transplant prognosis has been reported. 5 , 8 , 9 However, as we 
previously reported, occult breast cancer contamination occurs less frequently in 
P B S C collections than in B M . Analysis of paired P B S C collections and B M 
harvest samples from patients wi th advanced-stage disease has documented that 
P B S C collections are less frequently contaminated with tumor cells than B M . A l s o , 
the concentration of tumor cells in tumor-involved specimens is about 30-fold 
lower in P B S C collections than in B M . 6 

Recently, Brugger et al . analyzed the impact of V I P and G - C S F mobilization on 
occult tumor contamination of serially collected P B samples using an I C C assay 
with monoclonal antibodies directed against cytokeratin and epithelial-cell 
antigens. 1 4 In their series of previously untreated breast cancer patients, they 
observed mobilization of tumor cells into the P B of 7/7 breast cancer patients 
studied. These data suggest that tumor cell release into venous P B , even in patients 
without light microscopic evidence of breast cancer involvement of B M biopsies, 
may lead to increased tumor contamination of mobil ized P B S C products. This 
study also suggests, albeit in a small number of patients, that mobilization of tumor 
cells into the P B in patients without evidence of B M contamination might occur 
early during mobilization, i.e., between days one and seven. A s both the type of 
P B S C mobilization regimen and the t iming of the leukapheresis could be critical to 
the extent of tumor contamination of P B S C grafts, we have now gone on to 
prospectively analyze hematopoietic specimens for occult tumor contamination. 

In this study, we compared tumor cell contamination of premobilized P B and 
B M with post-mobilized P B S C in chemosensitive breast cancer patients mobi l ized 
with G - C S F . Similar to the results we reported in a previous series of patients 
mobil ized with cyclophosphamide followed by G M - C S F , 1 1 we observed no 
significant increase in tumor cell contamination of P B S C specimens. In patients 
mobil ized with G - C S F or with C y / G M - C S F , we found a low incidence of occult 
tumor contamination in pre-mobilization P B (1/37 and 1/32, respectively) and B M 
(4/36 and 4/36, respectively). These data suggest that the patients mobil ized with 
C y / G M - C S F and those mobil ized with G - C S F alone had similar tumor burdens 
before beginning therapy, as anticipated from the similar el igibil i ty criteria for both 
high-dose studies. W e also found a low incidence o f tumor contamination by I C C 
of P B S C samples obtained six or eight days after initiation of G - C S F - o n l y P B S C 
mobilization (3/38, 8%), and 15 days after cyclophosphamide administration (2/37, 
5%). It is interesting to note that two patients mobil ized with G - C S F alone had 
tumor cells with in vitro clonogenic potential detected in the P B P C collection 
product, despite I C C and TCA-negat ive patient P B and B M samples. The one 
C y / G M - C S F mobil ized patient with an ICC-posi t ive P B S C did not show any in 
vitro tumor colony growth in the T C A . 

In summary, we used sensitive and specific I C C and T C A assays to analyze 
hematopoietic specimens for occult breast cancer cell involvement and in vitro 
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growth potential before and after P B P C mobilization. Our sequential series of 
patients consisted of 38 patients with chemosensitive, advanced-stage breast cancer 
and histologically negative B M biopsies. Patients were mobil ized for P B S C 
collection with either G - C S F or with cyclophosphamide followed by G M - C S F . W e 
observed a low incidence and a low concentration of occult tumor cell contami
nation of P B and B M harvest products before P B S C mobilization. Despite efficient 
mobilization of C D 3 4 + cells into a single, large-volume collection, we observed a 
similar low incidence of tumor contamination of P B S C collections obtained on day 
six or day eight after a course o f G - C S F , or on day 15 after administration o f 
C y / G M - C S F . The results of these studies do not support the notion that currently 
used mobilization regimens significantly increase the number of occult tumor cells 
in single-collection, large-volume apheresis products. 
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ABSTRACT 

The use of in vitro progenitor cel l assays to predict stem cell behavior or gene 
transfer efficiency is not supported by mounting data from clinical studies and large 
animal models. Hence, further theories regarding stem cell kinetics and the optimal 
conditions for durable hematopoietic gene transfer should be validated in cl inical 
trials. A l l c l inical trials to date have used retroviral vectors and al l report low 
hematopoietic gene transfer efficiency. V i r tua l l y a l l trials have involved 
myeloablated hosts undergoing high-dose therapy for cancer. The highest and most 
durable marking has been observed in children undergoing high-dose therapy for 
leukemia and neuroblastoma transplanted with mononuclear cells exposed to 
retroviral supernatant for 6 hours without growth factors. This study quantified 
transduction levels based on Neo-resistance of bone marrow ( B M ) colony-forming 
unit ( C F U ) post-transplant and has reported detection of the transgene in B M 
progenitors at 3 years. Under identical transduction conditions, C D 3 4 + cells from 
our adult patients with myeloma and breast cancer undergoing similar myeloablative 
therapy showed poor marking with no long-term marking; we used a nested P C R 
strategy to detect the transgene in B M and peripheral blood samples. C D 3 4 + cells 
from our adult patients transduced on autologous stroma for 72 hours without 
growth factors were also poorly transduced. Better marking of C D 3 4 + cells from our 
adult patients has been observed in the presence of I L 3 , IL6 and stem cell factor for 
72 hours with 9/11 patients having detectable marked cells in v ivo post-engraftment 
and 3/9 showing persistence of marking over 18 months. W e have not detected the 
marker gene i n myeloma or breast cancer cells in our patients, although most remain 
i n complete or partial remission. M a n y questions remain unanswered such as the 
differentiating or damaging effect of various culture conditions on true long-term 
repopulating cells, the appropriate assays for transgene delivery, the possibility of a 
growth disadvantage for transduced cells or incitement of an immune response from 
expression o f the transgene, and the possibility o f long-term toxicity. 

INTRODUCTION 
The hematopoietic stem cel l is an obvious target for gene transfer as it is defined 

by its potential to reconstitute the hematopoietic and immune systems. 1 ' 2 Retroviral 
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gene transfer is the best characterized and most developed vector system and is 
currently under the widest c l inical study. 3 Though efficient and reproducible 
retroviral gene transfer to a high percentage of long-term repopulating cells has 
been shown in rodents, only l imited success has been achieved i n larger animals, 
including man. 1 Whereas murine B M cultured with retrovirus in the presence of I L -
3, IL -6 and S C F has provided efficient gene transfer to a significant percentage of 
hematopoietic stem cells, previous work from our group has shown only minimal 
levels of gene transfer in circulating progenitors of human long-term repopulating 
cells when C D 3 4 + cells were transduced using a similar protocol. 4 Higher levels o f 
gene transfer were reported in children recovering from high-dose chemotherapy 
when their marrow cells were simply exposed to retroviral vector supernatant for 6 
hours without the inclusion of exogenous growth factors. 5 Stromal cells or stromal 
matrix molecules have been shown to substitute for or enhance the effects of 
exogenous growth factors during transduction of human hematopoietic progenitors 
and improve gene transfer into primitive cells in in vitro testing and in animal 
mode l s . 6 - 8 W e recently compared the 6-hour transduction procedure without 
growth factors in adults to the use of autologous marrow stromal cells during 
transduction as a means of improving efficiency of gene transfer into primitive 
repopulating cells. The results of this trial w i l l be summarized along with a more 
general discussion of gene marking trials in autologous transplantation. 

GENE MARKING OF NORMAL HEMATOPOIETIC CELLS 
Our transplant procedure and protocol design has been published p rev ious ly 4 , 9 

and our most recent study differed only in the transduction conditions used. A s 
in our previous c l in ica l protocol of retroviral transduction in the presence of I L -
3, I L - 6 and S C F , one-third of the harvested bone marrow ( B M ) or one of three 
mobi l ized peripheral blood (PB) collections were CD34-selected and used for 
transduction. W e and others have previously shown CD34-enr iched B M and P B 
cells are equal or better targets for gene transfer as compared with whole 
mononuclear c e l l s 1 0 , 1 1 and the use of CD34-enr iched target cells a l lowed us to 
preserve an optimal mult ipl ici ty of infection, i.e., at least 10 infectious vi ra l 
particles/cell . T w o retroviral vectors, G l N a . 4 0 and L N L 6 , carrying an identical 
bacterial phosphotransferase gene conveying G418 neomycin resistance (Neo) 
were used to distinguish the P B from the B M grafts. B M and P B from 5 patients 
were transduced for 6 hours without the addition of other growth factors, herein 
referred to as " 6 H " conditions or patients, and B M and P B from 4 patients was 
transduced for 72 hours in the presence of autologous stroma, herein referred to 
as " S T " conditions or patients. C F U plating and analysis and cel l separations on 
post-transplant sample and D N A extractions were done and a nested P C R 
strategy was used to analyze patient blood and B M samples for the Neo gene as 
outlined previously. 4 
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Whether our use of a CD34-enriched cell population might have decreased gene 
transfer efficiency when compared with the total mononuclear population used at 
St. Jude is unclear. Under both the 6 H and ST conditions, the total and C D 3 4 + ce l l 
count and C D 3 4 + percentage fell over the period o f transduction for both the B M 
and P B fractions. This contrasts with our previous cohort of patients transduced for 
72 hours with I L - 3 , IL -6 and S C F where the total cel l number, the C D 3 4 + cel l 
number and the C D 3 4 + percentage all increased. Interactions between accessory 
cells might be important in promoting stem cel l survival and proliferative potential 
without terminal differentiation. Hence, either primitive cell cycl ing or accessory 
cell functions could have been compromised under the 6 H or S T conditions. L o n g -
term culture conditions, perhaps favoring primitive hematopoietic cel l cycl ing 
while preserving cell numbers and hopefully differentiation capacity, may offer an 
advantage over the short in vitro culture conditions used here. 7 , 1 2 

A s evaluated by plating cells in methylcellulose-containing media, with and 
without G418, the overall marking efficiency was poor, with great variability 
between patients and between P B and B M fractions for each patient. There was a 
significantly greater mean transduction efficiency in the CD34-enriched cells 
transduced on stroma compared with the 6 H group. D N A samples prepared from 
P B , granulocyte and total mononuclear P B fractions, and B M were analyzed by 
semi-quantitative P C R for the Neo gene at the time of engraftment and then every 
3 months post-transplantation for up to 24 months. O n l y one S T patient, who 
received the highest number of CD34-enriched cells, had gene marked cells post
transplantation, detected at 186 days i n 0.1% of the mononuclear P B fraction 
derived from the transduced B M graft. The inclusion of an autologous stromal 
layer during transduction was prompted by previous evidence that stromal cells or 
stromal matrix molecules can substitute for or enhance the effects of exogenous 
growth factors and improve gene transfer into primitive hematopoietic cells in 
animal models and human cells assayed in v i t r o . 6 ' 8 1 3 

Four of five 6 H patients had marked cells, and the longest period of marking was 
observed in a multiple myeloma patient who had marked granulocytes detected 315 
days after transplant at a level of 0.1%. The short circulation and survival time of 
granulocytes means that the positive P C R signal was not simply caused by the 
prolonged survival of transduced terminally differentiated cells, but rather by the 
production of daughter cells from previously quiescent progenitors. The fact that low-
level marking was observed in 4 of 5 6 H patients versus 1 of 4 ST patients suggests 
that the 6 H condition was more favorable for gene transfer. In contrast to our previous 
study, none of the 6 H or ST patients showed consistent marking over time or had any 
marked cells detected greater than one year post-transplantation. The overall 
efficiency of retroviral gene transfer in this clinical trial was not better than that seen 
in our previous cohort of patients whose cells were transduced in the presence of 
growth factors and is thus unlikely to be useful for therapeutic applications. 
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GENE MARKING TO DEFINE THE SOURCE OF RELAPSE 
Many important issues surrounding tumor biology in autologous transplantation 

can be addressed using the tools of gene marking. It is now wel l accepted that 
tumor cells contaminating the autologous graft can contribute to relapse in several 
tumors. Several patients with C M L have also been shown to have the marker gene 
in BCR/ABLS colonies post-transplantation. 1 4 Mark ing of tumor cells in the 
children with neuroblastoma and A M L at relapse has also been detected. 1 5 Only 
one patient with relapsing B C in our current trial was evaluated for gene marking 
of tumor and nested Neo P C R of tumor cell D N A extracted from malignant pleural 
effusion cells on day 123 was negative. This patient's cells were transduced on 
autologous stroma where the cytokines and matrix molecules elaborated by stromal 
cells wou ld be predicted to have their greatest effects on the pr imit ive 
hematopoietic cells during transduction. Such a growth environment is unlikely to 
enhance the growth of contaminating breast cancer ce l l s . 1 6 Stromal cel l coculture, 
however, may be more beneficial to the growth of contaminating myeloma. 1 7 

Previous attempts to perform gene transfer into myeloma cells have revealed that 
myeloma cells are fragile and poorly tolerate in vitro handling and incubation. 1 8 

E x v ivo B M or P B purging techniques often have potentially damaging effects 
on normal marrow progenitors which makes a realistic assessment of their c l inical 
utility vital. Since neither breast cancer nor multiple myeloma cells express C D 3 4 
antigen and the CD34-enrichment process has been shown to serve as a two to four 
log purge of myeloma and breast cancer tumor cells, very few tumor cells would 
have been exposed to retroviral vector during transduction in our recent t r i a l . 1 9 , 2 0 

N o other studies have shown marked relapses in myeloma or breast cancer patients 
to date, but even i f these cells were present in the graft and contributed to relapse, 
they may not be susceptible to gene transfer under conditions optimized for transfer 
to more slowly cycl ing tumor cells (C. Dunbar, unpublished data). Chemica l and 
immunologic purging techniques in other tumors are currently under evaluation at 
a number of institutions using the tools of gene marking. 

ASSESSMENT OF TRANSGENE DELIVERY 
A n area of technical importance concerns the methods employed to evaluate 

transgene delivery. The gene transfer efficiency observed i n our 6 H patients was 
less than that observed for children treated under similar conditions wi th identical 
vectors at St. Jude Chi ldren 's Research Hosp i ta l . 5 Levels o f marked B M C F U - C 
there averaged 5% at 12 to 18 months post-transplantation and have continued to 
be detected and expressed for up to three years in B M . 2 1 There are a number of 
possible reasons for the less successful marking i n our patients. The St. Jude 
patient population consisted of children (range 2-19 years) who underwent 
prompt collection of autologous marrow just after recovery from high-dose 
induction chemotherapy. They may have had a relatively high number of 
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primit ive stem cells i n cycle, and been susceptible to retroviral gene transfer. 2 2 

Our patients were instead heavily pre-treated older adults wi th probable stem ce l l 
damage or deficiency due to prior alkylating agent chemotherapy. The different 
methods used for determining marking efficiency post-transplantation may have 
skewed the comparison. W e chose a strategy of nested P C R on total D N A from 
B M and P B fractions, while the marking efficiency of the St. Jude patients was 
evaluated by D N A P C R on colonies of Neo-resistant progenitor colonies grown 
out at various time points post-transplant. Discrepancies between B M Neo-
resistant colony and total D N A P C R on mature circulating cells have been noted 
i n other reports . 2 3 ' 2 4 

R T - P C R has also been promoted as a sensitive method of transgene detection. 1 4 

Whi le it could improve the detection of rare events, it w i l l only detect functional 
transgenes whose expression is certain to be highly variable. Reliable estimates for 
actual transgene integration are therefore difficult. The overall expression of the 
transgene is an important but separate question. The engraftment of hematopoietic 
progenitors into immunodeficient mice may also aid i n our understanding of gene 
transfer to the most primitive human hematopoietic cells but is plagued by low 
levels of human cell engraftment. Approaches to improve engraftment include the 
co-transplantation of stromal cells secreting human IL-3 and the creation of 
transgenic mice secreting human cytokines . 2 5 ' 2 6 

APPROPRIATE MARKER GENES 
Aside from the few studies i n which a therapeutic gene of interest has been 

transferred to autologous marrow or peripheral blood cells, most studies have used 
vectors to transfer genes not thought to have any physiologic or immunologic 
consequences. Chief among these is the neomycin phosphotransferase gene (Neo). 
It has been known since at least 1987 that Neo has the potential to alter growth of 
H L - 6 0 ce l l s , 2 7 which might imply that a subtle effect on growth could be induced 
in other cells including hematopoietic stem cells. Furthermore, a more general 
concern for al l transferred genes, including Neo, is their potential immunogenicity. 

A recent retroviral gene transfer study in H I V patients clearly demonstrated that 
an anti-transgene immune response could be problematic. 2 8 Autologous C D 8 + 

HIV-specif ic cytotoxic T lymphocyte clones from six patients were transduced ex 
vivo with a retroviral vector expressing the bacterial hygromycin resistance gene 
and the herpes thymidine kinase gene. After reinfusion of large doses of 
hygromycin-resistant autologous ant i -HIV T-ce l l clones every 14 days, 5/6 patients 
lost al l positive cells or had very low levels by the fourth infusion of cells compared 
with earlier in the treatment course. These patients were a l l shown to have 
developed specific cell-mediated immunity against the hygromycin resistance-tk 
gene product. This immunity was class I MHC-restr ic ted and very vigorous, with 
high C T L precursor frequencies despite the patients having active H I V disease. In 
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contrast, there is some evidence that introducing transgenes v ia hematopoietic stem 
cells induces tolerance. 2 9 A more thorough overview of the problem of immunity 
and gene transfer can be found elsewhere. 3 0 

A n ideal marker transgene should be easily detected without requiring 
prolonged ex v ivo culture to facilitate selection of transduced cells, both prior to 
transplantation to avoid transplantation of untransduced cel ls , and after 
hematopoietic reconstitution to measure transfer efficiency. Some candidate 
genes to fit these constraints include C D 2 4 and a truncated non-functional 
version of the nerve growth factor receptor . 3 1 , 3 2 The use of C D 2 4 , a GPI - l inked 
protein, may be problematic in that ce l l -ce l l transfer does occur and could 
abrogate speci f ic i ty . 3 3 Another gene of recent interest is the green fluorescent 
protein ( G F P ) isolated from Aequorea victoria. This gene and its mutants 
produce a protein that emits green fluorescence when excited by blue light. Our 
lab has found this gene and its humanized form to be of great utility for transient 
assays but to confer a selective disadvantage and probable toxicity when 
expressed over longer periods, thus eliminating it as a potentially useful marking 
gene (Emmons, unpublished data). 

A n intriguing way to tip the balance of toxicity in favor of the gene-marked cel l 
is the use of the drug resistance genes in vector constructs. This offers the hope of 
increasing the number of chemoprotected gene modified cells in v ivo using 
chemotherapy, as has been shown i n the mouse model using M D R - I . 3 4 " 3 6 Several 
cl inical protocols are now underway with M D R - 1 , and other drug resistance genes 
under intense study include mutant D H F R conferring resistance to trimetrexate, 3 7 

and 06-alkylguanine-DNA-alkyltransferase protecting against alkylating agents 
such as C C N U . 3 8 

THE FUTURE 
L o w gene transfer efficiency is the main obstacle to wider clinical application of 

genetic manipulation in autologous transplantation. W e would like to again stress the 
importance of marking studies as indices for new gene transfer vectors and 
transduction conditions. N o in vitro assays have yet proven predictive of gene 
transfer efficiency to human long-term repopulating cells. Additionally, as our 
assumptions about gene transfer efficiency largely rest on in vitro studies of 
progenitor populations which may not reflect the dynamics of the most primitive 
cells, we may make false assumptions about the best course for future gene marking 
studies. Problems with low efficiency transfer to the most primitive hematopoietic 
cells may be cell specific because of low cell cycling, insufficient viral receptor 
density or defenses against integration or vector specific because of potential toxicity 
or short life span as is true for the current generation of retroviruses. Better 
understanding and modeling of these most primitive interactions w i l l be necessary 
before rational proposals for further marking trials are made. 
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ABSTRACT 

A s part o f our ongoing attempt to identify an optimal source of pluripotent 
hematopoietic progenitor cells for transplantation and for gene therapy, we have 
compared the proliferative potentials o f C D 3 4 + subsets derived from fetal l iver 
( F L V ) , fetal bone marrow ( F B M ) , umbi l i ca l cord b lood ( U C B ) , adult bone 
marrow ( A B M ) , and mobi l ized peripheral b lood ( M P B ) . W e have applied three-
color multi-parameter analysis o f C D 3 4 + subsets by flow cytometry and single 
ce l l culture technique. The highest concentration of C D 3 4 + cells was found i n 
F L V , (11.35+7.45%, mean + S D ) fo l lowed by F B M , A B M , U C B , and M P B . 
Further analysis showed that F L V contained the highest proport ion of 
C D 3 4 + / C D 3 8 " / H L A - D R + subset among the total CD34+ cells (34.73+8.20% 
versus <2% i n A B M ) . After 14 days of culture i n medium containing stem ce l l 
factor ( S C F ) , I L - 3 , I L - 6 , G M - C S F , erythropoietin (Epo), insul in- l ike growth 
factor-I ( IGF-1) and basic fibroblast growth factor ( b - F G F ) , the c loning 
efficiencies o f singly sorted CD34+CD38" cells were: F L V (63 ± 26%) > F B M 
(30 ± 21%) > U C B (15 ± 11%) > A B M (3 ± 2%) > M P B (1.5 ± 2%). Moreover , 
based on the growth pattern of the colonies, C D 3 4 + C D 3 8 " / H L A - D R + cells from 
F L V y ie ld the highest percentages of colonies wi th dispersed growth pattern, 
indicative of a high proportion of pr imit ive stem cells . Ce l l s showing dispersed 
growth pattern were replated for up to four generations and 
C D 3 4 + / C D 3 8 - / H L A - D R + cells from F L V demonstrated the highest replating 
potential and A B M the least. Signif icantly higher expansion was found from 
C D 3 4 + C D 3 8 " cells cultured i n the presence of stromal layer. Each C D 3 4 + C D 3 8 ~ 
ce l l from F L V produced 11,500 progeny cells , 2-fold higher than the same cells 
cultured without stroma. Our results suggested that fetal l iver contains a signif
icantly higher number of very primit ive stem cells, wh ich have a markedly 
greater replating potential and are ideal targets for delivery of gene therapy 
compared wi th A B M , or M P B . 
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INTRODUCTION 

The increasing demand for hematopoietic stem cells for cl inical transplantation 
and for gene therapy has spawned numerous studies to identify new sources of stem 
cells in v ivo and developments of various culture systems for expansion in vitro. 
Stem or progenitor cel l products for cl inical use should provide both short and 
long-term engraftment. Short-term engraftment is characterized by recovery of 
cl inical ly relevant levels of circulating neutrophils and platelets and is probably 
induced by lineage-committed progenitors, whereas long-term engraftment 
requires that a pool of pluripotent stem cells is established, providing mature blood 
cells o f a l l lineages throughout lifetime. 1 Pluripotent hematopoietic stem cells are 
therefore characterized by both self-renewal capacity and differentiating potential 
to give rise to myeloid and lymphoid lineages. 

The conventional source of hematopoietic progenitor cells for c l in ica l use has 
been the bone marrow ( B M ) . In the past decade, mobi l ized peripheral blood 
progenitor cells have been increasingly used in l ieu of B M for autologous 
transplantation, 2 - 7 and in the past two years, also in allogeneic transplantation. 8 - 1 2 

A major advantage is the accelerated hematopoietic recovery achieved by blood-
derived versus marrow-derived progenitor cells. Other sources of hematopoietic 
stem cells for c l in ical use, such as umbi l ica l cord blood ( U C B ) and fetal tissue, are 
being studied and their roles in transplantation and human gene therapy 
e x p l o r e d . 1 3 - 1 6 Present evidences indicate that there are not only significant 
phenotypic differences in the proportion of pluripotent versus lineage-committed 
progenitors but also functional differences among fetal tissue derived progenitors, 
U C B , adult bone marrow ( A B M ) and mobil ized peripheral blood. The goal o f the 
present study is to explore the potentials of C D 3 4 + cells derived from fetal tissues 
as a source for expansion of pluripotent stem cells with self-renewal capacity. 

Hematopoietic progenitor cells have been demonstrated to be associated with the 
surface antigenic marker C D 3 4 . 1 7 A t steady state, about 1 to 2% of the cells from the 
B M and <0.1% (nonmeasurable) of mononuclear cells ( M N C ) from the peripheral 
blood are positive for C D 3 4 . 7 8 B y means of multicolor, multidimensional flow 
cytometry, it has been shown that the C D 3 4 + cells can be subcategorized into 
phenotypic subsets, some of which possess characteristics of stem cell "candidates" 
and others of lineage-committed progenitors. The pluripotent stem cell "candidates" 
are characterized by C D 3 4 V C D 3 8 - and can be further subclassified according to the 
presence or absence of H L A - D R , Thy-1, or staining with rhodamine, e t c . 1 8 - 2 4 The 
lineage-committed subsets are characterized by C D 3 4 + / C D 3 8 + , and the co-expression 
of one of the following antigens: C D 7 , C D 1 0 , C D 1 6 , C D 3 3 , C D 6 1 , or C D 7 1 , 
depending on the lineage commitment. 1 8 It is not definitively known which C D 3 4 + 

subset represents the population with the highest self-renewal or multilineage 
potential. Possible candidates include C D 3 4 + / C D 3 8 - / H L A - D R + , C D 3 4 + / H L A - D R - , 
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C D 3 4 + / T h y l + / L i n - , or C D 3 4 + / C D 4 5 R A l o w / C D 7 1 l o w , etc., probably depending on the 
assay system as well as on the source of the c e l l s . 1 8 - 2 1 In this study, we have compared 
the functional characteristics of the C D 3 4 + / C D 3 8 ~ / H L A - D R + cells from various 
sources and have demonstrated that cells of this phenotype from fetal liver possess a 
700-fold higher proliferative and replating potential as the cells with the same 
phenotype from A B M . Fetal liver ( F L V ) is a possible source for stem cell 
"candidates" with high self-renewal capacity. 

MATERIALS AND METHODS 

Cell preparations 
Fetal l iver or fetal B M cells were obtained from aborted or miscarried fetuses 

of 12 to 25 weeks of gestational age and used as approved by the Human Subjects 
Committee of the University o f California, San Diego ( U C S D ) . Umbi l i ca l cord 
blood samples were collected as previously described and as also approved by the 
Human Subjects Commit tee . 2 2 B M cells were isolated by flushing intramedullary 
cavities of the femurs with R P M I 1640 with 10% fetal calf serum ( F C S ) . 1 8 The 
fetal l iver or B M mononuclear cells were separated by Ficol l -Hypaque (Histopaque 
1077; Sigma Chemical Co . , St. Louis , M O ) and washed twice. 

For B M samples, healthy subjects between the ages of 18 to 65 were recruited 
for B M samples. Approximately 40-50 m L o f B M were drawn from multiple sites 
(10 to 15 m L each time) from the posterior i l iac crest. Subjects gave informed 
consent to have marrow samples collected. 

For mobilized peripheral blood, healthy subjects were recruited using inclusion and 
exclusion criteria similar to those used for blood donors. The projects were reviewed 
and approved by the U C S D Human Subjects Committee. 8 Subjects gave informed 
consent to participation after explanation of the project. Baseline values of C D 3 4 cells 
were determined and colony assays (see below) were performed. They were 
randomized into 3 groups, receiving a) 10 pg/kg/day G - C S F , b) 10 pg/kg/day G M -
C S F or c) 5 pg/kg/day of each G - C S F and G M - C S F ( G / G M ) . Growth factors were 
administered and leukapheresis was performed as previously described. 8 For the 
present comparative study, we have made use of the data from G / G M mobilization. 

Flow cytometry 
The progenitor cel l preparations were labeled with C D 3 4 (8G12 F I T C ) , C D 3 8 

( L e u l 7 P E ) , and H L A - D R biotin followed by an incubation with streptavidin 
allophycocyanin ( A P C ; Becton Dickinson Immunocytometry Systems [BDIS] , San 
Jose, C A ) . F l o w cytometric analysis and sorting was performed on a F A C S t a r p l u s 

equipped with an Argon ion laser tuned at 488 nm and a H e l i u m Neon laser (633 
nm) or an Innova 90 tuned at 647 nm (BDIS) . Data acquisition was performed with 
Lys i s 2.0 (BDIS) . Forward light scatter, orthogonal light scatter, and 3 fluorescence 
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signals were determined for each cell and the listmode data files were analyzed 
with the Pa in t -A-Ga te p l u s software ( B D I S ) . 1 8 ' 1 9 

C e l l sorting was performed on a F A C S t a r p l u s (BDIS) using the Automated C e l l 
Deposition Uni t ( A C D U ) , which permits single-cell sorting with an accuracy of 
greater than 99%. A n index sorting device was used on the forward light scatter 
parameter and this new feature allows the linkage of list mode flow cytometry data 
to the location of the wel l in the microtiter plate. In addition, cells with large 
orthogonal and forward light scatter were excluded. 

Clonogenic cultures 
In the liquid culture system, each well contained a 200 p L mixture of myeloid long-

term culture medium (Terry Fox Laboratory, Vancouver, B C , Canada) containing 
12.5% horse serum, 12.5% F C S , 10 - 4 mol /L 2-mercaptoethanol, 2 mmol /L L -
glutamine, 0.2 mmol /L i-inositol, 20 umol/L folic acid, and antibiotics, and supple
mented with 2.5 U / m L recombinant human erythropoietin (rhEpo; Amgen, Thousand 
Oaks, C A ) , 10 ng/mL recombinant human interleukin-3 (rhIL-3), 500 U / m L rhIL-6, 
10 ng/mL recombinant human granulocyte-macrophage colony-stimulating factor 
( rhGM-CSF) with 2.5 ng/mL recombinant human basic fibroblast growth factor 
(rhbFGF), 10 ng/mL recombinant human insulin-like growth factor-1 (rhIGF-1; 
Collaborative Research, Bedford, M A ) , and 50 ng/mL recombinant human stem cell 
factor (rhSCF; Genzyme, Boston, M A ) . A l l cultures were incubated in 5% C 0 2 in air 
at 37°C in a fully humidified incubator. Ce l l growth was checked on days 3, 5, 7, and 
10 and scored for the presence of dispersed cells, cell clusters, or a mixture of both on 
day 14. Cells were scored as dispersed cells when an expansion was generated from a 
single cell of a minimum of 40 cells that still appeared as dispersed round translucent 
cells after 14 days. Replating of the cell progeny was performed by dispersion of the 
cells into 10 wells of a 96-well flat-bottom plate in identical culture, conditions as 
described above. Plates were scored 14 days after replating of the cells originated from 
the single cells. Repetitive replating was performed under identical conditions. 1 8 

Staining for morphology and fluorescent examination 
For flow cytometric analysis of the progeny of the single sorted cells, the cells 

in each wel l were harvested with a pipette, washed, and stained with a pretitered 
reagent mixture containing C D 3 4 P E / C Y 5 (kindly provided by K . Davis , B D I S ) , 
C D 3 3 P E , and C D 19 F I T C , or a mixture of fluorescently labeled isotype control 
antibodies. The immunostained cells were washed once, resuspended in 0.5 m L of 
a 0.5% paraformaldehyde solution and analyzed on a F A C S c a n (BDIS) . 

Statistical analysis 
For statistical analysis, a personal computer program, Testimate, supplied by 

I D V Datenanalyse, Gauting-Munich, Germany, was used. Data reported are mean 
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Table 1. Percentages of CD34+ and CD34+/CD38" subpopulations among MNC preparations 

CD34+ FLV FBM UCB ABM MPB 

CD34+ 

CD34+/CD38-

n 

mean ± SD 

mean ± SD 

8 

11.35 ±7 .45 

3.54 ± 3.96 

9 

10.46 ± 3.20 

1.62 ±2.76 

12 

0.84 ±0 .71 

0.11 ±0.17 

9 

1.71 ± 1.17 

0.11 ±0.15 

7 

0.77 ± 0.53 

0.11 ±0 .14 

± standard deviation, or medians and ranges, wherever applicable. The Kruskal -
Wal l i s Analysis was applied to validate the differences in C D 3 4 + subsets among 
the M N C samples from different sources. The Mann-Whi tney-U Test was then 
applied to verify the differences in concentrations of C D 3 4 + subsets between two 
different categories, e.g., F L V compared with fetal B M ( F B M ) , U C B , A B M or 
mobil ized peripheral blood ( M P B ) . 

RESULTS 

In previous cl inical trials, we have compared the immunophenotypes and 
colony formation capacities o f the C D 3 4 + cells mobil ized by different growth 
factors. 2 3 Us ing three-color and five-dimensional flow cytometry to compare the 
pluripotent C D 3 4 positive subsets, we have provided evidences that the 
combination of G - C S F and G M - C S F stimulates a significantly higher proportion 
of pluripotent C D 3 4 subsets than G - C S F alone, whereas G M - C S F by itself is not 
very efficient in mobi l iz ing and adequate number of C D 3 4 + c e l l s . 8 2 3 The 
combinat ion G + G M mobi l izes a signif icantly higher number o f total 
CD34+/CD38" cells and C D 3 4 + / C D 3 8 " / D R + subsets i n the leukapheresis products 
than G - C S F alone. Data from this group of normal subjects ( G + G M ) were used for 
comparisons in the present study. 

The percentages of the C D 3 4 + cells from various sources are summarized i n 
Table 1. The M N C preparations from F L V and F B M contain the highest 
percentages of C D 3 4 + cells, followed by A B M , U C B and M P B . The highest 
percentage of CD34+/CD38" cells is found in F L V (3.54 ± 3 .96%), followed by 
F B M (1.62 ± 2.76%). U C B , A B M and M P B all contained very low levels o f 
C D 3 4 + / C D 3 8 - subsets. The difference between F L V versus U C B , A B M or M P B is 
highly significant (p=0.005). 

Further characterization by coexpressions of H L A - D R or C D w 9 0 (Thy-
1)4,18,19,23,24 j j a s o e e n shown to identify the pr imit ive and pluripotent stem ce l l 
candidates. Figure 1 illustrates the results o f three-color multiparameter f low 
cytometric analysis o f the C D 3 4 + subpopulations of M N C samples from various 
sources. A c c o r d i n g to the coexpressions of C D 3 8 and H L A - D R , the C D 3 4 + cells 
were sorted into four different categories; C D 3 4 + / C D 3 8 ~ / D R ~ , 
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C D 3 4 + / C D 3 8 - / D R + , C D 3 4 + / C D 3 8 + / D R " and C D 3 4 + / C D 3 8 + / D R + (represented in 
Figure 1 by 38"DR- , 3 8 " D R + , 38+DR-, 3 8 + D R + ) . The most prominent f inding 
was the high proportion of C D 3 4 + / C D 3 8 7 D R + cells in F L V , i.e., 34.73 ± 8.20% 
(Mean ± S D ) of total C D 3 4 + cells and to a much less extent i n F B M , i.e., 7.27 
± 10.76%. Whereas U C B and M P B also contained a fairly h igh percentage o f 
C D 3 4 + / C D 3 8 " / D R + cells (10.50 ± 5.77% and 14.19 ± 15.41%, respectively) 
among the total C D 3 4 + cells (which is equal to 100%), such phenotypically 
pluripotent cells are rare in A B M . The differences in percentages of C D 3 8 ~ / D R + 

cells between A B M versus F L V or U C B are significant (p=0.0143, 0.0381, 
respectively), whereas no differences in percentages of C D 3 4 + / C D 3 8 " / D R + cells 
were found among F L V , F B M , U C B or M P B . 

To determine the functional differences among the progenitors from various 
sources with the same phenotype, we have applied index sorting and single cel l 
culture technique to study the growth characteristics of C D 3 4 + cells and their 
subsets. Cloning efficiency (CE) was determined by the number of wells, each 
initially containing one single cel l sorted into 96-well plates, that grow into 
colonies after 14 days. Our previous reports have shown that the pluripotency and 
replating potential o f the hematopoietic progenitor cells are indicated by distinct 
growth patterns i n the single cell culture system. Pluripotent stem cells show a 
dispersed growth pattern and 70% of these dispersed cells gave rise to a second, 
third and eventually fourth generation of colonies after repetitive replating, charac
teristic of pluripotent stem c e l l s . 1 8 1 9 

The colony efficiencies (CE) of the C D 3 4 + subsets from various sources are 
summarized i n Figures 2 A - E , i n which the percentage of wells containing colonies 
are represented by the stacked columns. The pluripotency of the individual cells 
deposited was reflected by the growth pattern after 14 days of culture. Some 
demonstrated a dispersed growth pattern (represented by the dark columns), others 
grow into a mixed pattern with clusters scattered among dispersed blast cells 
(represented by shaded columns), whereas others grow into typical granulocytic 
clusters (represented by criss-crossed columns) or erythroid clusters (represented 
by white columns). Overall , the highest colony efficiencies were found in F L V , 
followed by F B M , U C B , M P B and A B M . Us ing the combination C D 3 4 , C D 3 8 and 
H L A - D R as the discr iminat ing panel for stem ce l l "candidates", 
C D 3 4 + / C D 3 8 " / H L A - D R + cells demonstrated the highest C E among samples of 
F L V , B V M , and U C B , whereas C D 3 4 + / C D 3 8 + subsets among A B M and M P B 
might show higher C E than the C D 3 8 " subsets. Whereas cells with dispersed 
growth pattern were found predominantly in the C D 3 8 " subsets, such cells were 
occasionally encountered among C D 3 8 + subsets among U C B , A B M and M P B . 

W e have studied the impact of B M stroma on ex vivo culture of C D 3 4 + / C D 3 8 ~ 
cells. CD34+CD38" and C D 3 4 + C D 3 8 + cells derived from F B M were sorted (20 
cells/well) directly onto irradiated marrow stromal layer with and without growth 
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100. 

Figure 1. CD34+ subsets from FLV, FBM, UCB, ABM and MPB (mobilized with GM-
CSFand G-CSF). 
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Figure 2. Colony efficiency and growth pattern of the colonies from CD34+ subsets 
derived from FLV, FBM, UCB, ABM and MPB. 
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factors (GF) . After 14 days of culture, significantly greater expansion was detected 
from C D 3 4 + C D 3 8 ~ cells cultured on the stroma with G F . More cells with dispersed 
growth pattern appeared in the CD34+CD38" subset. Each CD34+CD38" cel l 
produced 11,500 progeny cells, 2-fold higher than the same subset cultured in G F 
without stroma. However, i f the C D 3 4 + C D 3 8 ~ cells were subsequently replated i n 
media containing G F s after the init ial exposure to G F alone, stroma alone or to 
both, the overall increase in cel l number was similar in a l l circumstances. The cells 
originally cultured in stroma only reached a maximum after 4 additional weeks 
(total of 6 weeks), whereas cells cultured i n G F or G F + stroma reached the highest 
cel l number in 4 weeks. The results indicated that 1) the marrow stroma layer can 
maintain the primitive stem cells in their quiescent status until exposure to G F ; 2) 
the proliferative potential o f the C D 3 4 + C D 3 8 ~ cells is realized on exposure to G F ; 
and 3) although stroma layer can enhance the expansion of cells by G F in short-
term culture, the overall expansion capacity of progenitor cells remains unaffected. 

DISCUSSION 

Transplantation of hematopoietic stem cells, derived from fetal marrow or fetal 
l iver have been proposed as a novel strategy for acquired and hereditary B M 
disorders . 2 5 - 3 0 In utero transplantation of fetal stem cells has been performed 
successfully. 2 5 ' 2 6 It seems that the fetuses are suitable for stem cel l transplantation 
both as donors and recipients, and that engrafted cells can respond functionally to 
hematologic s t imul i just as the endogenous c e l l s . 2 5 " 2 8 Comple te ly H L A -
mismatched fetal l iver stem cells have been used successfully i n the treatment of 
patients with severe combined immunodeficiency and in patients with aplastic 
anemia . 2 8 " 3 0 Addit ional advantages include higher self-renewal and proliferative 
potential of fetal-derived stem ce l l s , 3 1 which are more susceptible to retroviral 
mediated gene transfer than quiescent stem cells derived from adult B M or 
peripheral blood. Stem cells derived from fetal l iver may therefore represent 
another source for expansion as wel l as for establishing universal stem cell cultures 
for transplantation. 

A s part of our ongoing efforts to identify an optimal source of pluripotent stem 
cells for expansion, for transplantation and for gene therapy, we have compared the 
proliferative potentials of C D 3 4 + subsets derived from F L V , F B M , U C B , A B M 
and M P B . Although a series of reports have indicated that fetal tissues contain a 
significantly higher concentration of stem c e l l s , 2 5 - 2 9 comparison on the quantitative 
and qualitative differences among the C D 3 4 + cells from various sources is lacking. 
W e have previously shown that the proportion of rare pluripotent stem cells, 
represented by CD34+/CD38" or C D 3 4 7 C D 3 8 " / H L A - D R - cells is significantly 
higher in leukapheresis products mobil ized by the combination of G - C S F and G M -
C S F versus G - C S F alone, despite similar numbers of total C D 3 4 + cells in the 
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product. 8 ' 2 3 A s an adequate proportion of primitive pluripotent stem cells w i l l be 
essential for a sustained, life-long reconstitution after allogeneic transplantation, or 
for long-term effect after gene therapy, analysis of the C D 3 4 + subsets and their 
functional integrity are of significance for choice of starting material for expansion 
or for gene manipulation. 

In this study, we have demonstrated that mononuclear preparations from F L V 
contain not only the highest concentrations of C D 3 4 + cells, but also the highest 
proportion of pluripotent subsets C D 3 4 V C D 3 8 " , and C D 3 4 + / C D 3 8 " / H L A - D R + 

cells among the total C D 3 4 + cells. In addition, the cloning efficiencies of singly 
sorted C D 3 4 + / C D 3 8 - / H L A - D R + cells from F L V were at least one log higher than 
those from A B M or M P . Moreover, based on the growth pattern of the colonies, 
C D 3 4 + / C D 3 8 " / H L A - D R + cells from F L V yie ld the highest percentages of colonies 
with dispersed growth pattern, indicative of a high proportion of primitive stem 
cells. U p o n replating, these cells were able to y ie ld further blast colonies and 
colonies with mixed growth pattern for up to four generations. Cel ls with the same 
immunophenotype from F B M , U C B , or M P B have substantially less and those 
from A B M have hardly any replating potential. W e estimate that the proliferative 
potential o f each C D 3 4 + / C D 3 8 " / H L A - D R + ce l l from F L V is approximately 700-
fold higher than a corresponding cell from A B M . When cultured in the presence of 
stromal layer, each C D 3 4 + C D 3 8 " / H L A - D R + cel l from F L V produced respectively 
11,500 progeny cells, 2-fold higher than the same cells cultured without stroma. 

In vitro expansion of pluripotent stem cells have been the focus of many 
studies. 3 2"* 0 Expansion of primitive, pluripotent progenitors is l ike ly the result of a 
balance between self-renewal with maintenance of pluripotency, and differen
tiation with loss of long-term culture-initiating cells ( L T C - I C ) . Al though many 
culture systems have been developed that allow expansion of candidate stem cells, 
no system has yet been described that allows long-term expansion of primitive 
progenitors. Stroma layers derived from B M (autologous, allogeneic or 
xenogeneic) have been shown to support early progenitor cel l proliferation and 
differentiation for 5 or more weeks but only 20% of L T C - I C are main ta ined . 3 2 - 3 5 

Primitive progenitors can also be induced to proliferate and differentiate in stroma-
free cytokine-supplemented long-term cultures but L T C - I C are rarely expanded or 
maintained beyond 2 to 4 w e e k s . 1 9 3 6 - 3 7 When cocultured with stroma but separated 
from the stroma layer by a microporous membrane (stroma-noncontact cultures), a 
fraction of primitive L T C - I C seems to be maintained for 5 to 8 weeks of culture. 3 8 

The addition of IL-3 and macrophage inflammatory pro te in- la (MlP-la) resulted 
in complete maintenance or expansion for up to 8 weeks. 3 9 Us ing a three 
dimensional culture system (bioreactor), Rol le r et al was able to expand L T C - I C 
numbers. 3 3 It remains unresolved whether the primitive cells are permanently lost 
from the stem cell compartment during ex v ivo expansion, resulting in reduction of 
long-term engraftment potential. Some authors reported that cells with the highest 
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proliferative capacity remained quiescent during in vitro cu l tu re 4 0 , 4 1 and conditions 
for maximizing self-renewal capacity may be very different from those for conven
tional "expansion" of hematopoietic progenitors. 

Our results suggest that fetal l iver contains a significant number of very 
primitive stem cells that are not found i n similar magnitude i n F B M or U C B . The 
frequency of such phenotypically and functionally primitive stem cells in adult 
material such as M P B or A B M is extremely rare. The a im of ex v ivo expansion of 
human progenitor cells for allogeneic transplantation and for gene therapy is to 
multiply both cells with the highest self-renewal capacity for life-long reconsti
tution, as wel l as lineage-committed progenitors for rapid recovery. Fetal l iver 
derived stem cells probably represent an excellent cel l source but optimal 
conditions for expansion of these primitive stem cells has yet to be established. 

In summary, although many studies have demonstrated that candidate stem cells 
from adult B M or peripheral blood can be expanded exponentially in number, such 
ex vivo cultures are always associated with depletion of primitive L T C - I C and no 
expansion of pluripotent stem cells has yet been shown. The use of stroma 
combined with new cytokines or three-dimensional culture system allows a l imited 
multiplication of pluripotent stem cells, probably only for a l imited period of 
t i m e . 2 3 , 2 4 Hematopoietic cells derived from fetal tissues contain, however, signifi
cantly higher proportion of pluripotent stem cells and few, i f any, alloreactive cells, 
they might represent ideal resources for expansion of primitive stem cells for 
transplantation and for gene therapy. 

REFERENCES 

1. Williams DA: Ex vivo expansion of hematopoietic stem and progenitor cells—Robbing 
Peter to pay Paul. Blood 82:3169, 1993. 

2. Kessinger A, Armitage JO: The evolving role of autologous peripheral stem cell trans
plantation following high-dose therapy for malignancies. Blood 77:211-213, 1991. 

3. Körbling M, Dörken B., Ho AD et al.: Autologous transplantation of blood-derived hemo
poietic stem cells after myeloablative therapy in a patient with Burkitt's lymphoma. 
Blood 67:529-532,1986. 

4. Kessinger A, Armitage JO, Landmark JD et al.: Reconstitution of human hematopoietic 
function with autologous cryopreserved circulating stem cells. Exp Hematol 114:192-196, 
1986. 

5. Sheridan WP, Begley CG, Juttner CA et al.: Effect of peripheral-blood progenitor cells 
mobilized by filgrastim (G-CSF) on platelet recovery after high-dose chemotherapy. 
Lancet 339:640-644, 1992. 

6. Bensinger W, Singer J, Appelbaum F et al.: Autologous transplantation with peripheral 
blood mononuclear cells collected after administration of recombinant granulocyte stim
ulating factor. Blood 81:3158-3163,1993. 

7. Ho AD, Glück Germond C, Sinoff C, Dietz G, Maruyama M, Corringham RET: Optimal 



524 Chapter 8 

timing for collections of blood progenitor cells following induction chemotherapy and 

granulocyte-macrophage colony-stimulating factor for autologous transplantation in 

advanced breast cancer. Leukemia 7:1738-1746, 1993. 

8. Lane TA, Law P, Maruyama M, Young D, Burgess J, Mullen M, Mealiffe M, Terstappen 

LWMM, Hardwick A, Moubayed M, Oldham F, Corringham RET, Ho AD: Harvesting 

and enrichment of hematopoietic progenitor cells mobilized into the peripheral blood of 

normal donors by granulocyte macrophage-colony stimulating factor (GM-CSF) or G-

CSF: Potential role in allogeneic marrow transplantation. Blood 85:275-282, 1995. 

9. Zecca M, Perotti C, Marradi P, Montagna D, Giorgiani G, Baiter R, Prête L, Locatelli F: 

Recombinant human g-csf-mobilized peripheral blood stem cells for second allogeneic 

transplant after bone marrow graft rejection in children. Br J Haematol 92:432, 1996. 

10. Bensinger WI, Weaver CH, Appelbaum FR, Rowley S, Demirer T, Sanders J, Storb R, 

Buckner CD: Transplantation of allogeneic peripheral blood stem cells mobilized by 

recombinant human granulocyte colony-stimulating factor [see comments]. Blood 

85:1655,1995. 

11. Korbling M, Huh YO, Durett A, Mirza N, Miller P, Engel H, Anderlini P, van B K, 

Andreeff M, Przepiorka D, et al: Allogeneic blood stem cell transplantation: peripheral-

ization and yield of donor-derived primitive hematopoietic progenitor cells (CD34+ thy-

1 dim) and lymphoid subsets, and possible predictors of engraftment and graft-versus-host 

disease. Blood 86:2842, 1995. 

12. Corringham RET, Ho AD: Rapid and sustained allogeneic transplantation using immunos-

elected CD34+-selected peripheral blood progenitor cells mobilized by recombinant gran

ulocyte- and granulocyte-macrophage colony-stimulating factors. Blood 86:2052-2054, 

1995. 

13. Broxmeyer, HE, Hangoc G, Cooper S, Ribeiro RC, Graves V, Yoder M, Wagner J, 

Vadhan-Raj S, Bennminger L, Rubinstein P, Broun ER: Growth characteristics and expan

sion of human umbilical cord blood and estimation of its potential for transplantation in 

adults. Proc Natl Acad Sci USA 89:4109, 1992. 

14. Gluckman E, Thierry D, Lesage S et al.: Clinical applications of stem cell transfusion from 

cord blood. Transfusion Sci 13:415, 1992. 

15. Rubinstein P, Rosenfield RE, Adamson JW, Stevens CE: Stored placental blood for unre

lated bone marrow reconstitution. Blood 81:1679, 1993. 

16. Kurtzberg J, Laughlin M, Graham ML, Smith C, Olson JF, Halperin ED, Ciocci G, 

Carrier C, Stevens CE, Rubinstein P: Placental blood as a source of hematopoietic stem 

cells for transplantation into unrelated recipients. New Engl J of Med 335:157-166,1996. 

17. Civin I, Banquerigo ML, Strauss LC, Loken MR: Antigenic analysis of hematopoiesis. 

IV. Characterization of MYlO-positive progenitor cells in normal human bone marrow. 

ExpHematol 15:10-17, 1987. 

18. Huang S, Terstappen LW: Lymphoid and myeloid differentiation of single human CD34+, 

HLA-DR + , CD38- hematopoietic stem cells. Blood 83:1515-1526, 1994. 

19. Terstappen LWMM, Huang S, Safford M, Lansdorp PM, Loken MR: Sequential gener

ations of hematopoietic colonies derived from single nonlineage-committed CD34+/CD38~ 

progenitor cells. Blood 77:1218-1227, 1991. 

20. Bender JG, Unversagt KL, Walker DE, Lee W, Van Epps DE, Smith DH, Stewart CC, 



Options with the Graft 525 

To LB: Identification and comparison of CD34-positive cells and their subpopulations 
from normal peripheral blood and bone marrow using multicolor flow cytometry. Blood 
77:2591-2596, 1991. 

21. Lansdorp PM, Dragowska W: Long-term erythropoiesis from constant numbers of CD34+ 

cells in serum-free cultures initiated with highly purified progenitor cells from human bone 
marrow. J Exp Med 175:1501-1509, 1992. 

22. Yu Mang, Leavitt MC, Maruyama M, Yamada O, Young D, Ho AD, and Wong-Staal, F: 
Intracellular immunization of human fetal cord blood stem/progenitor cells with a 
ribozyme against human immunodeficiency virus type 1. Proc Natl Acad Sei USA 
92:699-703,1995 

23. Ho AD, Young D, Maruyama M et al.: Pluripotent and lineage-committed CD34+ sub
sets in leukapheresis products mobilized by G-CSF, GM-CSF versus a combination of 
both. Exp Hematol (In Press), 1996. 

24. Mayani H, Lansdorp PM: Proliferation of individual hematopoietic progenitors purified 
from umbilical cord blood. Exp Hematol 23:1453-1462, 1995. 

25. Zanjani ED, Ascensao JL, Rake AW, et al: The fetus as an optimal donor and recipient 
of hemopoietic stem cells. Bone Marrow Transplantation 10:107-114, 1992. 

26. Zanjani ED, Ascensao JL, Tavassoli M: Liver-derived fetal hematopoietic stem cells selec
tively and preferentially home to the fetal bone marrow. Blood 81:399^104,1993. 

27. Rice HE, Emani VR, Skarsgard RA, et al: Human fetal liver hematopoietic cell expan
sion with a novel bioreactor system. Transplantation Proceedings 26:3338-3339, 1994. 

28. Roncado MG, Bacchetta R, Bigler M, et al.: A SCID patient reconstituted with HLA-
incompatible fetal stem cells as a model for studying transplantation tolerance. Blood Cells 
17:391-102,1991. 

29. Roncarlo MG, Bacchetta R: T cell repertoire and tolerance after fetal stem cell trans
plantation. Bone Marrow Transplant 9(suppl.): 127-128, 1992. 

30. Han JR, Yuan SW, Ren QF: Clinical and experimental study of treating aplastic anemia 
with fetal liver cell suspension and fetal liver cell-free suspension. Chung-Hua Nei Ko 
Tsa Chih (Chinese Journal of Internal Medicine) 29:347-349, 1990. 

31. Pechle C, Migliaccio AR, Migliaccio G et al.: Identification and characterization of three 
classes of erythroid progenitors in human fetal liver. Blood 58:565-572, 1981. 

32. Fräser C, Szilvassy S, Eaves C, Humphries R: Proliferation of totipotent hematopoietic 
stem cells in vitro with retention of long-term competitive in vivo reconstituting ability. 
Proc Natl Acad Sei USA 89:1968, 1992. 

33. Koller MR, Palsson MA, Manchel L, Palsson BO: Long-term culture-initiating cell expan
sion is dependent on frequent medium exchange combined with stromal and other acces
sory cell effects. Blood 86:1784-1793,1995. 

34. Koller MR, Manchel I, Newsom BS, Palsson MA, Palsson BO: Bioreactor expansion of 
human bone marrow: Comparison of unprocessed, density-separated, and CD34 enriched 
cells. J Hematother 4:159-169, 1995. 

35. Davis TA, Robinson DH, Lee KP, Kessler SW: Porcine brain microvascular endothelial 
cells support the in vitro expansion of human primitive hematopoietic bone marrow prog
enitor cells with a high replating potential: Requirement for cell-to-cell interactions and 
colony-stimulating factors. Blood 85:1751-1761, 1995. 



526 Chapter 8 

36. Brandt J, Srour E, Van Besien K, Bridell R, Hoffman R: Cytokine-dependent long-term 
culture of highly enriched precursors of hematopoietic progenitor cells from human mar
row. J Clin Invest 86:932, 1990. 

37. Mayani H, Lansdorp PM: Proliferation of individual hematopoietic progenitors purified 
from umbilical cord blood. Exp Hematol 23:1453-1462, 1995. 

38. Verfaillie CM, Miller JS: A novel single-cell proliferation assay shows that long-term cul
ture-initiating cell (LTC-IC) maintenance over time results from the extensive prolifera
tion of a small fraction of LTC-IC. Blood 86:2137-2145, 1995. 

39. Mayani H, Little MT, Dragowska W, Thornbury G, Lansdorp PM: Differential effects of 
the hematopoietic inhibitors MLP-la, TGF-(3, and TNF-a on cytokine-induced prolifer
ation of subpopulations of CD34+ cells purified from cord blood and fetal liver. Exp 
Hematol 23:422-427, 1995. 

40. Traycoff CM, Kosak ST, Grigsby S, Srour EF: Evaluation of ex vivo expansion poten
tial of cord blood and bone marrow hematopoietic progenitor cells using cell tracking and 
limiting dilution analysis. Blood 85:2059-2068, 1995. 

41. Young JC, Varma A, DiGiusto D, Backer MP: Retention of quiescent hematopoietic cells 
with high proliferative potential during ex vivo stem cell culture. Blood 87:545-556,1996. 
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Hematopoietic progenitor cells derived from peripheral blood are increasingly 

used to restore the formation of b lood after high-dose chemotherapy ( H D C T ) for 

sol id tumors or hematologic cancers. Compared to rescue by autologous bone 

marrow ( B M ) cells, restoration with peripheral blood progenitor cells ( P B P C ) 

shortens the period of pancytopenia after transplantation and reduces the risk of 

infection and bleeding. Interestingly, recent data suggest that cytokine-stimulated 

B M cells may also mediate rapid hematopoietic recovery wi th a time-course of 

neutrophils comparable with P B P C transplantation (Elfenbein, 8th A M B T 1996; 

Ar l ington , T X ) . 

A combination of chemotherapy followed by administration of G - C S F enables 
>2X 10 6 C D 3 4 positive cells per kg of body weight to be harvested in most patients. 
Transplantation of this population after H D C T routinely leads to rapid hematopoietic 
recovery, mostly with neutrophil counts greater than 500 per cubic rnillimeter within 
10-15 days and platelet counts greater than 20,000 per cubic millimeter within 11-16 
days. However, even when extensive numbers of P B P C are harvested and 
transplanted, further shortening of the cytopenic period has not been observed. 

A l s o , harvesting and transplanting excessive numbers of autologous P B P C 
cells may increase the risk of graft-mediated relapse of disease, since—by 
analogy to conventional B M grafts—these P B P C grafts may be contaminated 
with tumor cel ls . 1 Tumor cells are co-mobi l ized together wi th hematopoietic P C 
by chemotherapy or granulocyte colony-stimulating factor ( G - C S F ) , although 
possibly wi th a different kinetic pattern. These graft-contaminating tumor cells 
are biological ly active and can mediate relapse of neoplastic disease, as shown i n 
c l in ica l retroviral marking studies. 2 

Therefore, as a first approach to reducing the tumor ce l l load i n P B P C grafts, 
we posit ively selected cells carrying the C D 3 4 antigen, using a C e l l P r o 
immunoaffinity column. Autologous transplantation of these CD34-enriched P C 
also leads to rapid and complete hematopoietic restoration after H D C , and 
follows an identical time course and pattern as compared to unseparated P B 
mononuclear cel ls . 3 

B y CD34-enrichment we have also effectively reduced the tumor cell load of our 
grafts by 2-3 logs compared with unseparated cells. This is provided, however, that 
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tumors are not carrying the C D 3 4 antigen and are not themselves enriched. In 
specific cases, such as breast cancer and other malignancies, this may pose a problem. 

In order to further reduce the number of tumor cells reinfused into the patient, 
we used in vitro culture technology to expand normal progenitor and stem cells 
and to provide a biologic purging effect. W e hypothesized that harvesting only a 
small number of P B P C , and specifically amplifying these cells ex v ivo to 
numbers sufficient for transplantation, would al low us to harvest and transplant 
the min imum number of tumor cells. 

In order to make an ex v ivo expansion strategy successful overall , conditions 
had to be defined in which P B P C , but not contaminating tumor cells, are 
expanded in vitro. This would result in several benefits, including a sufficient 
number of clonogenic progenitors, even for repetitive c l in ica l use, and avoiding 
leukapheresis because a small volume of 100 m L of P B might be sufficient. 
Moreover , freezing the cells might not be necessary, since the cells are cultured 
whi le the patient is undergoing H D C . 

T o determine the conditions for this concept, our group has developed an 
experimental protocol for growing progenitor cells ex v ivo from a relatively 
small volume of b lood . 4 C D 3 4 + cells were cultured for up to 28 days using 
mainly R P M I medium, a cocktai l o f rhCSFs and autologous plasma. A l l features 
of the experimental scale protocol also had to provide the option for c l in ica l scale 
application. For this reason, a stromal ce l l layer was not included to feed cultured 
hematopoietic cells. Numerous conditions and combinations of H G F were tested 
to obtain optimal yields of colony-forming cells ( C F C ) . A combination of r h l L -
1(3, I L - 3 , I L - 6 , S C F and E P O provided best results in terms of amplification of 
total mononuclear cells and number of C F C . 4 The total number of C F C was 
expanded about 100-200-fold, and the maximum expansion was reached after a 
two week culture period. 

T o achieve sustained production of post-progenitor and effector cells after 
transplantation, it is cri t ical to maintain the primit ive progenitor and stem cells 
with extensive proliferative capacity. To test for primit ive progenitor cells, we 
assayed long-term culture-initiating cel l ( L T C - I C ) at different time points and 
demonstrated that L T C - I C levels are maintained for 2-3 weeks. 5 

Based on these preclinical data, we moved from bench to bedside and tested 
our protocol in a c l in ica l study. The ability o f ex vivo-expanded progenitor cells 
to mediate hematopoietic reconstitution after high-dose therapy was tested. 6 Ten 
patients with advanced cancer ( N S C L , n=5; nasopharyngeal, n = l ; breast, n = l ; 
soft tissue sarcoma, n = l ; C U P , n=2) who were eligible for H D C T were included 
in this phase I-II trial. They were between 25 and 57 years o f age. 

Patients received two cycles of induction chemotherapy at an interval of three 
weeks, consisting of etoposide (500 mg/m 2 ) , ifosfamide (4000 mg/m 2 ) , cisplatin 
(50 mg/m 2 ) and epirubicin (50 mg/m 2 ) , a regimen previously shown to be active 
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against a variety of cancers. 7 Twenty-four hours after the second cycle of 
chemotherapy, the patients received filgrastim ( G - C S F ; Neupogen, A M G E N ) at a 
dose of 5 micrograms per kg of body weight subcutaneously to treat chemotherapy-
associated neutropenia and to mobilize P B P C . P B P C were collected in a single 
leukapheresis in which 7 liters o f blood were processed. 8 CD34-posit ive cells were 
selected by immunoadsorption columns (Ceprate S C ; Cel lPro) . 

For c l in ica l transplantation, the starting population for ex v ivo culture 
consisted of a total o f 1 5 X 1 0 6 cells after C D 3 4 selection (about 10% of the 
leukapheresis yield) . The cells were grown in R P M I 1640 medium, 2% 
autologous plasma, r h S C F , r h I L - l B , rh IL-3 , rhIL-6 and rhEpo for 12 days. 4 

Nonadherent cells were collected, washed and resuspended for reinfusion. H i g h -
dose chemotherapy (etoposide 1500 mg/m 2 , ifosfamide 12 g /m 2 , carboplatin 750 
mg/m 2 , epirubicin 150 mg/m 2 ) was administered three weeks after the most 
recent induction treatment, and the expanded progenitor cells were reinfused 24 
hours after this therapy. N o toxic side effects were observed by infusion of the 
cells generated ex v ivo . 

The grafts contained a median of 1 2 X 1 0 6 expanded nucleated cells per kg , 
representing a 62-fold median increase. Cultured cells gave rise to erythroid, 
granulocyte-macrophage and multi-lineage colonies, wi th a 50-fold increase i n 
clonogenic cells. A median of 1 .2X10 5 C F C s per kg were generated and 
transplanted. 6 

Four patients simultaneously received uncultured CD34-positive cells in addition 
to cells generated ex vivo, in order not to challenge hematopoietic recovery while 
possible toxic effects induced by cultured cells were still being evaluated. 

Hematopoietic recovery was rapid i n 9 patients, whi le one patient died on day 
14 due to neutropenic septicemia. After transplantation of uncultured and 
expanded cells, the median duration of a neutrophil count below 100 cells per 
cubic mill imeter was 5 days (range 5-7), and median duration of a platelet count 
below 20,000 was 12 days (range 11-15). When expanded cells only were 
transplanted, neutropenia lasted 6 days (range 3-11), and thrombocytopenia 12 
days (range 11-15). N o secondary cytopenic nadir was observed in any patient. 

This study demonstrates for the first time the ability o f autologous progenitor 
cells generated ex v ivo to restore hematopoiesis after H D C T i n cancer patients. 

The degree, time course and pattern of reconstitution were similar to historical 
control patients treated either wi th unseparated mononuclear cells or wi th C D 3 4 
selected ce l ls . 3 W e had shown earlier that P B P C significantly shorten the 
duration of neutropenia and thrombocytopenia by 5-7 days i n patients receiving 
V I P , compared with no cellular support. 8 Compared with this study, the cytotoxic 
dose was higher i n the ex v ivo expansion and high-dose regimen. 

T o test whether we also had reduced the number of contaminating tumor cells 
in expanded grafts compared with uncultured cells, and whether tumor cells are 
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co-expanded together with hematopoietic P C in vitro, cells derived from tumor 
ce l l lines were co-cultured with C D 3 4 + fractions at varying ratios. 9 Whereas total 
M N C expanded about 100-fold, tumor cells from M C F - 7 , L X F S or primary R S -
85 were maintained in culture but d id not increase in number for two weeks. U p o n 
replating residual tumor cells into cultures conditions that favor growth of these 
tumor cel l lines, tumor cells did regrow and thereby continued to express 
biological activity in vitro. 

Thus, we have shown that c l in ica l ex v ivo expansion is c l in ica l ly feasible and 
safe, and that normal P B P C are specifically amplified as opposed to tumor cells. 

To transfer our protocol to complete myeloablative and allogeneic settings, it 
is cri t ical to clarify whether long-term repopulating stem cells are maintained ex 
v ivo using our conditions. Our c l in ica l expansion study could not address this 
issue, since endogenous hematopoiesis can substantially contribute to 
hematopoiesis i f H D C is not completely myeloablative, and endogenous 
hematopoiesis cannot be differentiated or ruled out in an autologous situation. 

For a long time, there has been no assay for pluripotent hematopoietic stem cell 
( P H S C ) in the human system, since all cells defined and assayed in vitro have 
proven to be primitive progenitors rather than true P H S C , including L T C - I C , 
C A F C and C F U - B l a s t . 1 0 A s a novel approach, primitive stem cells can be assayed 
using immunodeficient mice into which human hematopoietic cells can be 
xenotransplanted and monitored for extended periods." 

T o develop an improved in v ivo system, we have generated transgenic 
immunodeficient S C I D mice that carry and express the genes for three human 
growth factors: h IL-3 , G M - C S F and S C F . 1 2 These transgenic mice support 
human hematopoiesis for several months, and one can identify and classify these 
human hematopoietic cells within the murine background. W e are currently using 
this model as a pre-cl inical test to determine whether ex v ivo expanded cells 
contain human P H S C . 

W e therefore can conclude that transplantation of autologous P B P C generated 
ex v ivo restores hematopoiesis after H D C T i n cancer patients. N o toxic side 
effects related to the cellular product were observed. The degree of reconstitution 
is similar to results in historical control patients treated either wi th unseparated 
mononuclear cells or C D 3 4 selected cells. 

CD34-selected cells (10X 10 s) y ie ld sufficient numbers of progenitor cells to 
permit rapid and sustained hematopoietic recovery after H D C T in adults. This 
represents about 1/10 of the number of uncultured cells that are harvested for 
transplantation. When logistics were optimized, ex v ivo culture was performed in 
parallel to H D C and the graft cells did not require cryopreservation. 

Overa l l , the combined modalities o f specific ex v ivo expansion and C D 3 4 
enrichment of P B P C reduces the number of tumor cells that are reinfused into the 
patient by 4-5 logs. 
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E x v ivo expansion appears to be an attractive strategy for reducing tumor ce l l 
contamination of P B P C grafts. Its future potential includes the generation of 
tumor cell-reduced stem cel l grafts sufficient even for repetitive c l in ica l use. 
Moreover , lineage-specific generation of mye lo id or megakaryocytic post 
progenitor cells might provide the option to further reduce the period of 
pancytopenia after transplantation. 

A future prospect is the generation of immune cells, such as dendritic cells 
from P B P C grafts, that may induce autologous tumor-specific responses. 
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IN VIVO PRIMING WITH G-CSF BEFORE HARVEST 
ENHANCES THE HEMATOPOIETIC RECOVERY 

POTENTIAL NOT ONLY OF PERIPHERAL BLOOD 
PROGENITOR CELLS BUT ALSO OF MARROW CELLS 

Karel A. Dicke 

Arlington Cancer Center, Arlington, Texas 

INTRODUCTION 

Hematopoietic recovery after infusion of marrow progenitor cells is obtained 
within three weeks. 1 , 2 A similar recovery pattern is achieved with progenitors 
collected from steady state peripheral b lood. 3 In contrast, transplantation of stem 
cells mobil ized to the blood during recovery from chemotherapy, growth factor 
administration or a combination of both enhance the rate of recovery; within 12 
days neutrophils >1000/mm 3 and platelets >20,000/mm 3 . 

W e report here that increased numbers of progenitors in the marrow—cells which 
are C D 3 4 + — c a n be harvested after a brief exposure to granulocyte colony-stimulating 
factor (G-CSF) . Transplantation of these cells after high-dose chemotherapy in stage 
I V breast cancer patients hastens recovery, similar to the rate observed when 
comparable numbers of mobilized peripheral stem cells are infused. It appears in these 
studies that G - C S F has an activating effect on the engraftment potential of progenitor 
cells in the marrow prior to mobilizing them into the bloodstream. 

METHODS 

Patients and pre-harvest evaluation 
Fifty-seven consecutive Stage I V breast cancer patients, ranging i n age from 

32-60 years, consented to have marrow harvested under local anesthesia before 
and after the administration of varying doses of G - C S F . A l l were receiving 
chemotherapy in 21 day cycles according to the C A V E (Cyclophosphamide 500 
mg/m 2 , Adr iamycin 50 m g / m 2 and Etoposide 80 mg/m 2 ) regimen as approved by 
the Arl ington Cancer Center Institutional Review Board. Patients were screened for 
Epstein-Barr, H I V , hepatitis A , B and C , cytomegalovirus and herpes simplex I and 
II. Patients with active infections or positive for H I V or hepatitis B or C were not 
eligible. A bone marrow ( B M ) aspirate was performed to assess the progenitor cel l 
content and possible tumor involvement; patients with marrow involvement were 
excluded from harvesting. O n the day of harvest, P T / P T T were normal, W B C >5.0 
K / u L , hemoglobin >10 gm/dL and platelets >120 K / p L . 

533 
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Outpatient BM harvest procedure 
The collection of B M under local anesthesia, as approved by the Arl ington 

Cancer Center Institutional Review Board, has been previously described i n detail. 8 

Briefly, the patient received continuous I V Ringer's lactate prior to and during the 
procedure. Patients were premedicated with 0.5-1.0 mg lorazepam (Ativan) and 
0.5-1.0 mg hydromorphone hydrochloride (Dilaudid). L o c a l anesthesia was 
administered; 1% lidocaine hydrochloride (Xylocaine) + sodium bicarbonate 
( N a H C 0 3 ) to the skin sites and tissue, and 2% Xylocaine + N a H C 0 3 directly onto 
the bone. A n 11-gauge harvest needle (Lee Medica l , Minneapolis, M N ) was used to 
collect 60 m L per site from 8-10 bone punctures for a total of 500 m L per posterior 
iliac crest. The procedure was repeated on the other side the next morning. 

G-CSF administration for marrow harvest 
The informed consent and protocol for studying the effects of G - C S F on B M 

were approved by the Arl ington Cancer Center Institutional Review Board. 
Immediately after their first harvest procedure, patients received 5 pg/kg G - C S F 
(Amgen, Thousand Oaks, C A ) subcutaneously every 12 hours. Since the optimal 
number of injections was not known we studied groups of 15-20 patients using 2, 
3 and 4 doses. Immediately before the harvest a blood sample was analyzed for 
C D 3 4 + cells to ensure that significant mobilization ( > 1 X 1 0 5 C D 3 4 + ce l l s /mL 
blood) had not occurred that would preclude marrow collection in favor of 
peripheral stem cell apheresis. Patients reported minor bone pain easily managed 
with over-the-counter analgesics. In heavier patients an additional 1-2 procedures 
were performed to yield 1 - 2 X 1 0 6 activated C D 3 4 + cells/kg of body weight. 

Patients undergoing peripheral stem ce l l col lect ion were mobi l i zed wi th 10 
pg/kg G - C S F every 24 hours for 6 days. Apheresis procedures were performed 
on days 5, 6 and 7 using a Fenwal C S 3 0 0 0 (Baxter, Deerfield, IL ) instrument to 
process 10-12 liters o f whole b lood at a rate of 85 mL/minute . This consistently 
produced sufficient numbers of C D 3 4 + cells for transplant—a median of 
2 . 2 X 1 0 6 cel ls /kg. 

Processing and storage of progenitor cells 
A l l procedures were sterile. The marrow was gently mixed, equally divided into 

100 m L centrifuge tubes and spun down at 1000g for 15 minutes. Buffy layers from 
each tube were pooled. Apheresis products were spun down at lOOOg for 15 minutes 
to remove saline and platelets. C e l l counts were performed on the whole marrow, 
blood and pooled buffy using a Sysmex F800 (Baxter Fenwal, Deerfield, IL) . Cells 
were frozen in 4.5 m L vials at a concentration of 2 0 0 X 1 0 6 cel ls /mL using 
controlled-rate freezing. The final freezing solution contained 10% dimethyl 
sulfoxide ( D M S O ) , 10% autologous serum and 80% Hank's balanced salt solution 
(HBSS) . Via l s were stored in the vapor phase of l iquid nitrogen. 
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Determination of CD34+ progenitor cells 
Whole marrow, whole blood or processed cells ( 1 X 1 0 6 total white count) were 

incubated with 20 u L of an I g G j - P E / F I T C isotype or, H P C A - 2 an t i -CD34-PE and 
and H L A - D R - F I T C antibodies (Becton Dickinson, Mountain V i e w , C A ) at room 
temperature in the dark for 20 minutes. Red cells were lysed by adding 1 m L of 
F A C S l y s e (Becton Dickinson) to each tube and vortexing briefly. Labeled cells 
were washed 2X with phosphate buffered saline (PBS) and resuspended i n 1 m L 
of P B S for analysis using a Facsort (Becton Dickinson) flow cytometer. Markers 
and quad stats were set for each specimen based on their isotypic control. 
Background staining was kept to <0.05%. A t least 5 0 X 1 0 3 cells i n each specimen 
were analyzed using a l ive gate. Results are reported as percentages of al l cells 
stored for the patient ( % C D 3 4 + , % H L A - D R + , % C D 3 4 + H L A - D R " ) . 

MTVB program 
After completion of induction chemotherapy, patients were treated wi th a 

combination of Mitoxantrone 20 m g / M 2 , Thiotepa 200 m g / M 2 , V P - 1 6 600 
m g / M 2 and B C N U 300 m g / M 2 according to the M T V B protocol as approved by 
the Ar l ing ton Cancer Center Institutional Rev iew Board . This regimen was 
administered over 4 days wi th marrow infusion on day 7. The median days to 
neutrophil and platelet recovery are determined from the day of marrow 
infusion. The major toxici ty o f this regimen is myelosuppression. In the first 
five patients studied, without stem ce l l support, granulocytes stayed <100/mm 3 

for at least 30 days and platelets <20,000/mm 3 for 40 days even wi th G - C S F 
support (data not shown). 

Reinfusion of progenitor cells 
Reinfusion also took place as an outpatient. The patient was premedicated with 

50 mg diphenhydramine hydrochloride (Benadryl) and 250 mg hydrocortisone 
sodium succinate (Solu-Cortef) and received a continuous infusion of Ringer 's 
lactate. B lood pressure, 0 2 saturation and cardiac function were monitored 
throughout the procedure. Via l s of marrow or bags of peripheral stem cells were 
rapidly thawed and, under sterile conditions, drawn up through an 18-gauge spinal 
needle into a 30 cc syringe. A 400 p L sample was removed for counts, 
microbiology and C D 3 4 analysis. A 25-gauge X 1 V 2 inch needle was placed on the 
syringe and the cells were pushed over 15-20 minutes into the Y port o f a free-
flowing rv of Ringer 's lactate. 

Statistical analysis 
Hematopoietic recovery is expressed as median values with ranges. B l o o d and 

marrow cel l counts and progenitor cel l analyses are expressed as mean values and 
the standard error of the mean. Comparisons of marrow cel l counts, overall 
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Table 1. Analysis of harvested marrow before and after G-CSF administration' 

CellMmLXlO6 CD34+/mLX104 %CD34 
steady state 
2 dose (n=21) 

10.7 (±0.9) 
25.7 (±2.8) 
p=0.001 

06.8 (±1.2) 
12.1 (±1.3) 
p=0.001 

0.65 (±0.08) 
0.50 (±0.05) 
p=0.06 

steady state 
3 dose (n=20) 

09.3 (±0.7) 
29.0 (±2.5) 
p=0.001 

06.3 (±0.79) 
14.9 (±2.1) 
p=0.004 

0.70 (±0.08) 
0.49 (±0.06) 
p=0.05 

steady state 09.6 (±0.7) 
28.4 (±2.5) 
p=0.001 

07.4 (±1.3) 
17.1 (±4.0) 
p=0.005 

0.81 (±0.16) 
0.66 (±0.15) 
p=0.43 

"Mean ± SEM. 
p values were determined using a 1-sample t-testfor paired data. 

progenitor cel l content and subpopulations were made using a paired analysis. 

Comparisons of blood counts and progenitor cel l content were made using a 2 

sample f-test; p values <0.05 are considered statistically significant. 

RESULTS 

The overall cellularity and C D 3 4 + progenitor cel l content per m L of steady state 

marrow was extremely consistent across al l three groups and significantly 

increased after 2, 3 or 4 injections of G - C S F (Table 1). Surprisingly, the cell 

number quickly reached 25 .7X10 6 /mL after 2 doses but demonstrated relatively 

moderate increases with additional G - C S F , 2 9 . 0 X l 0 6 / m L and 28.4X10 6, after 3 

and 4 doses, respectively. Al though the % C D 3 4 + cells init ially decreased from 

0.65% to 0.50% with 2 doses and from 0.70% to 0.49% with 3 doses, it never 

reached statistical significance, and showed signs of recovery to 0.66% with 

continued G - C S F . A s a result of the increases in cell number and little change in 

% C D 3 4 , the number of C D 3 4 + cells per m L of marrow significantly increased with 

al l three dosing schedules, ranging from a 1.8-fold increase with 2 injections to a 

2.3-fold increase after 4 injections. The total number o f C D 3 4 + cells that can be 

harvested in 450-500 m L of marrow increased from 34X10 6 (±6.3) to 5 2 X 1 0 6 

(±6.6) after 2 doses, from 2 8 X 1 0 6 (±3.6) to 65 X 1 0 6 (±8.5) after 3 doses and from 

28X10 6 (±5.4) to 7 5 X 1 0 6 (±18) after 4 doses (Table 2). Subpopulations of C D 3 4 + 

cells were analyzed using H L A - D R since the absence or d im expression of mis 

marker defines a population of cells believed to contain more immature 
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Table 2. Analysis of subpopulations of CD34+ cells3 

537 

Total CD34+ X ltf HLA-DR+ H LA-DR
steady state 34 (±6.3) 20 (±2.9) IA (±3.4) 
2 dose 52 (±6.6) 34 (±4.2) 18 (±3.2) 

p=0.02 p=0.46 p=0.004 

steady state 28 (±3.6) 18 (±2.1) 10 (±2.3) 
3 dose 65 (±8.5) 42 (±7.2) 23 (±4.6) 

p=0.003 p=0.022 p=0.012 

steady state 28 (±5.4) 22 (±5.3) 6 (±2.0) 
4 dose 75 (±18) 59 (±13) 16 (±2.0) 

p=0.03 p=0.014 p=0.20 
" Mean ± SEM. 
p values were determined using a 1-sample t-testfor paired data. 

progenitors . 8 - 1 0 Compared with steady state marrow harvests, a l l 3 schedules of G -
C S F administration resulted i n significant increases i n mature progenitors 
expressing both C D 3 4 and H L A - D R . After 2 doses o f G - C S F there was no change 
in the C D 3 4 + H L A - D R - component, 14 (±3.4) versus 18 (±3.2)X10 6 (p=0.46). 
However, there appeared to be a transient increase in the number of immature 
progenitor cells after 3 doses, 10 (±2 .3) versus 23 (±4.6) X10 6 (p=0.012) which 
reverted to a steady state value o f 16 (±2.0) X 1 0 6 (p=0.20) after 4 doses. Apparently 
not only can the quantity o f available progenitor cells be increased, but the 
qualitative make-up of C D 3 4 + cells changes with G - C S F exposure (Table 2). B l o o d 
samples from 41 patients (Table 3) were analyzed for C D 3 4 + cells prior to each 
marrow harvest procedure to detect possible spil lover into the periphery. 
Statistically significant increases in the circulating white blood cel l count were 
noted for all dosing schedules compared with steady state blood. The progenitor 
cel l content i n the blood increased from a steady state mean of 0.86X 10 4 to 4.37 
after 2 doses, 7.43 after 3 doses and 8.62 after 4 doses; levels comparable to those 
reported i n Table 1 for steady state marrow. A l s o , there was a trend toward 
increasing percentages o f C D 3 4 + cells in the bloodstream as the number of G - C S F 
injections increased, suggesting the onset o f mobilization, although the comparison 
never quite reached statistical significance, p=0.06 after 4 doses. Fifteen patients 
have been reinfused with activated marrow after M T V B chemotherapy, receiving 
a median of 1.6X10 6 C D 3 4 + cells/kg (Table 4). This number is comparable to a 
median of 1.2 X 1 0 6 for 10 historical steady state marrow reinfusions and a median 
of 2 .2X10 6 for 11 reinfusions of peripheral stem cells, a l l i n solid tumor patients 
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Table 3 . Effects of G-CSF on CD34+ cell content in the bloodstream1 

CelW/mL X 106 CD34+/mL X 104 %CD34 
steady state 5.1 (±0.54) 0.86 (±0.2) 0.17 (±0.03) 
(n=41) 

2 dose 26.6 (±3.8) 4.37 (±1.3) 0.19 (±0.08) 
(n=13) p=0.001 p=0.021 p=0.79 

3 dose 28.7 (±2.7) 7.43 (±1.5) 0.24 (±0.05) 
(n=17) p=0.001 p=0.001 p=0.16 

4 dose 31.7 (±4.5) 8.62 (±1.7) 0.27 (±0.04) 
(n=ll) p=0.001 p=0.001 p=0.06 
" Mean ± SEM. 
p values were determined using a 2-sample t-test. 

fol lowing the same induction therapy and M T V B regimen. Hematopoietic recovery 
(Table 4) was hastened when activated marrow was reinfused, compared with 
steady state marrow. Comparable recoveries were seen when activated marrow or 
peripheral stem cells were used with an A N C >100/mm 3 by days 9 and 10, and 
platelet counts >20,000 by days 19 and 18, respectively. 

DISCUSSION 

Brie f exposure to subcutaneously administered G - C S F , 2-4 injections every 12 
hours, results in a 2-3-fold increase in the total C D 3 4 + cel l content of B M , thereby 
allowing the collection of larger numbers of progenitor cells per harvest procedure. 
Circulating levels of C D 3 4 + cells increased in the bloodstream with additional 
injections of G - C S F , suggesting the onset of mobilization. Analysis of subpopu
lations of marrow progenitors, C D 3 4 + H L A - D R + versus C D 3 4 + H L A - D R ~ , indicated 
significant increases in the more committed, dual-positive component regardless of 
the number of G - C S F injections. The more immature cells that are H L A - D R " did 
not change after 2 doses, significantly increased after 3 doses, and reverted to 
baseline levels after four doses. This could be the result of a direct proliferative 
effect of G - C S F on progenitor populations in the H L A - D R " compartment. Although 
there are no definitive studies demonstrating the presence of high affinity G - C S F 
receptors on early progeni tors , 1 1 1 2 other receptors with low affinity could become 
biologically relevant in the presence of pharmacologic doses of G - C S F . A more 
plausible explanation would be the immediate effect on H L A - D R + progenitor cells, 
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Table 4. Transplantation and hematopoietic recovery3 

Reinfusion procedures 

Steady state marrow Activated marrow Mobilized PSC 
(n=10) (n=15) (n=ll) 

#MNC X 106/kg 64 (35-267) 131 (28-228) 107 (30-262) 
#CD34+ X 106/kg 1.2 (0.2-3.3) 1.6(1.1-5.5) 2.2 (0.3-11.6) 

Hematopoietic recovery 

Steady state marrow Activated marrow Mobilized PSC 
(n=10) (n=15) (n=ll) 

days to: 
ANC >100/mm3 14 (6-32) 9 (5-19) 10(9-11) 
ANC >1000/mm3 19 (9̂ 12) 15 (10-34) 13(10-19) 
Pits >20,000 21 (14-45) 19 (12-41) 18 (12-56) 

days ANC <100/mm3 10 (8-12) 6 (3-12) 6(4-11) 
"Median values with ranges. 

such as C F U - G M , to differentiate along myeloid lineages i n response to G - C S F . A s 
this compartment is depleted, earlier progenitor cells would subsequently be 
recruited, requiring the initiation o f self-renewal mechanisms in the marrow to 
maintain the immature progenitor pool. After 3 doses, self-renewal appeared to be 
accelerated as demonstrated by the significant expansion i n H L A - D R " cells despite 
the continued increase in the number of H L A - D R + cells in the marrow and their 
spillover into the bloodstream. Continuation of G - C S F with a fourth dose apparently 
shifted the balance i n favor of differentiation over self-renewal; H L A - D R + cells 
further increased in the marrow and blood and the H L A - D R " component reverted to 
baseline levels. With in the framework of this proposed mechanism several questions 
arise. Was there an initial drop in the H L A - D R " compartment during the first 12-24 
hours that went undetected in this study? W o u l d the continuation of G - C S F beyond 
4 doses, a common situation when attempting to mobilize progenitors, result i n 
further increases in C D 3 4 + H L A - D R + cells accompanied by further decreases in 
C D 3 4 + H L A - D R " cells i n the marrow, i.e., stem cel l dep le t ion? 1 3 1 4 If the growth 
factor signal to differentiate is suddenly withdrawn, w i l l self-renewal continue, thus 
presenting a window of opportunity to harvest progenitors more than once before 
the marrow returns to steady state? Initial results suggest that within 16-36 hours o f 
growth factor cessation, bone pain subsides and circulating white counts drop but 
marrow progenitors continue to increase. 2 3 
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The rate of hematopoietic recovery using mobil ized peripheral stem cells in our 
study was somewhat slower compared with other groups that reinfused more than 
our median of 2.2X 10 6 C D 3 4 + c e l l s / k g . 1 3 1 4 B y using equivalent numbers of CD34+ 
cells/kg, the engraftment potential of progenitor cells harvested from activated 
marrow proved to be superior to cells collected under steady state conditions and 
was equivalent to mobil ized peripheral stem cells. This suggests a qualitative 
difference between marrow progenitors collected with, and without, prior growth 
factor stimulation. One would expect an increase in the %S phase , 1 7 1 8 but there 
may also be differences in the expression of adhesion molecules and receptors for 
cytokines produced by the microenvironment , 1 9 - 2 1 thereby rendering homing and 
proliferative advantages to activated cells. 

Cou ld these similarities between activated marrow and mobilized peripheral 
stem cells be partially explained by contamination of blood-derived progenitors in 
the harvested marrow? W e determined the level of C D 3 4 + cells in steady state blood 
to be 0.86 X 10 4 /mL so i f an entire 500 m L harvest were solely blood, the yield of 
C D 3 4 + cells would be 4X10 6 . O n the contrary, our original studies demonstrated a 
mean of 3 3 X 1 0 6 C D 3 4 + cells/500 m L harvest 7, suggesting a maximum of 12% 
blood contamination under steady state conditions. After stimulation with 3 doses of 
G - C S F the level of progenitors in the bloodstream increased to 7 .43X10 4/mL 
yielding an estimated 37 X 1 0 6 C D 3 4 + cells/500 m L . Actually, 65 X 1 0 6 C D 3 4 + cells 
were collected in 500 m L of marrow so the maximum contribution of blood derived 
progenitors could be as high as 50-60%. Analysis of C D 3 4 + subpopulations in the 
marrow after 3 doses of G - C S F revealed approximately 35% were H L A - D R " which 
is distinctly different from an average 4% H L A - D R " in mobilized peripheral stem 
cell pheresis products (data not shown), suggesting that blood contamination of the 
marrow harvest is considerably less than 50%. 

In conclusion, we found that exposure of marrow to a brief stimulus such as G -
C S F increases the availability and engraftment potential of marrow progenitor cells 
resulting in hematopoietic recovery comparable to mobil ized peripheral stem cells 
and superior to steady state marrow. 
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QUALITATIVE ASPECTS OF THE ENGRAFTMENT 
POTENTIAL OF CD34+ CELLS 

Malcolm AS. Moore 

Developmental Hematopoiesis Laboratory, Memorial Sloan-Kettering 
Cancer Center, New York, NY 

INTRODUCTION 

Hematopoietic stem cells ( H S C ) are defined as cells with pluripotent differen
tiating potential, including lymphoid as we l l as erythromyeloid lineages, and 
extensive self-renewal capacity. Whi l e there has been dramatic recent progress i n 
stem cel l characterization, controversy exists as to the ability to unequivocally 
quantitate true stem cells, particularly i n man. This is due, i n part, to a reliance on 
surrogate assays for stem cells and the ambiguity of the term extensive. Clearly, 
heterogeneity in self-renewal potential exists within H S C populations, and i n 
addition, the self-renewal versus differentiation probability is stochastically 
determined at the single cell level, being p=0.5 at the H S C population level in 
steady-state hematopoiesis. Furthermore, the term self-renewal can be questioned, 
since, as with all somatic cells, the daughter H S C differ from their parent by a small 
but finite change in doubling potential associated with loss o f chromosome 
telomere base pairs. 1 Ultimately, telomere loss dooms self-renewing populations to 
senescence after 20-75 population doublings—the Hayf l ick l imit . In the absence o f 
artificial insults, such as chemotherapy, this doubling potential is more than 
sufficient to sustain a lifetime of hematopoietic demand. Indeed, the transplantation 
of the equivalent of 1% of the total H S C population in a typical allogeneic bone 
marrow transplant ( B M T ) appears compatible with lifelong reconstitution with no 
evidence o f late marrow failure at 20+ years. 

In the adult, the H S C population is quiescent, wi th the majority of cells i n a G 0 

state. The daily demands of mature cel l production are sustained by differentiation 
of very few H S C , with very extensive amplification within the transit population of 
lineage-restricted progenitor cells. The greatest loss of H S C self-renewal potential 
occurs during fetal life, followed by postnatal growth of the hematopoietic system. 
Serial passaging experiments in lethally irradiated mice indicated that, i n a 
comparison of yolk sac, early and late fetal liver, and adult B M H S C , there was an 
ontogeny-related hierarchy i n passaging potential. 2 Recently, a mechanistic 
explanation has been provided by the demonstration that hematopoietic cells i n 
human fetal liver and umbil ical cord blood ( C B ) have much longer telomeres than 
cells i n adult B M . 1 Central to the concept of restriction of proliferative potential as 
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a function of developmental stage is the concept of stem cel l migration. This 
theory, as originally formulated, proposed that H S C developed from a precursor 
(hemangioblast) at a very early stage of development in the yolk sac blood islands 
and all subsequent hematopoiesis was due to migration and colonization of 
emerging hematopoietic microenvironments, first fetal liver, then spleen and, 
finally, B M . 3 - 6 The evidence for this concept was that i f vascular anastomosis was 
established naturally or ar t i f ic ia l ly 4 ' 6 between genetically disparate pairs of 
embryos at an early stage of development, lifelong stable chimerism of lymphohe-
matopoietic tissues resulted. In some species, an early prehepatic intraembryonic 
source of H S C has been proposed in addition to yolk sac, for example, the para
aortic region in mice, 7 but this does not change the migration concept as it pertains 
to all subsequent hematopoiesis. There have been reports that H S C and stromal 
components of the marrow environment can arise locally from a common 
precursor, but in general, they have not been confirmed, or have been retracted. 8 

Extension of the migrat ion concept to adult hematopoiesis envisages an 
equilibrium between a marrow H S C pool and a circulating H S C population that can 
colonize distant sites of hematopoiesis. The ability of H S C to enter the circulation 
as wel l as their selective ability to home back to sites of hematopoiesis is central to 
the success of B M , and more recently, peripheral blood transplantation. 

For optimal short-term (2-3 week) platelet and neutrophil recovery, 2-5 X 1 0 6 

C D 3 4 + c e l l s / K g or 5 X 1 0 4 - 1 X 1 0 5 progenitor c e l l s / K g are the m i n i m u m 
requirement, while, for long-term repopulation, H S C are required. In the murine 
transplant system, a single H S C may be sufficient for repopulation, and reproducible 
long-term multilineage engraftment can be obtained with 30 highly purified stem 
cells . 9 Extrapolating on a body weight basis, this would be 10 5 H S C for humans. O n 
theoretical grounds, the only limitation in terms of numbers of H S C required is the 
ability of the patient to survive a prolonged period of leukopenia and thrombocy
topenia, while the H S C compartment regenerates, and the doubling potential of the 
H S C reflecting its previous proliferative history. If H S C have proliferated 
extensively prior to transplantation and few H S C are engrafted, then they may reach 
their Hayfl ick limit, leading to delayed marrow failure. 

STEM CELL CONTENT OF HEMATOPOIETIC CELL POPULATIONS USED FOR 
TRANSPLANTATION AND THEIR PROLIFERATIVE POTENTIAL AS 

DETERMINED BY TELOMERE MEASUREMENTS 
W e have determined the stem cel l content of various transplant cel l sources 

using the long-term culture-initiating cell ( L T C - I C ) assay (Table 1). This shows 
that L T C - I C comprise, on average, 0.4-0.85% of the C D 3 4 population of adult 
marrow, cord blood and mobil ized peripheral blood. 

Based upon these data, one can calculate that an average transplant o f 
mobi l ized P B at 2 X 1 0 6 C D 3 4 + cells/kg in a 75 kg recipient provides approxi-



Options with the Graft 545 

Table 1. Long-term culture-initiating cells in CD34+ populations obtained from normal 
bone marrow (BM), umbilical cord blood (CB) and G-CSF plus Cytoxan mobilized blood 
from patients with advanced breast and ovarian cancer  

CD34+ LTC-IC/LTC-IC LTC-IC/CFU 
Stromal line source No. of cases 106CD34+ %ofCD34+ Ratio 

BM 4 4930 0.49 ±0 .10 1:27 
murine PB 2 8530 0.85 ± 0.04 1:25 
M210B4 CB 4 5030 0.50 ±0.16 1:59 

BM 2 3850 0.39 ± 0.09 1:40 
human PB 3 4770 0.48 ± 0.09 1:21 
fetal spleen CB 7 7880 0.79 ± 0.30 1:41 

mately 10 6 L T C - I C , and the L T C - I C content of the total hematopoietic system 
(10 1 2 nucleated cells) is approximately 7 X 1 0 7 . Thus, only 6-7 population 
doublings would reconstitute the stem ce l l pool and 20 doublings would 
regenerate the total nucleated population o f the marrow. H S C seeding efficiency 
to the marrow has been reported i n the range of 4 - 1 0 % i n mice and may be 
influenced by modulation of expression o f H S C cytoadhesion molecules or cycle 
status of the cells. A further 4-5 population doublings (PD) would be required, i n 
addition to the above, to correct for seeding efficiency. The number of P D 
required to reconstitute the adult marrow stem ce l l pool from a C B transplant, 
assuming a 10% seeding efficiency, would be 15-16; we l l wi thin the proliferative 
potential o f such cells, based upon their telomere length. 

In the majority o f patients post-allogeneic transplantation, leukocyte mean 
telomere length has been reported to decrease an average o f 880 base pa i r s . 1 0 

F o l l o w i n g autologous peripheral b lood stem ce l l rescue i n patients wi th 
advanced ovarian cancer undergoing high-dose chemotherapy, we have shown 
that the telomeric repeat fragment ( T R F ) o f peripheral b lood leukocytes 
obtained prior to chemotherapy was a mean of 7.74 ± 0.22 kilobases, compared 
wi th 5.71 ± 0.27 kb fo l lowing short-term recovery (3.5 weeks) after transplan
ta t ion. 1 1 A t longer fo l low-up, mean T R F increased to 6.86 ± 0.48 kb and 
stabil ized at later intervals. In vi tro, i n cytokine-stimulated Del ta suspension 
cultures o f C D 3 4 + cells obtained from fetal l iver , cord blood, adult granulocyte 
colony-st imulat ing factor (G-CSF) /cy toxan-mobi l i zed peripheral b lood and 
normal B M , the average telomere lengths were 11 kb, 10.4 kb, 7.4 kb and 7.6 
kb, respectively, at the outset. F o l l o w i n g expansion, an average telomere D N A 
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loss o f 1-2 kb per week was observed. 1 2 This corresponded to a m i n i m u m o f 
21.4 P D and a m a x i m u m average base-pair loss o f 73 per P D . Extrapolat ing 
from the i n vitro data to the transplant situation, twelve P D were required for 
stable, long-term repopulation in both the allogeneic and autologous situations, 
but considerably more P D (28) were used i n the generation of the first wave of 
leukocyte recovery, as shown in the autologous transplant data. A number of 
explanations present themselves: 1) this early recovery came from nonself-
renewing, more committed progenitors wi th a more extensive proliferative 
history (shorter telomeres) than the quiescent stem ce l l poo l that was 
responsible for the later recovery, 2) i n the autologous transplant, the later 
recovery came from surviving endogenous stem cells that had not proliferated 
as extensively as the transplanted cells , 3) the later long-term repopulation 
came from cells partially protected from telomere shortening by expression o f 
telomerase. L o w levels o f telomerase can be detected in pr imi t ive human 
hematopoietic cel ls . W e have shown a correlation between telomerase activity 
i n C D 3 4 + and C D 3 4 + C D 3 8 ~ cells and their entry into ce l l cycle , as determined 
by B r d U incorporation and induction of a variety of cycle-associated proteins 
(phosphorylated R B protein, C D C 2 , C D K 2 , c y c l i n D l and c y c l i n A ) . 1 2 

C y t o k i n e combina t ions i nduc ing m a x i m u m pro l i fe ra t ion o f C D 3 4 + or 
C D 3 4 + C D 3 8 " cells i n culture (Table 2) were also the combinations inducing the 
highest levels o f telomerase expression in these c e l l s . 1 2 Ant iprol i fera t ive 
cytokines, such as TGF(3 . downmodulated telomerase activity. In ex v i v o 
expansion cultures, telomerase levels were high i n the first two weeks of 
culture, before fa l l ing to low or undetectable levels by 3-5 weeks. Ana lys i s o f 
the rate of base-pair loss revealed that this was significantly lower per P D i n 
the first two weeks of culture than subsequently, indicat ing that telomerase 
upregulation i n early hematopoietic stem/progenitor cells can part ial ly protect 
the cells from telomere shortening. 

IMPROVED CYTOKINE ACTIVATION OF QUIESCENT 
STEM/PROGENITOR POPULATIONS 

The C D 3 4 + C D 3 8 ~ fraction of mobil ized P B contains all the stem cells as 
measured by the L T C - I C assay and such cells are in a G Q state at the time of purifi
cation. W e have observed that a combination of K L , F lk -2 ligand, I L - 3 , IL-6 , G -
C S F and erythropoietin (Epo) was highly effective in stimulating proliferation in 
this stem ce l l - r ich (-10% L T C - I C ) subpopulation, as measured by direct colony 
formation and by 7-day expansion of cells and progenitors (Table 2). 

In other studies, L T C - I C expansion was also determined using the cytokine 
combinations indicated in Table 3 and up to 15-fold expansion was observed at 7 
and 14 days with K , F , 3 , 6 , G , E , at the doses indicated, with even greater expansion 
noted with increased concentrations of K L and F lk -2 ligands. 
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Table 2. Comparison of mobilized PB CD34+CD38+ and CD34+CD38- populations in 

7-day Delta assay 

7-Day Delta* 

CD34+ Cytokines 
Cloning 

efficiency % Cells X10s 

Fold 
increase CFU 

Fold 
increase 

CD38+ K,3,6,G,E 13.4 26.3 65.6 129,150 21.7 

CD38- K,3,6,GJ£ 12.4 22.7 56.7 55,830 10.1 

CD38+ F,3,6,G,E 9.0 17.5 43.8 90,000 14.1 

CD38- F,3,6,G£ 6.8 9.3 23.3 21,950 4.0 

CD38+ K,F,3,6,G,E 14.8 36.3 90.6 223,300 37.5 

CD38- K,F,3,6,G,E 14.4 37.7 91.6 112,882 20.5 

CD38+ KP,3,6,G,E,TGFß 1.0 11.6 29.0 12,400 2.1 

CD38- Kp,3,6,GJ3,TGFß 1.2 8.3 20.6 5,610 1.0 
*CD34* and CD38~ cells were isolated using Miltenyi immunomagnetic particle separation technology. 

Cells were cultured in 24 well plates in 1 mL of Iscove 's Modified Dulbecco 's Medium + 20% fetal calf 

serum, at plating densities of 4 XlCflmL in the presence of combinations of cytokines, including c-kit lig-

and (K, 20 ng/mL), Flk-2/Flt-3 ligand (F, 20 nglmL), IL-3 (50 nglmL), IL-6 (20 ng/mL), G-CSF (10 ng/mL), 

erythropoietin (E,5 U/mL)and transforming growth factor B (100 nglmL). After 7 days, total cell recov

ery and secondary colony forming capacity was determined. Fold increase in CFU was calculated, based 

upon primary colon-forming efficiency and divided into the total number of secondary colonies gener

ated in 7 days. Both primary and secondary CFU were measured in 14-day semisolid agarose cultures 

stimulated by KL, IL-6, IL-3, G-CSF and Epo. The addition of both KL and FL to the cytokine mix achieved 

maximum primary cloning, and 7-day expansion of both cells and progenitors in both CD34*38* and 

CD34+38~ cultures, whereas addition ofTGFB significantly suppressed both primary cloning and Delta 

expansion achieved with the optimal combination of stimulatory cytokines. 

THE INFLUENCE OF PRIOR CHEMOTHERAPY AND MOBILIZING 
REGIMENS ON THE EX VIVO EXPANSION POTENTIAL OF 

PERIPHERAL BLOOD CD34+ CELLS 
The adequacy of an apheresis collection for autologous transplantation is 

usually defined by the numbers of C D 3 4 + cells or o f C F U - G M , and in general, 

there is a linear relationship between these two. However, there is growing 

evidence that neither C D 3 4 nor C F U - G M measurements necessarily predict the 

degree of mobilization of more primitive populations, including stem cells. W e 

have shown that a much weaker correlation exists between C D 3 4 + cells and pre-

C F U , in an assay in which in vitro 4-hydroperoxy cyclophosphamide purged 

C D 3 4 + cells were cultured for 7 days wi th cytokines, and the capacity to generate 

secondary C F U was used as an indirect measure of " p r e - C F U " . 1 3 This lack of 

correlation was particularly evident in heavily pretreated breast cancer patients. In 

a modification of the p r e - C F U assay, we have evaluated the ex v ivo expansion 

capacity of C D 3 4 + cells in the presence of a combination of cytokines ( K L , I L - 3 , 

I L - 6 , G - C S F and Epo) where, at weekly intervals, the cells are replated at the 
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Figure 1. Area under the curve (AUC) of cumulative progenitor cell expansions in 
Delta assays ofCD34+ cells isolated from mobilized peripheral blood from patients with 
untreated ovarian cancer (0), or from moderately (<10 cycles of prior chemotherapy) or 
heavily (>10 cycles) pretreatedpatients with germ cell tumor (GCT), Stage 4 breast can
cer or non-Hodgkin's lymphoma (NHL). Each point is an assay of CD34 cells harvest
ed from a single apheresis. 

starting cell concentration ( 1 0 4 ^ X 1 0 4 cel ls /mL), with fresh media and cytokines 
and passaging is continued until there is no further cellular expansion. A t weekly 
intervals, the number of C F U generated are determined in secondary clonogenic 
agarose assay. The results of this Delta assay are expressed as cumulative 
progenitor numbers. The shape of the curve of cumulative progenitor numbers 
provides qualitative and quantitative information. ' 4 In general, with mobil ized 
C D 3 4 + cells from previously untreated patients (e.g., ovarian cancer), a 100- to 
200-fold increase in progenitors is seen, peaking by 3 weeks and subsequently 
declining to baseline levels by 4-5 weeks. In heavily pretreated patients, expansion 
may be normal for 1-2 weeks and then fall to baseline by 3 weeks, suggesting a 
deficit of early precursors that generate secondary progenitors at later stages of the 
culture. These early precursors may include true self-renewing stem cells ( L T C -
IC) , a proportion of which do enter cycle during the course of Delta culture and 
may, under appropriate cytokine stimulation, expand. Other candidate primitive 
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precursors include cells with high proliferative potential and cells the human 
equivalent of murine day 8 and day 12 colony-forming unit-spleen (CFXJ-S). T o 
provide a proliferative index of C D 3 4 + cells or a measure of their proliferative 
potential, we calculate the area under the curve ( A U C ) of progenitor cel l expansion 
using the trapezoidal rule. Us ing A as the number of progenitors at day 0, B at day 
7, C at day 14, D at day 21 and E at day 28, the formula is 1/2A+B+C+D+1/2E. 
Representative Delta expansion A U C data is shown for C D 3 4 + cells from 
aphereses of various patients i n Figure 1. Ovarian cancer patients (0) had received 
no prior chemotherapy and a mobilization regimen of G - C S F (10 pg/kg/day) + 
Cytoxan. It is of note that, even without prior chemotherapy, considerable patient-
to-patient variation is seen in the expansion potential and progenitor-generating 
capacity of the C D 3 4 + cells. A similar mobilization regimen i n germ cell tumor 
( G C T ) patients who had received less than 10 cycles of prior chemotherapy 
resulted in C D 3 4 cells with a lower overall expansion potential than seen with 
C D 3 4 + from untreated patients. In Stage 4 breast cancer, a relationship was seen 
between the extent of prior chemotherapy and the expansion potential o f the C D 3 4 + 

cells. Those receiving >10 cycles of prior chemotherapy had very low C D 3 4 
expansion, compared with those receiving <10 cycles, wi th the bulk of the 
difference attributed to 7 patients whose C D 3 4 + cells were severely impaired in 
Delta expansion. A similar difference, determined by extent of prior chemotherapy, 
was seen in mean A U C of C D 3 4 cells mobil ized by G - C S F or G - C S F plus stem-
cell factor i n non-Hodgkin's lymphoma. The greater mean A U C seen i n the 
lymphoma cases with <10 cycles of prior chemotherapy than seen with untreated 
ovarian cancer can be attributed to the addition of stem cel l factor (SCF) to the G -
C S F for mobilization. Even with extensive prior chemotherapy, there was better 
expansion than seen with the heavily pretreated breast cancer patient C D 3 4 cells, 
probably attributable to the inclusion of lymphoma patients, whose C D 3 4 + cells 
were mobil ized with G - C S F + S C F . Further evidence that the combination of S C F 
(20 pg/kg) with G - C S F (5 pg/kg) was superior to the latter alone i n mobilization of 
primitive " p r e - C F U " was provided by studies in previously untreated ovarian 
cancer patients where a 5.8-fold increase i n L T C - I C mobilization was observed 
when S C F was combined with G - C S F . 1 5 

CONCLUSION 

The development of a "birth and death" model for self-renewal of stem cells 
was initially based on data generated from analysis o f C F U - S content of single 
spleen colonies. The numbers of C F U - S per colony varied greatly, fol lowing a 
skewed "gamma" type of distribution. This heterogeneity can be attributed to the 
existence of functionally distinct stem cel l subsets, but equally, and more plausibly, 
by the stochastic process, which accounts for heterogeneous kinetic behavior o f 
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otherwise homogeneous populations. In steady-state hematopoiesis, the probability 
of H S C self-renewal versus differentiation approximates p 0.5. A t a single cell 
level, this would mean that in an otherwise homogeneous population of H S C , after 
two divisions, 12.5% of H S C would exclusively self renew, while 60% of clones 
would contain no stem cells and one H S C in a thousand would, by chance, self 
renew ten times, generating a further thousand stem ce l l s . 1 6 This latter cel l would 
probably be read out as a long-term repopulating cell and, i f retrovirally or 
genetically marked, would dominate hematopoiesis. One of the prevailing concerns 
of current transplantation biology is that, i f highly purified stem cells were to be 
transplanted, time to platelet and neutrophil recovery would be greatly extended, 
since more committed progenitors would be absent. The above stochastic consid
erations would argue that the bulk of transplanted stem cells would rapidly differ
entiate to progenitors, and the only reason pure stem cells would be slower to 
engraft is that the numbers engrafted would be low. 

R i g i d application of the stochastic theory would argue that, at least in the adult, 
stem cel l expansion must be modest, i f indeed it occurs at a l l , either in v ivo or in 
vitro, since the probability that a stem cell generates another stem cell upon 
division is 0.5. A s we have indicated, a minimum of 6 and a maximum of 11 self-
renewing population doublings would be required to regenerate a normal stem cell 
population, fol lowing an autologous or allogeneic transplant. Either the stem cell 
population is never fully reconstituted, or a significant change in the self-renewal 
probability o f the stem ce l l occurs upon transplantation. Both appear l ike ly from 
current observations, with the latter probably dependent upon upregulation of 
specific cytokines, the most important being c-kit and Flk-2/Fl t -3 ligands. 
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PBPC MOBILIZATION IN MULTIPLE MYELOMA: 
HIGH-DOSE CHEMOTHERAPY PLUS G-CSF 
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ABSTRACT 

Dose-escalated cytotoxic therapy with peripheral blood progenitor cel l ( P B P C ) 
support results in a 5-10-fold increase of a stringently defined response rate 
compared with standard treatment i n patients with multiple myeloma ( M M ) . In 12 
patients with M M we administered granulocyte colony-stimulating factor ( G -
C S F ) during steady-state hematopoiesis as wel l as after cytotoxic chemotherapy 
for the mobilization of P B P C . W e compared both mobilization modalities: G - C S F 
1200 pg/d s.c. during steady-state versus high-dose cyclophosphamide plus G -
C S F 300 pg/d s.c. To support a high-dose conditioning regimen including total-
body irradiation (TBI) , we considered an autograft containing >2.0X10 6 C D 3 4 + 

cells/kg bodyweight ( B W ) to be necessary. It was possible to harvest this number 
with two leukaphereses (LP) in 8/12 patients during steady-state mobilization and 
in 9/12 patients post chemotherapy. F A C S analysis showed that harvests post 
chemotherapy contained a similar number of hematopoietic progenitor cells (2.3 
versus 2 .4X10 6 C D 3 4 + cells/kg) as harvests collected during steady-state. In 
contrast, the content o f potentially malignant B cells (6.1 versus 1.35X 10 6 C D 1 9 + 

cells/kg B W ) was significantly lower in harvests post chemotherapy. 

In order to examine these leukapheresis products for tumor cel ls , we 
designed antisense oligonucleotide primers for 5 patients W i t h the A S O - P C R 
we could detect l ow quantities o f patient-specific c lonal B cells (sensitivity 
1:10 5). W e found cells o f the tumor clone i n 12 o f 17 leukapheresis products. 
Al iquo ts from A S O - P C R - p o s i t i v e products were F A C S - s o r t e d for the C D 3 4 
and C D 19 antigen. In no case d id the C D 3 4 + sample contain cells o f the tumor 
clone. O n the other hand, a l l C D 1 9 + samples were PCR-pos i t i ve , indicat ing that 
tumor cells were present i n these fractions. Therefore, the harvesting of P B P C 
fo l lowing high-dose chemotherapy appears to be superior due to the higher 
C D 3 4 + / C D 1 9 + ratio compared with steady-state mobi l iza t ion . 
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INTRODUCTION 

Peripheral blood progenitor cel l ( P B P C ) autografting after high-dose therapy 
including total-body irradiation (TBI) is increasingly used for the treatment of 
multiple myeloma. 1 A sustained and rapid engraftment after myeloablative therapy 
depends primarily on the number of hematopoietic progenitor cells reinfused. 2 In 
the case of multiple myeloma ( M M ) , cyclophosphamide ( C Y ) in combination with 
hematopoietic growth factors is an effective regimen for mobi l iz ing P B P C . 3 It has 
been assumed that the frequency of tumor cells in the blood of M M patients is less 
than that in bone marrow ( B M ) . But the level of circulating B-cel ls in P B as wel l 
as the percentage of tumor cells in these B cell populations is controversial. 
Bergsagel et a l . 4 showed that percentages of up to 50% of the circulating late stage 
C D 1 9 + B cells are involved in the malignant clone. O n the other hand, Chen and 
Epstein 5 found that the B-lymphocytes constitute, on average, 6% of blood 
mononuclear cells. Only a minor fraction of these B cells were clonally related to 
the myeloma cells. The results of both groups indicated the involvement of B cells 
in the myeloma clone. 

Mobilization strategies should be evaluated for their efficacy to mobilize P B P C 
and to lower the number of malignant cells in the autografts. We present here our data 
comparing the amounts of C D 3 4 + progenitor cells and C D 1 9 + B cells in leukapheresis 
products mobilized in steady-state and post chemotherapy using granulocyte colony-
stimulating factor (G-CSF) . Furthermore, we investigated highly purified C D 3 4 + and 
C D 1 9 + cells for the presence of the tumor specific IgH rearrangement. 

METHODS AND MATERIALS 

Patients 
Twelve patients were enrolled into the study comparing the two mobilization 

regimens (Table 1). There were 6 males and 6 females with a median age of 52. 
T w o patients had stage II, while 10 patients had stage III disease. The patients 
received G - C S F (Filgrastim, Amgen-Roche, Miinchen, Germany) in steady state 
(1200 pg/day) for collecting P B PC-harvest I and high-dose cyclophosphamide (7 
g/m 2) and G - C S F with 300 pg/day for collecting P B P C harvest II. 

Collection of PBPC and assessment of hematopoietic 
progenitor and B cells 

The blood-derived progenitor cells were harvested as soon as a distinct 
population of C D 3 4 + cells (>10 C D 3 4 + cells/pL) could be identified by direct 
immunofluorescence flow cytometry analysis. Harvesting was performed with a 
Fenwal C S 3000 (Baxter Deutschland, Mi inchen , Germany) . For each 
leukapheresis, 10 liters of blood were processed at a flow rate of 50-70 m L / m i n . To 
support this high-dose conditioning regimen with melphalan and T B I , an autograft 
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Table 1. Patient characteristics 

males/females 6/6 

age (median, range) 52 (42-64) 

stage II/III 2/10 

paraprotein 

G 6 

A 2 

BJ 2 

D 2 

no. of previous therapy 5 (3-21) 

cycles (median, range) 

previous radiotherapy 5 patients 

containing more than 2 . 0 X 1 0 6 C D 3 4 + cells/kg body weight ( B W ) was considered 
necessary for sustained engraftment. 

Blood-derived hematopoietic progenitors and B cells were assessed using direct 
immunofluorescence analysis as described in detail elsewhere. 6 

Purification of CD34+ and CD 19+ cells from leukapheresis products 
Mononuclear cells ( 5 X 1 0 7 ) from leukapheresis products were incubated with 

ant i -CD34 F I T C and ant i -CD19 P E . The cells were washed once i n P B S + 1% 
B S A and sorted on a F A C S t a r p l u s (Becton Dickinson, Mounta in V i e w , C A ) . The 
cel l sorter was aligned and set up using M N C from healthy donors. Cel l s were 
analyzed after appropriate gating at a rate of 5000 cells/sec. The C D 3 4 + and the 
C D 1 9 + populations were sorted in the normal-R mode with a sort rate of 7 
cells/sec upwards, depending on the size of the populations. The sorted C D 3 4 + and 
C D 1 9 + cells were then reanalyzed and resorted with the a im to achieve a purity of 
over 95%. 

Myeloma CDR3 sequencing 
The myeloma C D R 3 region was sequenced as previously described. 7 Br ief ly , 

c D N A was synthesized using random hexamers and total R N A from B M taken at 
diagnosis or prior to mobilization therapy. Reverse transcription was performed 
wi th Moloney-mur ine leukemia virus reverse transcriptase (Perkin E lmer , 
Weiterstadt, Germany) at 4 2 ° C for 15 minutes. For amplification the whole c D N A 
synthesized was used with C D R 3 consensus primers described by Yamada et a l . 8 

elongated by so-called cloning tails in order to proceed with the fol lowing cloning 
steps. The amplification was performed with Klentaq polymerase (Clontech, 
Heidelberg, Germany) for 15 initiating cycles wi th denaturation, annealing and 
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Figure 1. Comparison of CD34 and CD 19 content in leukapheresis products after 
steady state and post chemotherapy mobilization with G-CSF. 

extension at 9 4 ° C , 55C and 72°C , respectively, followed by 25 cycles wi th an 

increased annealing temperature of 60°C. The appropriately sized P C R products 

were then excised from ethidium bromide-stained agarose gels. If the C D R 3 P C R 

revealed a distinct band, sequencing was done directly using the fmol sequencing 

kit (Promega, Heidelberg, Germany). Otherwise, the excised P C R products were 

cloned using the P C R direct cloning system (Clontech). P l a s m i d - D N A was cycle-

sequenced after lysis of bacterial clones with 10 m M T r i s - C l p H 7.5,1 m M E D T A 

and 100 pg/mL of Proteinase K (Boehringer, Mannheim, Germany). Sequencing 

was done with the Sequitherm kit (B iozym, Gottingen, Germany) on an automated 

sequencer (ALFexpress , Pharmacia, Freiburg, Germany). For the identification of 

identical clones, init ial ly only one base was sequenced ("C-tracks"). The pattern 

of C-tracks obtained was compared with the fragment manager program. Identical 

C-tracks were then sequenced in both orientations. 

D N A was extracted from leukapheresis products using standard techniques. 9 

C D 3 4 + cells obtained after preparative fluorescence activated cell sorting ( F A C S ) 

were lysed directly in PCR-buffer with the addition of Pretaq (Gibco, B R L , 

Eggenstein, Germany). Aliquots were used for P C R . In the case of small cel l 
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numbers (<20,000 cells), one-third of the lysate was used to prove whether the 
D N A was amplifiable followed by the specific assay done twice. For each patient, 
at least two allele-specific oligonucleotides from the individual C D R 3 sequences 
were designed. The P C R assays were done with the A S O primer as sense and the 
J H consensus primer as antisense primer. The optimal annealing temperatures were 
tested for each primer. For the patient-specific primer used here, an annealing 
temperature of 60°C turned out to be optimal. P C R was then performed for 40 
cycles. Products were separated on 5% agarose gels stained with ethidium bromide. 

RESULTS 

PBPC mobilization and harvesting 
The 12 patients with multiple myeloma presented here differ with respect to 

stage, previous therapy cycles and previous radiation therapy. In all patients, P B P C 
were collected during G - C S F enhanced leukocyte recovery. It was possible to 
harvest >2 .0X10 6 C D 3 4 + cells/kg B W with two leukaphereses in 8 of the 12 
patients during steady state mobilization and in 9 of 12 patients post chemotherapy. 

Analysis o f the C D 3 4 + and C D 1 9 + cel l contents o f the leukaphereses obtained 
with both mobilization regimens using immunofluorescence staining revealed that 
the C D 3 4 + cells differed only slightly with median values of 2.3 in steady state 
versus 2 .4X10 6 ce l l s /kg B W post chemotherapy (Figure 1). In contrast, the content 
of C D 1 9 + cells as potentially malignant cells was significantly lower in harvests 
post chemotherapy with median values of 6.4 in steady-state versus 1 .35X10 6 

cells/kg B W post chemotherapy (p=0.0029; Figure 1). 

Tumor cell contamination of PBPC harvests 
In dilution experiments with cells of a myeloma cell line with normal buffy coat 

cells, sensitivities of 1 myeloma cell in 10 5 normal cells using a cell line specific 
ASO-pr imer were routinely reached (data not shown). In order to examine the P B P C 
harvests for tumor cell contamination the tumor specific C D R 3 regions of 5 patients 
could be identified using the bone marrow sample obtained at diagnosis or prior to 
mobilization therapy. U p to 4 A S O primers were designed for each patient and 
tested with the bone marrow D N A sample used for the identification of the tumor 
clone and with normal buffy coat D N A . For each patient, the specificity o f at least 
one A S O primer could be demonstrated. W i t h the optimized A S O - P C R assay 
optimized for one ASO-primer , we could detect tumor cells in 12 of 17 L P products. 

Assessment of CD34+ cells and CD19+ cells 
C D 3 4 + cells were purif ied wi th a double sorting assay from A S O - P C R 

positive leukapheresis products of the 5 patients. Purities between 96.9% and 
98.6% were achieved (Table 2). In these C D 3 4 + ce l l concentrates, tumor cells 
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Table 2. PCR results of samples from FACS-sorted leukapheresis products (LP) of 
patients with multiple myeloma 

Patient Fraction Cell number Purity % PCR result 
1 CD34+ 350,000 98.6 negative 

CD19+ 20,000 93.5 positive 
2 CD34+ 25,000 96.9 negative 

CD19+ 600,000 92.0 positive 
3 CD34+ 300,000 98.5 negative 

CD19+ 600,000 91.7 positive 
4 CD34+ 250,000 98.0 negative 

CD19+ 17,000 91.7 positive 
5 CD34+ 160,000 98.1 negative 

Samples of the LP-products were sorted for the CD34 antigen present on hematopoietic progenitor 
cells and for the B cell antigen CD19. PCR results were obtained with patient-specific complementary-
determining-region 3 primers. All CD34* fractions were PCR-negative, while the CD19+ were PCR-
positive. 

could not be detected wi th P C R using allele-specific primers. In contrast, 
tumor-specific rearrangement o f the heavy chain locus could be detected i n the 
C D 1 9 + ce l l fraction o f the transplant product i n four cases. A l l were A S O - P C R 
posit ive using between 20,000 and 600,000 cells . 

DISCUSSION 

In this study we demonstrated that a high-dose CY-based mobilization regimen 
was able to reduce significantly the amount of potentially malignant B cells in P B P C 
harvests of patients with M M in comparison to the steady state situation. That the 
C D 1 9 + cells measured in L P aliquots include tumor cells was shown with an A S O -
P C R assay of preparatively obtained C D 1 9 + cell fractions. The presence of tumor 
cells in L P of patients with multiple myeloma has been demonstrated by various 
g roups , 1 0 - 1 3 recently also quantitatively with a median value of 0 .0024%. 1 4 , 1 5 To 
minimize the amount of tumor cells transplanted, one may also consider positive 
selection of C D 3 4 + cells for patients with M M . The involvement of the C D 3 4 + 

progenitor cel l in the malignant process in M M is controversial. W i t h the results 
presented here, we could demonstrate that highly purified C D 3 4 + cel l fractions from 
L P products of patients do not contain the tumor clone. This is in agreement with 
data of Vescio et al . and Wil lems et a l . , 1 5 , 1 6 both demonstrating that C D 3 4 is not 
expressed on the malignant cells of M M . In contrast, Be lch et a l . 1 7 showed that 
C D 3 4 + B cells in the blood of patients with M M express clonotypic IgH sequences. 
Using C D 3 4 for positive selection, Schiller et a l . 1 8 could demonstrate the feasibility 
of transplanting C D 3 4 + P B P C after high-dose chemotherapy for patients with M M 
accompanied by a 2.7 to 4.5-log reduction in contaminating M M cells. Randomized 
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studies with CD34 selection will give answers about the impact of reducing tumor 
cells in the autografts of patients with M M . 
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ABSTRACT 

The successful mobilization and collection of peripheral blood progenitor cells 
(PBPC) has allowed more rapid engraftment and reduced overall toxicities following 
high-dose chemotherapy ( H D C T ) . The optimum type of mobilization remains 
unknown. Growth factor alone or chemotherapy plus growth factor regimens have 
proliferated. The use of growth factor alone is less toxic but may yield lower numbers 
of progenitors, necessitating additional pheresis sessions. Chemotherapy plus growth 
factor regimens, however, are associated with significant toxicities including febrile 
neutropenia, as well as additional toxicity to the patient. In addition, they require 
close monitoring of serial white blood cell or C D 3 4 count sequentially to allow 
pheresis at the optimum time. In the current work, low-dose cyclophosphamide (1.5 
g/m 2) was administered, followed by sequential granulocyte macrophage colony-
stimulating factor ( G M - C S F ) 250 pg/m 2 , and granulocyte colony-stimulating factor 
(G-CSF) 5 pg/kg. This regimen did not cause significant neutropenia (mean nadir 
white blood cell count 1700) and was associated with a very low risk of febrile 
neutropenia (1 of 48 patients, 2%). A single 3-hour, 10-liter leukapheresis yielded a 
minimum of 2.5 X 1 0 6 C D 3 4 cells/kg in 26 of 28 patients with solid tumors and in 16 
of 20 patients with non-Hodgkin's lymphoma. Engraftment following infusion of a 
minimum of 2.0 X10 6 C D 3 4 cells was rapid (absolute neutrophil count [ A N C ] 
>500/mm 3 at 10 days, platelet transfusion independence at 12 days). This technique 
for the mobilization of P B P C is nontoxic and produces high numbers of cells in 
patients with both solid tumors and lymphomas. Therefore, it suggests itself as a very 
cost-effective method of progenitor cel l collection. 

INTRODUCTION 

The use of peripheral blood progenitor cells ( P B P C ) in place of autologous bone 
marrow to provide hematopoietic support following myeloablative chemotherapy 
and/or radiation therapy has led to substantial benefits. The overall time to 
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engraftment and transfusion independence is shorter in most cl inical studies. 1 ' 2 In 
addition, overall toxicities associated with the treatment seem to be reduced. 3 This 
has facilitated reduction in hospital length of stay and in some cases has allowed 
outpatient transplantation to be performed. 4 , 5 In general, when a given threshold of 
progenitor cell number is exceeded, rapid and reliable engraftment follows. Despite 
the widespread use of P B P C , many questions remain regarding their use; among 
them, the optimum method of "mobilization." Many studies have found that when 
using growth factor alone, mobilization regimens yield lower numbers of P B P C 
than do chemotherapy plus growth factor regimens. 6 In some cases this translates 
into extra leukapheresis and cryopreservation procedures, which raise costs. Growth 
factor alone regimens, however, have the advantage of being relatively nontoxic and 
predictable in the sense that the initiation date of growth factor and the pheresis date 
are predetermined so that serial measurement of either the white blood cell count or 
C D 3 4 count is not required. Moreover, the need for weekend pheresis is eliminated. 
This makes it easier to schedule pheresis sessions in busy pheresis units and may 
increase the efficiency of such leukapheresis and cryopreservation facilities. 

Although chemotherapy plus growth factor regimens may yield higher numbers 
of cells, they can cause toxicity in patients who may have already received consid
erable chemotherapy and who w i l l receive much more. Chie f among these 
toxicities is febrile neutropenia, the incidence of which is 30-50% or higher. 7 

Further, some chemotherapy mobilization regimens use agents that are not active 
against a particular tumor type. Thus, the patient is subjected to the toxicities of 
chemotherapy solely for the purpose of mobil iz ing progenitor cells, even though 
the tumor burden is unlikely to be substantially reduced. 

The current work assesses the ability of a low-dose cyclophosphamide and 
growth factor regimen to mobilize a large number of P B P C . W e postulated that a 
low-dose cyclophosphamide and growth factor regimen could still mobil ize a large 
number of cells while imparting minimal toxicities. Moreover, cyclophosphamide 
is a broadly active chemotherapy agent and would be expected to have significant 
activity in a variety of tumor types. Sequential G M - and G - C S F were utilized to 
take advantage of the potential synergy of these two independently active 
hematopoietic growth factors. 

PATIENTS AND METHODS 

Forty-eight consecutive patients who met institutional requirements for H D C T 
were enrolled. Table 1 shows the characteristics of these patients. A l l patients signed 
an informed consent document approved by the institutional Human Subjects 
Committee. Patients underwent placement of a central venous catheter into the 
superior vena cava capable of supporting pressures of 100-150 mmHg. Leukapheresis 
was performed using a C O B E Spectra cell separator ( C O B E Laboratories, Lakewood, 
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Table 1. Patient characteristics 

median age (range) 47 (26-69) 
median Karnofsky pos. (range) 90% (60-100) 
diagnoses 

Hodgkin's disease 4 chemoresponsive relapse (4) 
Non-Hodgkin's lymphoma 16 1st high-risk remission (3) 

chemoresponsive relapse (11) 
chemorefractory relapse (2) 

stage IV breast cancer 14 chemoresponsive (14) 
high-risk primary 9 1st remission consolidation (9) 
ovarian cancer 4 1st remission consolidation (1) 

chemosensitive 1st relapse (2) 
chemosensitive 2n d relapse (1) 

testicular cancer 1 chemosensitive relapse 

C O ) utilizing a continuous collection technique for 4 hours. A n average of 10-11 liters 
of whole blood was processed by this technique. The mobilization regimen consisted 
of cyclophosphamide 1.5 g/m 2 administered over 1 hour with appropriate prehydration 
and antiemetic therapy. Forty-eight hours later, granulocyte macrophage colony-
stimulating factor ( G M - C S F ) (Leukine®, Immunex Corp., Seattle, W A ) was 
administered at a dose of 250 pg/m 2 subcutaneously once a day. After 5 days of G M -
C S F , G - C S F (Neupogen®, Amgen, Thousand Oaks, C A ) was administered at a dose 
of 10 pg/kg subcutaneously once a day. Leukapheresis was commenced on the tenth 
day after cyclophosphamide. G - C S F was continued until the leukapheresis was 
completed and a target C D 3 4 number was obtained. Neither white blood cell counts 
nor C D 3 4 cell counts were serially monitored prior to the pheresis. The leukapheresis 
was continued until 4X10 6 C D 3 4 cells/kg were obtained for patients undergoing 
single-cycle H D C T regimens. Some patients were enrolled on double transplant 
protocols which required 6-8 X 1 0 6 C D 3 4 cells/kg 8 

Chemotherapy treatment supportive care 
Patients received appropriate prehydration, antiemetics and then disease-specific 

chemotherapy regimens (Table 2). P B P C were thawed to body temperature and 
reinfused 48 hours following completion of chemotherapy on day +1. G - C S F was 
commenced on day +1 at a dose of 5 pg/kg subcutaneously once a day and continued 
until the absolute neutrophil count was 2000/mm 3 . Single donor platelets were 
administered for a morning platelet count <15,000/mm 3 and red blood cells were 
transfused for a morning hemoglobin of <8.0 g/dL. A l l transfusions were leuco-
depleted and irradiated with 2000 cGy. 
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Table 2. Chemotherapy regimens 

Cycle 1 Cycle 2 
lymphomas 

solid tumors 

cyclophosphamide 6000 mg/m2 

VP-16 1500-1800 mg/m2 

cisplatin or 
carboplatin 180 or 1200 mg/m2 

cyclophosphamide 6000 mg/m2 

thiotepa 500 mg/m2 

cisplatin or 
carboplatin 180 or 1200 mg/m2 

Thiotepa 600 mg/m2 

Mitoxantrone 50-60 mg/m2 

Melphalan 140 mg/m2 

Carboplatin 1200 mg/m2 

Measurement of progenitor cells 
A standard blood count was done to determine the nucleated cel l content. 

C F U - G M were measured after dilut ion in I M D M media and plating in methyl-
cellulose cultures. C D 3 4 content was performed within 1 hour of collection using 
F A C S analysis o f cells incubated with H P C A - 1 (Becton Dick inson , Mounta in 
V i e w , C A ) directed against the C D 3 4 antigen. A l l F A C S analyses were 
interpreted by a single immunopathologist, and all C F U - G M plates read by a 
single technologist. 

RESULTS 

Toxicity 
The mobilization regimen was wel l tolerated. One of 48 patients (2%) 

developed febrile neutropenia requiring intravenous antibiotics and 3 days of 
hospitalization. Mucosit is , hemorrhagic cystitis and hemorrhagic myocarditis were 
not seen. The antiemetic regimen given as prophylaxis varied by physician 
preference and patient requirement. Only 1 of 48 patients (2%) had nausea and 
vomiting lasting 3 days or more. 

Outcomes of the pheresis 
Table 3 shows the nadir white blood cel l count and the white blood cel l count 

on the day of pheresis for both the sol id tumor patients and the lymphoma 
patients. The median C D 3 4 and C F U - G M yields for each day of leukapheresis 
are shown in Table 3 as wel l for both groups of patients. Engraftment data is 
shown i n Table 4 for both groups o f patients fo l lowing the first cycle of high-
dose chemotherapy. 
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Table 3. Progenitor cell yields after mobilization 
Median Median WBC CFU-GM CD34 
nadir on 1st day xl(f/kg xlCP/kg 
WBC ofpheresis median median 
( cells/mm3) (cells/mm3) (range) (range) 

lymphomas (n=20) 1200 7600 
leukapheresis #1 14.6 (2-117) 2.0 (0.1-13) 
leukapheresis #2 36.0 (6-127) 3.8 (0.8-8.0) 

solid tumors (n=28) 1800 11,500 
leukapheresis #1 47.0 (17-217) 4.4(1-18) 
leukapheresis #2 75.0 (12-167) 6.1 (1-22) 

DISCUSSION 

These data demonstrate low-dose cyclophosphamide (1.5 g/m 2) followed by 
sequential G M - C S F and G - C S F is capable of producing high numbers of C D 3 4 
cells, adequate for engraftment with a minimal number o f pheresis sessions. Over 
90% of both lymphoma patients and solid tumor patients were able to complete 
mobilization in a single session, achieving a commonly used C D 3 4 threshold value 
of 2.5 X 10 6 /kg. Because some of these patients were enrolled in double transplant 
programs, additional pheresis sessions were required for some patients. The virtual 
absence of significant toxicity makes this a very favorable regimen when compared 
to other high-dose regimens that are associated with an incidence of febrile 
neutropenia that exceeds 30%. 7 These data show that the beneficial effects of 
combination chemotherapy and growth factor can be obtained without the intensive 
chemotherapy that can produce pancytopenia lasting almost as long as the 
myeloablative regimen itself. Furthermore, cyclophosphamide is a broadly active 
chemotherapy agent that would be expected to have cytotoxic effects on a wide 
variety of tumors in addition to its benefits for mobilization. This is not true of a l l 
chemotherapy mobilization programs. 9 

One of the most important benefits o f this regimen is that it is highly predictable 
and reliable. Unl ike other higher-dose chemotherapy and growth factor regimens, 
it is not necessary to serially monitor the white blood cel l count or C D 3 4 content. 
The unpredictable nature of white blood cel l count recovery and the requirement to 
monitor the white blood cel l count and/or C D 3 4 count serially is cumbersome and 
expensive. Although it is possible and even l ike ly that we missed the peak of the 
yield in individual patients, the results nevertheless are quite sufficient for adequate 
engraftment, as demonstrated in Table 4. Further, i n managed care settings, the 
mobilization chemotherapy regimen is often delivered by the primary oncologist or 
primary care medical group. In these types o f situations the treatment o f febrile 
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Table 4. Time to hematologic recovery following each dose of high-dose therapy 
CD34 Days to Days to 

Median infused ANC PLTT.F. #PLT RBC T.F. #RBC 
(range) ltf/kg >500 indep. trans. indep. trans. 
lymphomas* 

cycle 1 n=20 3.5 (1.1-6.4) 10(12) 14 (9-20) 4 (1-6) 15 (10-20) 3 (0-6) 
cycle 2 n=16 3.1 (1.0-6.0) 10 (9-12) 14(8-18) 3(1-2) 14 (8-22) 4 (2-8) 

solid tumors 
cycle 1 n=28 4.5 (3.6-9.6) 10(9-11) 13 (8-16) 3(1-4) 15 (9-18) 3 (1-6) 
cycle 2 n=20 4.1 (2.8-5.6) 10(9-12) 14(8-18) 3 (2-6) 15 (9-16) 4 (2-8) 

*3 patients receiving 1-1.5 X106 CD34 cells/kg required infusion of back-up bone marrow or PBPC 
for delayed recovery. 

neutropenia, should it occur, may not be permitted to proceed at the transplant 
institution, thus l imit ing the access to the leukapheresis machines. 

Sequential use of G M - C S F and G - C S F was designed to take advantage of the 
potential synergy of these two agents, which are independently active in the 
mobilization of P B P C . F rom the design of the study, it is not possible to determine 
the contribution of each individual component o f the mobilization regimen. 

In summary, the use of lower dose cyclophosphamide (1.5 g/m 2) followed by 
sequential G M - C S F and G - C S F was highly successful in the efficient mobilization 
of large numbers of P B P C . This regimen has the advantage of reliability and 
predictability and is associated with minimal toxicity. Ongoing studies are 
currently examining the use of large-volume leukapheresis to further augment 
yields of P B P C . This mobilization regimen and the rapid engraftment that follows 
the high-dose chemotherapy set a high standard for investigational cytokines, 
which are just entering cl inical trials. 
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ABSTRACT 

The ability to harvest large numbers of peripheral blood progenitor cells 
( P B P C ) has allowed the testing of multiple cycles of high-dose chemotherapy 
( H D C T ) for treatment of neoplastic diseases. In this study we enrolled 106 
consecutive patients i n a trial of tandem cycles of high-dose treatment. 
Chemotherapy consisted of cyclophosphamide 6000 m g / m 2 , thiotepa 500 m g / m 2 

and cisplatin 180 m g / m 2 or carboplatin 1200 mg/m 2 . Some patients received 
etoposide 1800 m g / m 2 instead of thiotepa. A second cycle o f therapy consisting of 
thiotepa 500 m g / m 2 and mitoxantrone 50-60 m g / m 2 or melphalan 140 m g / m 2 and 
carboplatin 1200 m g / m 2 was planned 6 weeks after the first cycle . P B P C s were 
harvested using growth factor alone or chemotherapy plus growth factor regimens. 
O f the 106 patients, 39 (37%) did not receive the second cycle of H D C T . The most 
common reason was refusal among patients who were already in complete 
remission after H D C T cycle 1. The toxicities of the tandem program were 
acceptable wi th 3 treatment-related deaths, 1 after cycle 1, and 2 more than 100 
days after cycle 2. Further chemotherapy responses were documented among the 
36 patients wi th persistent measurable disease after H D C T cycle 1. Eight patients 
developed complete responses and 18 patients had further partial responses after 
H D C T cycle 2. W e conclude that tandem cycles are feasible, toxicity is l imited 
and there is some evidence of increased efficacy. A randomized trial of this 
concept is appropriate wi th disease-free survival and overall survival as endpoints. 

INTRODUCTION 

High-dose chemotherapy ( H D C T ) has become an increasingly ut i l ized 
treatment for a variety of neoplastic conditions. To date, most treatment plans cal l 
for a single cycle o f H D C T to consolidate a previous response to lower-dose 
chemotherapy. This single-treatment regimen was adopted, not because of proven 
optimum efficacy, but rather because the significant toxicities of H D C T made 
contemplation of more than one treatment inappropriate. W i t h the ability to 
harvest large numbers of blood progenitor cells and the reduction in overall 
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toxicities due to the use of progenitor cells and other supportive care measures, it 
becomes reasonable to contemplate the use of more than one cycle of H D C T . The 
current work describes the outcomes of a double-cycle program of H D C T 
supported with mobi l ized blood progenitor cells. 

PATIENTS AND METHODS 

One-hundred-and-six consecutive metastatic or high-risk patients were 
enrolled in the program. A l l patients signed an informed consent document 
approved by the institutional Human Subjects Committee. N o patient was 
excluded from the double-cycle program based on pretransplant performance 
status. A l l patients met min imal baseline physiologic criteria for treatment. The 
chemotherapy regimens were designed to be delivered 6 weeks apart, assuming 
resolution of a l l serious toxicities. For patients wi th breast and ovarian cancer, 
the first cycle consisted of cyclophosphamide 6000 m g / m 2 , thiotepa 500 m g / m 2 

and cisplatin 180 m g / m 2 or carboplatin 1200 m g / m 2 in divided doses over 4 
days. Patients wi th non-Hodgkin ' s lymphoma or Hodgk in ' s disease received 
etoposide 1800 m g / m 2 in d iv ided doses over 4 days instead of thiotepa. The 
second cycle for patients wi th breast and ovarian cancer consisted of either 
melphalan 140 m g / m 2 plus carboplatin 1200 mg/m 2 , or thiotepa 600 m g / m 2 plus 
mitoxantrone 50 -60 m g / m 2 for patients wi th lymphomas. One patient wi th 
testicular cancer received a single cycle of carboplatin 1800 m g / m 2 and 
etoposide 2000 mg /m 2 . 

SUPPORTIVE CARE 

Patients received peripheral blood progenitor cel l ( P B P C ) rescue. P B P C s 
were mobi l ized wi th either growth factor alone or chemotherapy plus growth 
factor regimens. Initially, autologous bone marrow was collected as a "backup." 
This practice was discontinued after the first 6 months of the study. A target o f 
6-8 X 1 0 6 C D 3 4 cells/kg was used to determine adequacy of progenitor cel l 
collection. Patients were al lowed to receive cycles of H D C T , however, wi th a 
min imum threshold of 1 X 1 0 6 C D 3 4 cells/kg per cycle . The P B P C s were 
collected fo l lowing induction chemotherapy prior to the initiation of the first 
cycle of H D C T . Cel l s were split into roughly two equal aliquots for subsequent 
reinfusion with each cycle. Fo l l owing H D C T , stem cells were reinfused 48 hours 
later (on D O T +1). Granulocyte colony-stimulating factor ( G - C S F ) 5.0 pg/kg 
was administered subcutaneously beginning on D O T +1 and continued until the 
A N C reached 2000/mm 3 . Red blood cells were transfused for hemoglobin <8.0 
g/dL. Single-donor pheresed platelets were transfused for a morning platelet 
count <15,000/mm 3 . 
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Table 1. Patient Characteristics (n=106) 

median age (range) 48 (26-69) 
gender (M:F) 36:70 
ECOG performance status 

0 18 
1 67 
2 21 

diagnoses 
lymphoma/Hodgkin's disease 51 

1st complete remission 6 
1st partial remission 5 
sensitive relapse 35 
resistant relapse 5 

breast cancer 44 
inflammatory 5 
chemoresponsive metastasis 39 

ovarian cancer 8 
1st remission 2 
sensitive relapse 6 

other 3 

RESULTS 

One-hundred-and-six consecutive patients meeting instimtional criteria for H D C T 
were enrolled. Table 1 shows the patient characteristics. O f this number, 39 (37%) 
did not receive the second cycle of H D C T . Reasons for not receiving the second 
cycle included: patient refusal, 19; insurer refusal, 3; toxicities of the first cycle, 7; 
progressive disease or lack of response after cycle 1,5; and inadequate mobilization 
or poor engraftment, 5. O f the 19 patients who refused the second cycle, most did so 
citing lingering constitutional toxicities and a strong desire to return to work or usual 
activities. A l l but one of these patients were already in complete clinical remission 
from either the induction therapy or cycle 1 of H D C T . N o patient refused a second 
cycle when offered, i f they still had persistent measurable disease. 

The median interval between cycles of H D C T was 56 days, range 38-100 days, 
among the 67 patients (63%) who received a second cycle. 

Toxicities of the tandem cycles 

Eleven percent of patients i n cycle 1 had grade I V or V toxicities, including 1 
patient who died of respiratory failure from disseminated pulmonary aspergillus 9 
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days after chemotherapy. In cycle 2, 6% of patients had grade I V (life-threatening) 
toxicity but there were no deaths. T w o additional patients had unexplained deaths 
several weeks after the second cycle was completed. The first patient, a 45-year-
old woman with recurrent lymphoma, died of acute heart failure of undetermined 
etiology 110 days after the second cycle. Endomyocardial biopsy was not 
definitive. A 61-year-old man with recurrent non-Hodgkin's lymphoma died of 
idiopathic A R D S approximately 100 days after the second cycle of therapy. 

Hematologic toxicity 

Engraftment was rapid after both cycles of H D C T so long as a min imum 
threshold of 2 X 1 0 6 C D 3 4 cells/kg were infused. Median time to A N C >500/mm 3 

was 10 days after cycle 1 and 11 days after cycle 2. Median time to platelet 
transfusion independence was 11 days after cycle 1 and 11 days after cycle 2. There 
were no differences in the number of transfusions required after each cycle. 

Chemotherapy responsiveness 

Patients were routinely reassessed after cycle 1 of H D C T and prior to cycle 2. 
Patients were assessed again after cycle 2 to determine additional responses (Table 
2). O f the initial 106 patients, 84 patients were évaluable , the other patients having 
been treated in the adjuvant setting or with nonevaluable disease. Twelve patients 
(14%) entered into complete remission with induction therapy prior to H D C T cycle 
1. Fo l lowing H D C T cycle 1, 36 patients had persistent measurable disease that 
could be evaluated for response to cycle 2. O f these 36 patients, 8 patients (22%; 6 
with lymphoma, 2 with breast cancer) entered complete remissions after H D C T 
cycle 2. Fifteen patients (42%) had additional responses qualifying as partial 
responses (reduction in bi-perpendicular dimensions of tumor by >50%). Nine 
patients had no further response and 4 patients had progressive disease at the time 
of réévaluat ion after cycle 2. 

DISCUSSION 

These data show that with modern techniques of P B P C mobilization, rapid 
engraftment can be seen after each of two cycles of H D C T . The toxicities of this 
program were limited and the feasibility of such tandem cycle programs is now wel l 
established. One of the more interesting findings of the study is that 37% of patients 
did not receive the second cycle for a variety of reasons. This differs from other 
tandem-cycle programs where 80-100% of patients received cycle 2 . 1 - 4 The reason 
for the high dropout rate in our study may have been that patients in this program 
were carefully reevaluated after cycle 1 and given the option of not proceeding with 
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Table 2. Response to each phase of therapy: Number of patients and percentage of 84 
évaluable patients 

CR PR NR PD NE ADJ Early death 
prior to 
HDC#1 

12 
(14%) 

67 
(80%) 

2 
(2%) 

3 
(4%) 

11 11 0 

after 
HDC#1 

40 
(48%) 

36 
(42%) 

3 
(4%) 

5 
(6%) 

11 11 

after 
HDC#2 

48 
(57%) 

24 
(23%) 

3 
(4%) 

9 
(11%) 

11 11 

Abbreviations: CR=complete response; PR=partial response; NR=no response; PD=progressive 
disease; NE=not évaluable; ADJ=adjuvant therapy. 

cycle 2 at several points in their therapy. These patients were made to understand 
that the role of the second cycle was exploratory and that proof of benefit was not 
at hand. Therefore, many patients who were already in complete remission opted not 
to proceed with cycle 2. The fact that no patient with persistently measurable disease 
declined the second cycle is noteworthy by way of contrast. 

The toxicities o f cycle 2 were lower than with the first cycle. This may be 
because patients vulnerable to treatment-related toxicities were screened out after 
cycle 1. In addition, the second cycle regimens consisted of only two drugs and 
thus may have been less than maximally dose-intensive. The median interval to the 
initiation of cycle 2 was 56 days, which was approximately 2 weeks longer than 
anticipated. This median 14-day postponement was not due to specific organ 
toxicity but rather due to the constitutional effects of the therapy such as lingering 
nausea, fatigue and weakness. This finding has implications for model high-dose 
programs which seek to deliver multiple cycles of intensive therapy on an every 4-
to 5-week basis. This finding is in distinction to the work of Ayash et a l . 2 in which 
high-dose melphalan was followed at a median of 25 days by cyclophosphamide, 
thiotepa and carboplatin. In that study, however, the less intensive regimen was 
given first, unlike our program where it was given second. 

Other studies of H D C T have served to document the feasibility and acceptable 
toxicity of this approach. Only a few studies, however, have systematically 
followed response after each portion of the treatment: induction therapy, H D C T 
chemotherapy cycle 1 and H D C T chemotherapy cycle 2. Thus, i n only a few 
studies is the contribution of cycle 2 to the total antineoplastic effort subject to 
critical analysis. In this study we did see further responses in tumor size, including 
8 of 36 patients (22%) who obtained complete remissions. These data are similar 
to those of Broun et a l . 5 who also documented additional responses fol lowing the 
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second cycle of H D C T in patients with breast cancer. In our data, most o f the 
additional complete responses (6 of 8) were seen among patients with non-
Hodgkin ' s lymphomas and thus some of these complete remissions may represent 
slow resolution of residual fibrotic masses rather than actual antineoplastic effects. 

The feasibility of this approach has now been wel l documented by our study and 
by others. W e feel it is now time to consider a randomized trial with survival as the 
endpoint of tandem cycles of H D C T versus a single cycle. In such a trial, patients 
would be stratified based on response to the first cycle, complete remission versus 
partial remission, and then followed for disease progression and overall survival. 

The second cycle might consist of the init ial therapy repeated or a different 
regimen using potentially noncross-resistant agents. 
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ABSTRACT 

The success of A S C T for advanced hematologic malignancy is limited largely by 
a high relapse rate. Therapy with IL-2 + lymphokine-activated killer ( L A K ) cells has 
induced clinical responses in patients with refractory acute myelogenous leukemia 
( A M L ) and non-Hodgkin's lymphoma ( N H L ) . It is postulated that this approach might 
reduce relapses i f it is used early after A S C T as consohdative immunotherapy against 
minimal residual disease. A phase I trial with IL-2 (Hoffman LaRoche) administered 
early after A B M T identified a tolerable regimen with immunomodulatory effects. It 
consisted of IL-2 at 3.0 X 1 0 6 Roche U/m 2 /day X 5 by continuous I V infusion (CIV) , 
6 days of rest and then LL-2 at 0.9X 10 6 Roche U/m 2 /day X 10 by C I V . Autologous 
L A K cells obtained during the rest period were also infused into some patients. O f 17 
A M L patients beyond CR1 (3 in R e l l , 11 in C R 2 , 3 > C R 2 ) who underwent A B M T 
followed, 21 to 85 days later, by IL-2 (12 patients) or LL-2 + L A K cells (5 patients), 1 
died of sepsis, 6 relapsed and 10 remain in C R at 4 to 7.6 years (median 6.5). These 
and other encouraging results (e.g., with N H L ) stimulated the design of phase III trials. 

However, because Roche I L - 2 became unavailable, a phase I/II trial was 
performed to identify an equitoxic regimen of I L - 2 provided by Chi ron to be used 
in subsequent randomized trials. Patients age 1-63 (median 44) wi th hematologic 
malignancies underwent A S C T with blood (34), marrow (23) or both (10) and 
began IL-2 therapy a median of 46 days later. 

Cohorts of 3-4 patients received 9, 10 or 1 2 X 1 0 6 International U/m 2 /day of 
induction IL-2 by C I V for 4 or 5 days as an inpatient, followed by 4 days of rest as an 
outpatient, and then 1.6X10 6 I U / m 2 / d X 1 0 of maintenance IL-2 by C I V as an 
outpatient. The maximum tolerated dose ( M T D ) of induction IL-2 identified as 9 X 1 0 6 

IU/m 2 /d X 4. In the Phase II study, 52 patients received the M T D . Most patients 
exhibited some degree of capillary leak. One patient died of C M V pneumonia and one 
of A R D S . Maintenance IL-2 was well tolerated. IL-2-induced reversible neutrophilia 
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and thrombocytopenia (median nadir of 50,000), lymphocytosis with an increased 
number of cells expressing C D 3 , C D 8 , C D 5 6 and p75, and the appearance of cells 
which lysed NK-resistant tumor without exposure to IL-2 in vitro. In the Phase II 
study, 14/24 N H L patients, 4/16 A M L patients, 2/6 Hodgkin disease patients and 3/3 
A L L patients remain in C R . Two of 3 myeloma patients remain in PR. Although the 
IL-2 regimen had significant side effects, it was well tolerated in the majority of 
patients. Phase III prospectively randomized trials are in progress to determine i f this 
IL-2 regimen wi l l decrease the relapse rate after A S C T for N H L and A M L . 

INTRODUCTION 

The major unresolved problem in autologous stem cell transplantation using 
blood or marrow ( A S C T ) is the high relapse rate. 1 - 4 The relapses may represent 
progeny of residual host cells and/or of tumor cells contaminating the infused stem 
cells. A s other problems associated with transplantation are diminished, e.g., with 
the use of appropriate growth factors, the centrality of tumor recurrence is further 
highlighted. The effectiveness of more intense conditioning regimens is limited by 
shared and cumulative toxicities and/or by their inability to affect transferred tumor 
cells. It is postulated that immunotherapy with IL-2 , administered early after A S C T 
at a time of minimal residual disease, might reduce the relapse rate by eradicating 
the residual tumor as wel l as any transferred tumor cells and might thereby represent 
a form of in v ivo purging. This hypothesis is based on laboratory data, animal model 
data and small sporadic clinical trials in which IL-2 therapy with or without infusion 
of exogenous lymphokine-activated kil ler ( L A K ) cells induced regression of some 
hematologic malignancies in some patients refractory to conventional and 
unconventional therapies. 5 - 8 Moreover, IL-2 administered after A S C T can induce a 
syndrome consistent with G V H D 9 and, therefore, might induce or augment a G V L 
effect. This paper summarizes some of our results from the laboratory and from 
phase I and II trials that have recently led us to initiate prospectively randomized 
phase III cl inical trials of IL-2 versus no IL-2 after A S C T for patients at high risk 
for relapse of non-Hodgkin's lymphoma ( N H L ) and A M L . 

MATERIALS AND METHODS 

These are detailed i n previous pub l i ca t ions . 9 - ' 5 

RESULTS 

Sequence of studies 
Ideally, immunotherapy should be administered a) early enough after A S C T 

before the malignancy is l ike ly to recur, b) late enough for the patient to have 
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recovered from the toxicities of the conditioning regimen and c) late enough for 
IL-2-responsive lymphocytes to have been reconstituted so that the patient would 
have the capability of responding to exogenous I L - 2 . Accordingly , our sequence 
of studies was as follows: a) the reconstitution of IL-2-responsive lymphocytes 
after A S C T , b) a phase I trial of I L - 2 (provided by Hoffman-LaRoche) 
administered early after A S C T , c) a trial to determine the feasibility o f generating 
and infusing autologous L A K cells in the context of the M T D of I L - 2 identified, 
d) another phase I/II trial o f I L - 2 provided by Chi ron Therapeutics and e) phase 
III trials of I L - 2 versus observation after A S C T for hematologic malignancies. 

Reconstitution of IL-2-responsive lymphocytes 
Responsiveness o f lymphocytes to I L - 2 was assessed by incubating them with 

I L - 2 in vitro for 5 days, then measuring their ability to lyse the NK-resistant 
Daudi tumor cel l line. Such L A K precursor activity was detected in the peripheral 
blood of patients as early as 2 weeks after transplantation of autologous mar row, 1 2 

or peripheral blood stem ce l l s , 1 4 suggesting that patients would be capable of 
responding to i n v ivo IL-2 as early as that. 

Phase I trial of Roche IL-2 after ABMT13 

Sixteen patients with hematologic malignancies underwent A B M T and 14 to 
91 (median 33) days later received a course of I L - 2 . The el igibi l i ty criteria for 
initiation of I L - 2 therapy included a neutrophil count >500/mm 3 , platelet count > 
20,000/mm 3 wi th no more than 1 transfusion per day, adequate renal, hepatic, 
pulmonary and cardiac function, and absence of infection off antibiotic therapy. 
Cohorts of patients received 0.3 to 4.5 X10 6 Roche U7m 2/day by continuous 
intravenous infusion ( C I V ) on days 1 to 5 of the I L - 2 protocol. After a 6-day rest 
period, a l ow dose o f maintenance I L - 2 (3X10 5 Roche U/m 2 / day ) were 
administered by C I V i n the outpatient c l in ic on days 12 to 21. The toxicities were 
the same as those associated with I L - 2 in n o n - B M T settings and included fever, 
nausea, diarrhea, rash and f luid retention secondary to the vascular leak 
syndrome. The dose-limiting toxicities were hypotension and thrombocytopenia. 
A l l toxicities were rapidly reversible by decreasing or stopping I L - 2 . A marked 
rebound lymphocytosis was observed at the end of induction I L - 2 and reflected 
primarily a marked increase in C D 3 + C D 8 + T-cells , as wel l as C D 3 - C D 5 6 + 

lymphocytes—the latter being associated with activated N K cells. 

Feasibility trial of IL-2 plus LAK cells11 

Patients who received the M T D induction I L - 2 underwent leukapheresis at the 
time of maximum lymphocytosis, i.e., on days 7 to 9 after I L - 2 was initiated. 
Their cells were incubated for 5 days in I L - 2 and reinfused on days 12 to 14, wi th 
a concurrent outpatient maintenance dose of I L - 2 (as established above) on days 
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12 to 21. A total of 21 patients received a median total of 1.4X10" cells , which 
were predominantly C D 3 + C D 8 + and C D 3 - C D 5 6 + and exhibited potent L A K 
activity in vitro. However , L A K cell infusions were associated with additional 
toxicities in the form of fever, chil ls and dyspnea, with more severe thrombocy
topenia during pheresis, especially in patients with A M L . 1 0 The additional side 
effects coupled with the additional hospitalization and expense led us to 
discontinue L A K ce l l generation and infusion in a l l subsequent patients. 

Clinical outcomes of therapy with IL-2 + LAK cells after ABMT 
The overall results obtained on 22 patients with malignant lymphoma 1 1 compare 

favorably with results obtained in historical controls without IL-2 at our institution. 

However, particularly encouraging results were obtained i n 17 patients who 
underwent A B M T for A M L beyond first C R , followed by IL-2 (12 patients) or I L -
2 + L A K cells (5 p a t i e n t s ) . 1 0 1 6 1 7 Their median age was 39, the median duration of 
their C R 1 was 12 months (range 5 to 37); 8 patients received marrow purged with 
4 H C while 9 received unpurged marrow. A t the time of A B M T 11 patients were in 
relapse 1, 3 in C R 2 and 3 beyond C R 2 . I L - 2 therapy was begun a median of 54 
days after A B M T (range 21 to 91). The conditioning regimen was busulfan, 
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Table 1. IL-2 regimen 

IL-2 Rx day* IL-2 dose 
1-4 9X106 IU/m2/day (as inpatient) 
5-8 rest (as outpatient) 
9-18 1.6X 106 IU/m2/day (as outpatient) 

*"Day" refers to day of IL-2 protocol, not to day after ASCT. 

Cytoxan and T B I in 13 patients, and busulfan and Cytoxan in 4. Detailed cl inical 
characteristics 1 0 and preliminary results have been r e p o r t e d . 1 0 1 6 1 7 Updated results 
are depicted i n Figure 1. O f the 17 patients treated, 1 died of Pseudomonas cepacae 
sepsis, 6 relapsed (5 at 4 to 10 months and 1 at 32 months), while 10 remain in 
continuous C R for a minimum of over 4 years, a maximum of 7.6 and a median of 
6.5 years. These results on this small heterogeneous group of patients compare 
rather favorably with results reported from this institution as wel l as those reported 
from others with autologous A B M T for A M L beyond C R 1 . 4 Indeed, these results 
are better than those that have been reported i n similar patients after allogeneic 
B M T . The results stimulated the design of phase III trials. 

Phase l/ll trial of Chiron IL-2 after ASCT for hematologic malignancies 
Before a phase III trial could be initiated, however, Roche I L - 2 become 

unavailable. A phase I/II trial was, therefore, performed to identify an equitoxic 
regimen of I L - 2 (provided by Chi ron Therapeutics), and to gain experience with 
it prior to embarking on a phase III trial. Between November 1992 and A p r i l 
1995, 67 patients with a median age of 44 (range 1 to 63) were treated with high-
dose chemotherapy with or without fractionated T B I plus an infusion of 
autologous stem cells from peripheral blood ( P B , 34 patients), bone marrow ( B M , 
23) or P B plus B M (n=10), fol lowed by I L - 2 therapy. Thirty-one patients were 
treated for N H L , 17 for A M L , 8 for Hodgkin ' s disease, 6 for multiple myeloma 
and 5 for A L L . A brief summary of the regimen and the data has been published 
as an abstract, 1 8 while detailed results o f the I L - 2 regimen, the c l in ica l character
istics of these patients and their c l in ical outcomes are in press. 1 5 A phase I trial 
identified the M T D of induction I L - 2 in this post-transplant setting as 9 X 1 0 6 

I U / M 2 / d X 4 d , a l l administered by C I V as an inpatient. This was fol lowed by 4 
days of rest outside the hospital and 1 . 6 X 1 0 6 I U / M 2 / d X 1 0 d of self-administered 
maintenance I L - 2 by C I V as an outpatient. A l l patients received only a single 
cycle of the I L - 2 regimen presented in Table 1. 

Toxicities'5 

In the phase II study, 52 patients who underwent A S C T for hematologic 
malignancies and met the el igibi l i ty criteria for I L - 2 received a single cycle of the 
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I L - 2 regimen shown in Table 1. The principal toxicities of induction I L - 2 
consisted of fever, malaise, fatigue, rash, capillary leak syndrome with weight 
gain, and m i l d and reversible hypotension responsive to I V fluids, and bacteremia 
in 10%. There were 2 treatment-related deaths, both in A M L patients wi th 
pulmonary complications: 1 patient with a prior history of Hodgkin ' s disease 
treated with mantle radiation died of A R D S , and 1 died of C M V pneumonia 53 
days after A S C T . Al though al l patients on the phase II trial received prophylactic 
antibiotics, 5 st i l l developed bacteremia—4 wi th coagulase negative staphylo
coccal species, and 1 with J K diphtheroides, which resolved. 

The c l in ica l toxicities associated with maintenance therapy were primari ly 
fatigue and malaise. In addition, 6 patients developed hypotension, which 
responded to I V fluids, 25% of patients had fever, and 4 patients developed 
bacteremia—3 gram positive and 1 gram negative. 

Hematologic and immunomodulatory effects15 

In 21 patients whose median pre-IL-2 platelet count had been 40,000, the 
platelet count fell to 20,000 or less, while among the rest of the patients whose 
pre-IL-2 count had been 118,000, no platelet counts below 50,000 were observed. 
A l l platelet counts recovered totally by the end of maintenance therapy. 

Lymphocytosis was observed after induction IL-2 (median 5300 versus 1200 before 
IL-2 therapy was begun). It reflected a significant rise in the number of cells expressing 
C D 3 , C D 8 , C D 5 6 and P75 and was associated with very vigorous lytic anti-tumor 
activity by P B L from all 18 patients tested, without any exposure to IL-2 in vitro. 

Clinical outcomes15 

The most interesting c l in ical outcome results in the phase II trial are the 
relatively poor results obtained in A M L and the relatively good results obtained 
in N H L . O f 16 patients treated for A M L (all but 2 beyond C R 1 ) , one (with prior 
Hodgkin ' s disease) died due to treatment, one died in C R of interstitial 
pneumonitis at 11 months, one died in C R at 7 months with pulmonary compl i 
cations of unknown cause, nine relapsed, while 4 remain in C R at 12+ to 25+ 
months. These results are similar to those reported without I L - 2 . 4 However, the 
regimen and source of I L - 2 used in this trial was different from that used in the 
past, as was the stem cell source (only marrow in past trials versus largely 
peripheral blood or peripheral blood plus B M i n the present trial). The possibili ty 
that relapses of A M L might be more frequent after P B S C T than after marrow, as 
raised by some reports, 1 9- 2 0 might also explain or contribute to the discrepant 
results. However, the patient groups in the various trials were small , hetero
geneous and not necessarily c l in ica l ly comparable. 

A m o n g the 24 treated for N H L , of 11 low-grade N H L , three of w h o m were 
treated i n first relapse or C R 2 and eight beyond C R 2 , 4 relapsed whi le seven 
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remain i n continuous C R at 13+ to 37+ (median 20+) months; o f 13 patients 
wi th intermediate or high-grade N H L , nine of w h o m were treated i n first 
relapse or C R 2 and four beyond C R 2 , six relapsed and seven remain i n 
continuous C R at 12+ to 26+ (median 22+) months. A l though conclusions 
about the efficacy of this approach cannot be drawn from this study on a smal l 
and heterogeneous group of patients, the experience wi th this regimen of I L - 2 
and the results obtained have been sufficiently encouraging to lead us to initiate 
two prospectively randomized phase III trials to test the hypothesis that I L - 2 , 
administered at a time of min ima l residual disease, w i l l reduce the relapse rate 
and improve overal l survival . 

A phase III trial of I L - 2 versus observation after A S C T for A M L in R e l l or 
C R 2 , i.e., S W O G 9328, was initiated but turned out to be not feasible, largely 
because harvesting and storing stem cells in C R 1 , then carefully fo l lowing 
patients for relapse, and then to have a transplant bed available was logistically 
complex for referring physicians and for many transplant centers. For patients i n 
relapse, too little time was available, while attempts to induce a C R 2 are often 
unsuccessful. Therefore, accrual to this study was poor and the trial was closed. 
The possibility of a different protocol for A M L is being considered. 
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A phase III trial of IL-2 versus observation after P B S C T for N H L in relapse, 
i.e., S W O G 9438, was initiated in mid-1995. The design is outlined in Figure 2. 
The I L - 2 regimen is the one shown in Table 1. There w i l l be stratification for 
intermediate and high-grade versus low-grade disease, and for chemotherapy 
sensitive versus resistant disease. The endpoints of the study w i l l be overall 
survival and disease-free survival. The goal is to detect an increase in overall 
survival from an estimated 40% without I L - 2 to 54% with I L - 2 in randomized 
patients (power >80%, p<0.05). It is calculated that 206 patients w i l l have to be 
randomized and, therefore, that 275 patients w i l l have to be transplanted. To date 
approximately 100 patients have been entered onto the study from 25 S W O G 
transplant centers. 

DISCUSSION 

If I L - 2 turns out to be detectably effective as consolidative immunotherapy, 
the results w i l l have major implications for B M T , and, by providing proof of 
principle, might stimulate the wider application of this approach to other marrow 
transplant settings, as wel l as to the treatment of other hematologic malignancies 
without B M T . For example, this same I L - 2 regimen is already being tested after 
autologous P B S C T for a variety of hematologic malignancies as a single-armed 
study by Massumoto in B r a z i l (C . Massumoto, personal communication), and 
after autologous P B S C T for A M L i n first C R in a single-armed pilot trial at the 
C i ty of Hope (S. Forman, personal communication). In addition, the Chi ldren 's 
Cancer Study Group has just completed a pilot trial of this I L - 2 regimen for 
children wi th A M L in C R 1 — i n a nontransplant setting with little toxicity (Eric 
Sievers, personal communication), and has just embarked on a phase III trial o f 
this I L - 2 regimen versus no I L - 2 in children with A M L in C R 1 (Stephen Fe ig , 
personal communication). 
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ABSTRACT 

A graft-versus-leukemia ( G V L ) effect can prevent and treat relapse i n 
chronic myelogenous leukemia ( C M L ) after allogeneic marrow transplantation, 
but the possibil i ty of inducing a similar effect i n the autologous setting is 
unknown. One type of lymphocyte that may contribute to this effect is the 
natural k i l l e r ( N K ) ce l l , which , fo l lowing activation with interleukin-2 (IL-2) , 
exhibits a broad range of cytolyt ic activity against tumor targets. Al though 
autologous transplant can induce complete remissions i n patients w i t h 
lymphoma, advanced breast cancer and C M L , nearly 50, 80 and 100%, respec
tively, w i l l ultimately relapse. W e propose that IL-2-activated N K ( A N K ) cells 
may be efficacious in preventing relapse after autologous transplantation. In 
support of this, i n vitro studies suggest that A N K cells, but not IL-2-act ivated 
C D 4 + or C D 8 + T cells, mediate lyt ic activity against lymphoma and breast 
cancer ce l l lines. For C M L , we evaluated the effect o f autologous A N K cells on 
normal and malignant primary progenitors i n a long-term bone marrow culture 
assay. Autologous A N K cells d id not suppress normal committed and pr imit ive 
progenitors. In contrast, autologous A N K cells from C M L patients wi th potent 
cytotoxicity against NK-sens i t ive (K562) and NK-resis tant (Raji) tumor targets 
exhibited an A N K dose-dependent suppression of both committed and pr imit ive 
progenitors. A N K suppression of primary C M L progenitors was not mediated 
by soluble factors and was absolutely dependent on direct ce l l -ce l l contact. 
Based on these precl inical data, c l in ica l trials have been initiated using l o w -
dose, outpatient subcutaneous I L - 2 therapy after recovery from autologous 
transplantation. A phase I study using subcutaneous I L - 2 has been completed 
and no medical ly serious toxici ty was observed. Al though this approach is 
relatively safe, several studies suggest that maximal i n v i v o immune activation 
measured by i n vitro assays cannot be achieved by these doses of subcutaneous 
I L - 2 alone. Therefore, current and future trials w i l l focus on ex v i v o ce l l 
manipulations to further activate immune effectors. 

587 
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INTRODUCTION 

Allogeneic bone marrow transplantation ( a l l o B M T ) results in an approximately 
40-60% disease-free survival (DFS) in patients with acute or chronic leukemias 
and myelodysplastic syndromes. The effectiveness of a l l o B M T depends in part on 
ablation of the malignant clone with a preparative regimen and reinfusion of benign 
stem cells to restore normal hematopoiesis. However, it is now wel l established that 
the success of allogeneic transplantation is in part mediated by a graft-versus-
leukemia ( G V L ) effect induced by donor-derived T lymphocytes or natural ki l ler 
( N K ) cells. The G V L effect is usually associated with acute and/or chronic graft-
versus-host disease ( G V H D ) , wh ich is also mediated by donor-derived 
lymphocytes. In patients with leukemia there is a statistically significant correlation 
between the occurrence of acute G V H D and freedom from relapse. 1 - 3 

A G V L effect has also been demonstrated for lymphoma. 4 However, its role in 
breast cancer and other solid tumors is uncertain. Immune activation can be 
obtained in the autologous setting [cyclosporine withdrawal, 5 I L - 2 , 6 I L - 1 , 7 etc.], yet 
it is not known whether this immune activation correlates with an anti-tumor effect. 
The main advantage of autologous cellular immunotherapy is that there are no 
allogeneic differences since the patients themselves serve as the cell donors. 
Therefore, morbidity and mortality from G V H D and other complications due to 
allogeneic disparity can be avoided. The goal of immunotherapy after autologous 
transplantation is to safely induce lymphocyte activation and establish the efficacy 
of this therapy in a minimal residual disease setting. 

Chronic myelogenous leukemia (CML) as a model to study immunotherapy 
C M L is a lethal, malignant disease of the hematopoietic stem cel l . Mar row 

transplant therapy using hematopoietic cells obtained from either related or 
unrelated donors can result in prolonged D F S and may be curat ive. 8 - 1 ' The success 
of a l l o B M T for C M L is in part derived from an immunologic disparity between the 
host and recipient that results in a G V L effect. Probably the best evidence in 
support o f this immune antileukemia effect is demonstrated by the four- to five-fold 
increase in 2-year relapse rates for patients receiving lymphocyte-depleted donor 
grafts.1-3 Addi t ional results from patients receiving syngeneic transplantation 
where there is no immunologic disparity supports the hypothesis that residual 
leukemic clones after transplantation are suppressed or ablated by an immune 
response. 1 2 The mechanisms of this response are not yet known but may involve 
effectors such as cytotoxic T- lymphocy tes , 1 3 1 4 N K c e l l s 1 5 1 6 or lymphokine-
activated ki l ler ce l l s . 1 7 

Several therapeutic approaches to induce a G V L effect have been successfully 
applied in patients who relapse after allogeneic transplantation. 1 8 1 9 Higano et a l . 1 8  

treated relapsed patients with interferon-a, which controlled elevated leukocyte 
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counts in a l l cases and seven of 18 patients achieved complete cytogenetic 
remission. However, seven patients achieved only partial or no cytogenetic 
remission. Despite the possible benefit i n some patients, four of the 18 patients i n 
this series eventually progressed to accelerated disease or blast crisis while on 
therapy. Alternative approaches using donor leukocyte infusions have been more 
promising. There has now been a large cl inical experience, including our own at 
the University of Minnesota, showing that infusion of donor leukocytes can return 
a patient in relapse to donor-derived Ph-negative hematopoiesis without cytotoxic 
therapy. 2 0 - 2 2 Taken together, these data strongly implicate an antileukemic effect of 
the immune system in C M L . 

CML disease progression correlates with NK functional defects 
Human N K cells are a subset of peripheral blood mononuclear cells that express 

the C D 5 6 + / C D 3 " phenotype and have the appearance of large granular 
lymphocytes. These cells have highly specialized functions associated with the 
recognition and destruction of infected or viral tumor targets . 2 3 - 2 9 Over the past 
several decades, research has focused on ways to manipulate these functions for 
therapeutic benefit. Several recombinant IL-2-activated ki l ler cel l populations 
generated in humans and animals are cytolytic for either fresh or cultured tumor 
targets both in vitro and in vivo. The lytic activity i n these populations resides 
predominantly in activated N K ce l l s . 3 0 ' 3 1 Selective depletion of rat N K cells i n v ivo 
abolishes the antitumor effect against subsequently inoculated tumor, supporting a 
role for N K cells in immune surveillance. 3 2 

W e have been interested in the role of expanded and highly activated N K cells 
in C M L . Based on a previously described method that depends on the propensity 
of activated N K cells to adhere tightly to plastic i n the presence of I L - 2 (adherent 
lymphokine-activated k i l le r cells [ A - L A K ] ) , we evaluated peripheral blood 
mononuclear cells from C M L patients for their ability to support activated N K cell 
generation. 1 6- 2 5 The CD56+/CD3- N K phenotype was present on 79 ± 9% of C M L 
A - L A K after the 14-day culture period. These cells had high proliferative activity 
and exhibited potent cytotoxic activity against both NK-sensi t ive and NK-resistant 
targets when derived from patients in chronic phase of C M L . Cytogenetic 
evaluation of the CML-ac t iva ted N K cel l population revealed that 119/120 
metaphases were Philadelphia chromosome negative. In seven cases, Southern blot 
analysis failed to demonstrate a BCR-ABL gene rearrangement in N K cells even 
though the myeloid population contained the BCR-ABL gene rearrangement, 
suggesting that these cells are not derived from the malignant clone. 

C M L is usually diagnosed in chronic phase with eventual progression to 
accelerated phase, then to blast crisis. The mechanism of this progression is 
unknown, but correlation with immune function may be involved. Although 
different methods of obtaining NK-enr iched populations have been utilized, few 
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Figure 1. Circulating NK cells diminish in the blood of CML patients as their disease 
progresses. Peripheral blood mononuclear cells were enriched by immunomagnetic bead 
depletion to remove contaminating myeloid cells, B cells and T-lymphocytes.35 The per
cent NK cells was determined by the CD56+/CD3~ population compared to results with 
isotype control antibodies. The absolute circulating NK cells was calculated and expressed 
per mL of peripheral blood processed from normal donors, early chronic phase (ECP) 
CML patients, late chronic phase or accelerated phase (LCP/AP) CML patients or 
patients in blast crisis (BC). 

have used pure N K starting populations. Therefore, definitive conclusions cannot be 
made about N K activity and proliferative capacity in the absence of contaminating 
malignant cells. To avoid these confounding variables, FACS-pur i f i ed C D 5 6 + / C D 3 ~ 
N K cells with a well-defined nonmalignant accessory cell source ( M 2 - 1 0 B 4 3 3 ' 3 4 ) 
were used to further investigate N K in patients with C M L . 3 5 

Patients with C M L have reduced numbers of both circulating bulk C D 5 6 + / C D 3 " 
N K and the highly proliferative C D 5 6 + b n g h t N K subset (data not shown) compared 
with normal controls (Figure 1). C M L N K cells also demonstrate specific 
abnormalities in N K responses to contact and soluble stimuli. W e demonstrated that 
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Figure 2. NK cells from CML patients exhibit progressive proliferative defects as their 
disease progresses. FACS purified CD56VCD3' NK (1 Xl05)were cocultured in 1 mL 
medium in 24-well plates in direct contact with irradiated M2-10B4 (a murine fibrob
last stromal cell line) as described.35 At day 7, culture volumes were doubled to 2.0 mL 
and subsequently half medium changes were performed every 34 days. Contents of cul
ture wells were split 1:2 as needed to maintain cell concentrations below 2-3 XlO6 

cells/mL. Cultures were terminated after 28 days and cells were enumerated with a hema
cytometer. NK-fold expansion was determined as (total cultured cells at day of har
vest)/(initial NK cells plated at day 0). 

the bulk C D 5 6 V C D 3 " population (Figure 2) and the C D 5 6 + b r i s h t N K subset lose their 

ability to expand in response to contact and soluble factors as C M L progresses. A 

detailed evaluation was also done using a l imiting dilution assay to assess N K 

clonogenic frequency and proliferation per cell of the main N K subsets: C D 5 6 + b r i g h t 

and C D 5 6 + d i m N K . Even though clonogenic frequency of the C D 5 6 + b r i s h t and 

rjj356+dim N K fraction remains unchanged from normal controls compared with the 

N K population from C M L patients in early chronic phase (ECP) , four significant 

therapy-independent defects could be observed: 1) the absolute number of 
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circulating N K cells is reduced; 2) the absolute number of C D 5 6 + b n g h t N K cells is 
reduced; 3) bulk N K cell expansion is reduced; and 4) proliferation per N K cell in 
all N K subsets is reduced. 3 5 Taken together, these data suggest that modulation of 
the N K compartment begins early in C M L and becomes more pronounced as 
disease progresses. Further investigation of these defects may illuminate the 
mechanism by which C M L gradually escapes from immune control. 

In vitro IL-2 corrects NK cytotoxic defects in patients with CML 
Whi le several laboratories have reported decreased N K function in patients with 

C M L , the potential for dilution of N K activity by the vast myeloid compartment 
has confounded the results and it is unclear whether N K cells are inherently less 
active or just diminished in number. W e utilized freshly purified C D 5 6 + / C D 3 _ N K 
cells in standard chromium release assays against K 5 6 2 tumor targets to address 
this question. Even purified resting N K cells, utilized to correct for differences in 
circulating N K cel l number, demonstrate a significant decrease in cytolytic activity 
in early chronic phase and late chronic phase or accelerated phase patients and 
nearly complete loss of cytolytic function in patients with blast crisis. Analysis of 
resting N K function by prior cytotoxic therapy demonstrated that N K cells from 
patients "off hydroxyurea" were not different from normal controls. In contrast, 
patients "on hydroxyurea" or after "extensive therapy" exhibited significantly 
reduced function. However, short-term (18 hours) incubation with high-dose IL-2 
restores cytotoxic activity to normal levels in both the "on hydroxyurea" and 
"extensive therapy" groups, demonstrating a reversible defect in N K function that 
may be of therapeutic value. 3 5 

In vitro models of immunotherapy in CML 
Restoring or enhancing N K function in patients with C M L by infusion of 

autologous activated N K cells or purging of leukemic bone marrow cells by ex 
v ivo treatment would only have importance i f coexisting, benign hematopoietic 
progenitors are spared. To test this hypothesis, experiments were performed using 
autologous activated N K cells and highly purified C D 3 4 positive progenitors from 
C M L patients in chronic phase and normal donors. Previously, studying the effect 
of A N K on C M L primitive progenitors in vitro has been problematic because 
these cytotoxic effectors rapidly k i l l marrow stroma and thus cannot be added to 
classic "Dexter" type long-term marrow cultures. The destruction of stroma is 
mediated by direct N K cel l contact with stromal components and not by 
interleukin-2 alone. 3 6 Furthermore, addition of A N K to long-term cultures that 
contain hydrocortisone results in inhibit ion of A N K function. 3 7 T o overcome these 
technical problems, a "stroma noncontact culture" described by our group 3 8 was 
modified to test the role of autologous IL-2-activated N K cells on C M L and 
normal progenitors (Figure 3). 
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STEELS L X C I C 

Figure 3. Autologous activated NK cell co-incubation in long-term culture. 
Confluent, irradiated (6000 cGy) M2-10B4 monolayers were established in the bot
tom of24-well plates (Step 1). A collagen treated Transwell insert is placed above the 
stromal layer and FACS sorted progenitors are placed in the Transwell insert in long-
term bone marrow culture (LTBMC) medium (Step 2). After 14 days, LTBMC medi
um containing hydrocortisone (HC) was removed from the Transwell insert without 
loss of progenitor cells by capillary drainage induced by touching the bottom of the 
Transwell membrane to a piece of sterile gauze. LTBMC medium without HC sup
plemented with 1000 U/mL IL-2 was added to the bottom well and ANK in the same 
medium were added to the Transwell insert at the indicated effector-to-target ratio 
based on the number of progenitors inoculated on day zero (Step 3). After 48 hours, 
the medium was removed from the Transwell insert, replaced with standard LTBMC 
medium containing hydrocortisone and the Transwell insert was then placed on afresh 
stromal layer containing the same medium (Step 4). Long-term culture-initiating cells 
(LTC-IC) were assayed in stroma noncontact culture with weekly half medium 
changes as previously described (Step 5).37'38 
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After a 48-hour preincubation, coculture of normal C D 3 4 + cells with autologous 
A N K did not affect the numbers of colony forming cells ( C F C ) (data not shown) 
or long term culture-initiating cells ( L T C - I C ) (Figure 4) at any of the effector-to-
target ratios tested. In marked contrast, when A N K from C M L patients, which 
exhibited significant k i l l ing of K 5 6 2 and Raji tumor target cells, were incubated 
with C D 3 4 positive, H L A - D R positive cells, a dose-dependent suppression of the 
growth of both C F C (data not shown) and L T C - I C (Figure 4) was observed. 3 7 

Effector populations that failed to lyse the Raji cel l line also failed to suppress the 
growth of autologous C M L progenitors. This inhibitory effect of A N K on C M L 
progenitors was dependent on direct NK-progenitor contact. The role of soluble 
factors in this inhibition appears to be minimal since A N K supernatants failed to 
inhibit progenitors and neutralizing antibodies against interferon-v, TNF-ot or 
T G F - P failed to block the inhibitory effect of A N K on malignant progenitors. This 
model offers advantages to other preclinical studies, specifically, the use of primary 
tumor cells rather than cell lines. 

Safety of subcutaneous IL-2 therapy after autologous transplantation 
The above review of some of the laboratory and cl inical data in C M L supports 

the notion of testing immunotherapy in the autologous setting. These data suggest 
that immune activation of N K cells sufficient to lyse the NK-resistant Raji target 
w i l l also suppress autologous primary C M L progenitors and may be of therapeutic 
benefit. In breast cancer and lymphoma, there are less data with primary cells given 
the difficulty of obtaining primary tissue and technical problems with reliable 
k i l l ing assays. A s an alternative, we have performed in vitro studies that 
demonstrate that IL-2 activated N K cells, but not resting N K or IL-2 activated 
C D 4 + or C D 8 + T cells, mediate lytic activity against three lymphoma and five 
breast cancer cell lines. C l in i ca l trials at the University of Minnesota are now 
focusing on safe methods of immune activation that can be applied after autologous 
transplantation and delivered on an outpatient basis. 

Patients were eligible for IL-2 between 30 and 180 days post-transplant after 
engraftment defined as independence from transfusion support and growth factors 
with a platelet count greater than 50,000/uL, hemoglobin greater than 9 gm/dL and 
absolute neutrophil count greater than 1000/uL. Patients were required to have 
adequate organ function (creatinine <1.5 mg/dL, l iver function tests <2 times 
normal, pulmonary function tests >60% of predicted, no evidence of cardiac 
disease). A l l patients were free of active infection, off I V antibiotics and tolerating 
oral intake. Those patients with planned post-transplant radiation must have 
completed therapy and patients on any immunosuppression medications (steroids) 
were not eligible for IL -2 . IL-2 was manufactured and provided by Amgen Inc. 
(Thousand Oaks, C A ) as R-met H u I L - 2 (ala-125) in a buffered aqueous excipient 
at a protein concentration of 0.4 mg /mL with a specific activity of 4.3 to 10.3X 10 6 
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Figure 4. Autologous activated NK cells suppress malignant progenitors but not benign 
progenitors. Activated NK cells were incubated with normal CD34+ (closed circles) or 
CML CD34*/DR* progenitors (open symbols) cultured for 14 days in stroma noncon-
tact culture as described in Figure 3. ANK were added to autologous progenitors in medi
um without hydrocortisone and with IL-2 for 48 hours. To evaluate the effect of ANK 
on LTC-IC, LTBMC medium (+HC-IL-2) was added after the 48-hour incubation and 
maintained for 5 weeks and then evaluated for the number of secondary CFC. LTC-IC 
were analyzed in an autologous setting from normal donors (closed circles, n=6) and 
CML patients with good ANK function (open circles, n=8). CML ANK with good func
tion significantly suppressed autologous L TC-IC at all effector-to-target ratios (p=<0.001 
for each E:T ratio) compared with normal ANK and autologous progenitors.37 

U / m g protein according to specific lot. They were told to inject IL-2 i n the early 
evening after premedication with oral acetaminophen (650 mg), Benadryl (25-50 
mg) and ibuprofen (200-400 mg) and to time injections such that a second dose of 
medication could be given before going to sleep. Depending on the degree of 
constitutional symptoms, patients were instructed on how to adjust these 
medications to individual comfort and tolerance. 

Eleven évaluable patients (five lymphoma, six breast cancer) were enrolled on 
a phase I dose escalation study after autologous transplantation (median day + 94, 
range 50-166). IL-2 (Amgen) was self-administered subcutaneously at 0.25 X 1 0 6 

(n=5) or 0.5 X 1 0 6 (n=6) U / m 2 daily for 84 consecutive days. The best-tolerated 
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Figure 5. Subcutaneous IL-2 after autologous transplantation expands NK cell 
number and function in vivo. A representative patient with lymphoma was started on sub
cutaneous IL-2 after recovery from autologous transplantation. IL-2 (0.5X106 U/m2/day) 
was self-administered daily for 84 consecutive days. Peripheral blood lymphocytes were 
analyzed every 14 days for CD56*/CD3~ NK and CD3* T-lymphocytes and are present
ed as percent of total lymphocytes (A). Cytotoxicity in a 4-hour chromium release assay 
of peripheral blood mononuclear cells obtained after density centrifugation against the 
NK-resistant Raji target is shown pre-IL-2 and after 28 and 56 days of IL-2 therapy with
out further in vivo activation (B). 

dose was 0.25 X 1 0 6 U / m 2 (78% of planned doses given versus 56% at the higher 
dose). Dose-limiting toxicity occurred in six patients (2 a t 0 . 2 5 X 1 0 6 , 4 at 0 . 5 X 1 0 6 ) . 
Four o f the six toxicities were hematologic (three thrombocytopenia, one m i l d 
neutropenia). Despite this toxicity, a l l symptoms resolved within a week off I L - 2 . 
N o patient required hospitalization for toxicity related to I L - 2 . 

L o w dose subcutaneous I L - 2 was safely administered to patients after 
intensive therapy wi th autologous transplant in the outpatient setting. This 
therapy consistently gave local skin reactions at the injection site and constitu
tional symptoms including fatigue, malaise, sweats and fever. These constitu
tional symptoms were dose-l imiting in two patients (both receiving the higher 
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I L - 2 dose). A l l constitutional symptoms resolved wi th in one week off therapy i n 
a l l patients. Al though one patient required hospitalization for treatment of 
herpes zoster, no other patients required hospitalization during the study period. 
N o patient developed weight gain or evidence of the vascular leak syndrome. 3 9 

L i v e r function tests, coagulation studies, renal function and pulmonary and 
cardiac function were not notably affected by I L - 2 . Patients who met e l ig ib i l i ty 
for I L - 2 wi th a platelet count below 80,000 developed thrombocytopenia on I L -
2. This thrombocytopenia resolved by stopping the drug and no patient's platelet 
count dropped below 20,000 requiring platelet transfusions. 

Immune activation with subcutaneous IL-2 
IL-2 induces a lymphocytosis comprised mostly of C D 5 6 + / C D 3 " N K cells 

(Figure 5 A ) . Patients receiving at least 28 days of IL-2 exhibited a > 10-fold 
increment i n absolute circulating N K cells. This increase i n N K number 
corresponded to an increase in cytotoxic activity. Peripheral blood lymphocytes 
collected after 56 days of low dose subcutaneous I L - 2 k i l led better than at 28 days 
while there was virtually no cytolytic activity of blood lymphocytes prior to 
starting IL-2 (Figure 5B) . In addition to in v ivo expansion of N K cells, lyt ic 
function could be further enhanced against Raji (lymphoma) and M C F - 7 (breast 
cancer) by ex vivo activation in 1000 U / m L I L - 2 overnight. 

W e conclude that low dose subcutaneous I L - 2 based immunotherapy is feasible, 
relatively safe and able to be administered i n an outpatient setting. Furthermore, 
since in v ivo activation with subcutaneous I L - 2 alone is submaximal, we 
hypothesize that additional ex v ivo incubation i n I L - 2 may be used to generate N K 
cells with potent anti-tumor effects in v ivo. A t the University of Minnesota, ex v ivo 
activation and cell infusion is currently being tested to maximize N K function in an 
attempt to prevent relapse after autologous transplantation for lymphoma, breast 
cancer and C M L . 
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ABSTRACT 

Relapse of disease remains the most common cause of treatment failure after 
high-dose chemotherapy ( H D C T ) wi th autologous stem ce l l rescue. Post-
transplant immune therapy may be noncross-resistant wi th chemotherapy and is 
increasingly being evaluated for its ability to prevent recurrence. A syndrome 
similar to graft-versus-host disease ( G V H D ) can be induced i n rodents fo l lowing 
syngeneic transplant by treatment with cyclosporine A ( C s A ) . This syndrome is 
associated wi th the elaboration of cytotoxic T-lymphocytes, wh ich recognize the 
M H C Class II antigen on target cells and can be transferred into irradiated 
syngeneic recipients. Cytotoxici ty may be increased by upregulation of M H C 
Class II antigen on the target cells by treatment wi th interferon (IFN) or by 
expansion of the effector cells wi th interleukin-2 (IL-2). Further studies have 
indicated that this syndrome can be induced i n humans and is associated wi th the 
elaboration of autocytotoxic lymphocytes. Serial trials i n patients wi th resistant 
lymphoma suggest an improvement i n event-free and overall survival for patients 
treated wi th C s A and 7 - I F N (n=16) after high-dose therapy compared with 
historical controls (n=48). A lesser effect may be observed in similar patients 
treated wi th C s A and a - I F N (n=24). In a retrospective review of women with 
poor risk metastatic breast cancer treated on serial studies of high-dose therapy 
and induction of autologous G V H D , no impact o f C s A treatment has been noted 
on time to progression. However, i n vitro studies i n these patients indicate that 
lyt ic T-lymphocytes are being generated against autologous lymphoblasts and 
M H C Class II expressing breast cancer cells lines. This activity is greater i n 
patients who develop biopsy proven cutaneous G V H D than i n those who do not. 
C l i n i c a l antitumor activity against breast cancer may only be feasible i n less 
advanced disease (i.e., the adjuvant setting), or wi th amplification of lyt ic cells 
by agents such as I L - 2 , strategies that are currently under evaluation. T-
lymphocytes elaborated by autologous G V H D may specifically recognize a 
peptide from the Class II invariant chain termed " C L I P . " Pretreatment wi th anti-
human C L I P antibodies w i l l inhibit lysis by G V H D effector T-lymphocytes and 
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force loading C L I P onto tumor targets can increase lysis . Strategies for 
augmenting the anti-tumor activity of autologous G V H D v ia immunomodulation 
of C L I P are also currently under evaluation. 

INTRODUCTION 

High-dose chemotherapy ( H D C T ) with autologous stem cell rescue has an 
established role in the treatment of lymphomas and leukemias, and is the subject of 
ongoing clinical trials in select solid tumors, notably breast and ovarian cancer. 
Relapse remains the major cause of clinical failure, however, notably in patients with 
chemoinsensitive disease and particularly in women with metastatic breast cancer. It 
is clear that therapeutic strategies are required that w i l l augment the cytotoxic activity 
of H D C T with autologous stem cell support in these clinical situations.1 

Detailed cl inical research of allogeneic transplantation conducted over the past 
two decades has confirmed the importance of the immunologic antitumor effect 
associated with the evolution of graft-versus-host disease ( G V H D ) . 2 3 In addition, 
the capacity of donor T-lymphocytes to induce remissions in patients who have 
relapsed after allogeneic transplantation has been we l l documented. 4 This 
antitumor effect is lost in the context of autologous transplantation, which may at 
least partially account for the increased risk of recurrence associated with this 
therapy. The allogeneic graft-versus-tumor effect is clearly a potent one. 
Immunologic therapy administered after H D C T supported with autologous stem 
cells might also be capable of improving cl inical outcome. 

It has been reported that rodents treated wi th cyclosporine A for at least 30 
days fo l lowing syngeneic marrow transplantation w i l l develop a syndrome that 
c l in i ca l ly and his tological ly resembles acute G V H D . 5 This syndrome develops 
after discontinuation of C s A and its evolut ion is dependent on the dose and 
duration of therapy with C s A and is mediated by C D 4 + and C D 8 + T -
lymphocytes . 6 C s A - i n d u c e d autologous G V H D can be transferred by these T -
lymphocytes into syngeneic recipients who have received thymic irradiation. 
This fact has greatly facilitated the study of antitumor effects associated wi th 
the elaboration of autologous G V H D . A series of transfer experiments has 
indicated that there is an antitumor effect associated wi th the evolut ion of 
autologous G V H D and that this cytotoxici ty is directed i n a promiscuous 
fashion at cells that bear the M H C Class II or H L A - D R antigen. 7 This 
antitumor effect can be augmented in animal models by cotreatment wi th 
7-interferon, wh ich potently upregulates expression of M H C Class II antigens 
on target tissues. The addition of l ow dose I L - 2 also appears to augment the 
cytotoxic activity of C s A - i n d u c e d autologous G V H D against M H C Class II 
expressing C R L 1 6 6 2 cells in these rodent systems. C s A - i n d u c e d G V H D 
appears to result i n about 1-2 logs of tumor ce l l k i l l against C R L 1 6 6 2 cel ls , but 
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this can be increased by another 1-2 logs without major toxic i ty by co-
treatment wi th -/-interferon and I L - 2 . 

These laboratory data have prompted the investigation of C s A induced G V H D in 
patients with a variety of malignancies undergoing H D C T with autologous stem cell 
rescue. It has been reported previously in an initial phase I study that C s A 
administered at a dose of 1 mg/kg daily for 28 days produced biopsy-proven grade II 
G V H D of the skin with a characteristic rash in 5 patients with resistant lymphoma 
undergoing autologous B M T . 8 There was no evidence of visceral or chronic G V H D 
in any patient on this initial study. G V H D resolved spontaneously or with corticos
teroids within 3 weeks of its first appearance. Autoreactive lymphocytes were 
detected in patients treated on this initial study and produced lytic activity against 
pretransplant lymphoblasts which was M H C Class II restricted. 

A proportion of breast cancer cells also bear the M H C Class II antigen and may 
be a target for any anti-tumor activity associated with the induction of G V H D by 
C s A . In an initial phase I study it was determined that higher doses of C s A were 
required to reproducibly cause biopsy-proven grade II G V H D i n patients with 
breast cancer. 9 A dose of 2.5 mg/kg/day produced biopsy evidence of grade II 
G V H D in more than 50% of patients with metastatic breast cancer when 
administered fol lowing an autologous B M T . The reasons for this difference are not 
clear, but may be due to more intact immunoregulatory mechanisms in patients 
with breast cancer, due to less exposure to prior chemotherapy. A s 7-interferon 
potently upregulates expression of M H C Class II antigens on breast cancer cel l 
lines, subsequent to this study, a phase I trial of 7-interferon to augment C s A -
induced G V H D was undertaken in a patient population with metastatic breast 
cancer. 7-interferon, 0.025 mg/M2/qod/s.c. days 7-28, was administered in 
conjunction with C s A 2.5 mg/kg/day days 0-28 i n 36 women with advanced breast 
cancer responding to therapy. The incidence of G V H D was similar to that seen 
with C s A alone at the same dose in the prior phase I study, but the intensity of the 
phenomenon appeared greater. 1 0 A n extensive rash occurred in over 30% of 
patients who were treated with C s A and 7-interferon, compared with only 3% of 
patients who received C s A alone. Cotreatment with C s A and with both a - and 7-
interferon has also been evaluated i n phase II studies i n patients wi th 
chemotherapy-resistant lymphoma and leukemia. Updated information on these 
studies and on studies of the impact of peripheral blood progenitor cel l support on 
the induction of G V H D by C s A w i l l be presented. 

CUNICAL STUDIES 

The possible impact of CsA-induced G V H D on time to relapse and death has 
been evaluated in a series of phase II trials i n patients with refractory aggressive 
hematopoietic malignancies, predominantly lymphoma. After a median follow-up 
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Figure 1. Disease-free survival (DFS) for patients with refractory aggressive hematopoi
etic malignancies treated on serial studies of high-dose therapy alone (0), or high-dose 
therapy followed by CsA and a-interferon (O) or CsA and y-interferon (O). 

of around 2 years the rate of relapse and death appears less in the 16 patients who 
were treated with C s A and 7-interferon when compared with 48 historical controls 
treated wi th autologous transplantation alone (Figure 1). Twenty-four patients who 
received C s A and a-interferon had an intermediate outcome. These encouraging 
preliminary results should be approached with caution due to the historical nature 
of the controls. In contradistinction to these data, a retrospective review of time to 
progression and survival for patients treated on 3 sequential trials o f A B M T for 
women with metastatic breast cancer has shown no impact of treatment with C s A 
or C s A and 7-interferon on time to progression or death after 5 years of follow-up 
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Figure 2. DFSfor women with sensitive metastatic breast cancer treated with HDCT 
alone (—) or HDCT followed by CsA and y-interferon (—). 

Table 1 A. Pretreatment of autologous PHA lymphoblasts with anti-human CLIP antibody 
inhibits lysis mediated by autologous GVHD effector T cells 

Percent specific lysis after pretreatment of target cells 
Prebleed IgG Anti-human CLIP IgG 

patient 1 45.2a 6.3 
patient 2 24.2 1.7 
patient 3 28.3 7.4 

Table 1B. CLIP loading increases lysis mediated by autologous GVHD effector T cells3 

Specific lysis after CLIP loading of target cells 
Concentration of CLIP 

0 1.0 uM 
patient 1 19.4b 43.6 
patient 2 16.2 32.3 

"Percent specific 51Cr release at a 30:1 effector.target ratio using lymphocytes harvested from each 
patient during autologous GVHD. 
bPHA lymphoblasts from each patient were preloaded with CLIP for 6 hours. 
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Figure 3. Elaboration of autocytotoxic activity with time following HDCT (with stem 
cell infusion on day -I) in 3 women with advanced breast cancer. CsA was administered 
days 0-28 and y-interferon days 7-28. 

(Figure 2). The volume of cancer present in women with metastatic breast cancer, 

and the variable level of expression of M H C Class II antigens in those tumors, may 

possibly explain the apparent lack of cl inical efficacy seen to date in women with 

breast cancer. Studies of G V H D induction in a high-risk adjuvant population, and 

trials evaluating the possible impact of IL-2 on G V H D induction in women with 

metastatic breast cancer, are currently underway. 

W e have also evaluated the impact of peripheral blood progenitor cel l ( P B P C ) 

infusions on the incidence of CsA- induced autologous G V H D in women 

undergoing H D C T for advanced breast cancer. P B P C contain large numbers of T-

lymphocytes and might inhibit the induction of autologous G V H D by C s A . In a 

cohort of 50 women with advanced breast cancer who were treated with C s A and 7-
interferon after identical H D C T and supported with P B P C or P B P C and bone 

marrow, the incidence of grade II G V H D on biopsy was 36%. This incidence is 

close to being statistically significantly lower than that seen with bone marrow alone 

in prior studies. Extent of prior therapy, numbers of T-lymphocytes in the P B P C 
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product infused or observer variation in the pathologic diagnosis of G V H D may al l 

contribute to this observed trend. These possibilities are currently being evaluated. 

LABORATORY STUDIES 

The mechanisms that account for the novel and promiscuous specificity of the 
autoreactive T cells o f autologous G V H D for the M H C Class II antigen are unclear. 
Preliminary data attempting to dissect the specificity of the effector T cells suggest 
that the promiscuous recognition of class II is due, in part, to recognition of a peptide 
from the class II invariant chain that regulates class U assembly and cell surface 
expression. This peptide, termed " C L I P " (Class II Invariant chain Peptide), has a 
supermotif for binding to virtually all class II molecules. Pretreatment of autologous 
lymphoblasts with anti-human C L I P antibody inhibits lysis mediated by autologous 
G V H D effector T cells (Table 1A). Conversely, preliminary data also suggest that 
force-loading o f C L I P w i l l increase expression o f C L I P on target cells and may 
result in a significant increase in lysis mediated by the syngeneic G V H D effector T 
cells (Table IB). Strategies to target C L I P as a mechanism for augmenting the 
antitumor activity of autologous G V H D are underway in the laboratory. 

W e have serially prospectively evaluated a l l patients with breast cancer 
undergoing treatment with C s A for the elaboration of T-lymphocytes cytotoxic to 
pretransplant lymphoblasts and to T 4 7 D breast cancer cells, which abundantly 
express the M H C Class II antigen. The evolution of lytic activity over the course 
of the 28 days post infusion o f stem cells during which C s A is administered is 
shown for 3 representative patients in Figure 3. Ly t i c activity tends to peak as 
marrow engraftment evolves around days 15-20 and then disappears as therapy 
ends. It is worth noting that maximal lytic activity is higher in patients who develop 
G V H D compared with those who do not for autologous targets (mean maximum 
activity: 18 versus 11%, p=0.03), and against T 4 7 D breast cancer cells (32 versus 
19%, p=0.004). These data suggest that lytic activity can be used as an intermediate 
endpoint, which w i l l facilitate study of methods for augmenting this strategy and 
for evaluating its c l in ical impact i n further studies. 

SUMMARY 

A syndrome that appears c l in i ca l ly ident ical to m i l d G V H D can be induced 
i n patients wi th a variety of malignancies after H D C T and autologous stem ce l l 
transplantation by the use of C s A . T- lymphocyte-media ted cytotoxic activity 
directed against cells that bear the M H C Class II antigen evolves wi th this 
c l in i ca l syndrome. -y-interferon, wh ich upregulates the M H C Class II antigen, 
appears to make this c l i n i ca l phenomenon more potent. C l i n i c a l studies i n 
patients wi th resistant hematopoietic cancers, predominantly lymphoma, 
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suggest an improvement in duration of remission and survival associated with 
this therapy when compared with historical controls. Analysis of serial studies 
of women with metastatic breast cancer, who had induction of G V H D by CsA 
after high-dose therapy, have shown no improvement in time to progression or 
survival. The elaboration of T-lymphocyte-mediated M H C Class II dependent 
lytic activity against autologous lymphoblasts and T47D breast cancer cell 
lines is associated with the evolution of this phenomenon. Studies of the 
augmentation of any antitumor activity which may be associated with the 
induction of autologous G V H D by cotreatment with IL-2 and the evaluation of 
this therapy in the adjuvant treatment of breast cancer are ongoing. 
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ABSTRACT 

The feasibility of inducing cytokine-mediated anti-tumor responses util izing 
recombinant human IL-2 (rIL-2) and particularly a combination of r IL-2 and 
recombinant alpha interferon (IFN) as wel l as induction of potent graft-versus-
leukemia ( G V L ) effects with allogeneic T cells in recipients of autologous bone 
marrow transplantation ( B M T ) was studied initially i n a murine model of human B -
cell leukemia/lymphoma ( B C L 1 ) . Allogeneic cell therapy (al loCT) induced by 
infusion with peripheral blood lymphocytes ( P B L ) , a mixture of allogeneic spleen 
and lymph node cells and allogeneic activated cell-therapy (a l loACT) induced by in 
vitro rIL-2-activated allogeneic bone marrow cells ( B M C ) in tumor-bearing mice, 
prevented disease development in adoptive B A L B / c recipients. Concomitant in v ivo 
activation of allogeneic lymphocytes with r IL-2 prevented even more effectively the 
development of leukemia in secondary adoptive recipients of spleen cells obtained 
from treated mice. In contrast, i n v ivo administration o f r H - 2 after syngeneic B M T 
wi th or without equal numbers o f syngeneic lymphocytes led to disease 
development in secondary recipients. In man too, tumor cells can be eliminated 
effectively by allogeneic lymphocytes similarly to the reactivity of allogeneic 
lymphocytes against allografts since both normal and malignant hematopoietic cells 
present host-type cell surface alloantigens equally wel l . Alloreactive potential o f 
donor lymphocytes may thus be used for allogeneic cell therapy (al loCT) even 
against tumor cells that are resistant to conventional or high dose chemoradio-
therapy. Fol lowing autologous B M or blood stem cel l transplantation (autoSCT) at 
the stage of minimal residual disease ( M R D ) where no further tumor cytoreduction 
can be accomplished by conventional modalities, a l loCT may represent an approach 
for ehmination of M R D . For a l loCT to be effective, host must be sufficiently 
immunosuppressed and donor lymphocytes sufficiently matched with the patient to 
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enable donor lymphocytes to react to residual tumor cells. Allogeneic interaction 
with normal host tissues may result in graft-versus-host disease ( G V H D ) which also 
frequently accompanies G V L effects fol lowing allogeneic B M T . The intensity of 
alloreactivity against tumor cells as well as against normal host tissues may be 
amplified by activation of donor-derived effector cells with rIL-2 given in vivo or in 
vitro activated donor lymphocytes or by combining both of the above. The intensity 
of alloreactivity, which may correspond to the frequency of host-reactive donor T 
lymphocytes, may also be affected by the degree of mismatching across minor and 
certainly major histocompatibility barriers. Thus, haploidentical donor lymphocytes 
may also be used effectively against tumor cells of host origin under conditions 
where G V H D can be prevented or adequately controlled. 

INTRODUCTION 

Allogeneic and autologous blood stem cells or bone marrow transplantation 
( B M T ) represent the treatment of choice for a large number of leukemias and 
lymphomas resistant to conventional chemotherapy. Al logeneic bone marrow 
transplantation ( a l l o B M T ) is the most effective treatment for both prevention and 
treatment of relapse, due to the graft versus leukemia ( G V L ) effect exerted by 
allogeneic donor-derived immunocompetent l y m p h o c y t e s . 1 2 Unfortunately, 
severe acute and/or chronic graft versus host disease ( G V H D ) , which frequently 
develops in B M T recipients s t i l l is a major cause of morbidity and mortality 
fo l lowing a l l o B M T . M i l d and self-l imiting G V H D may be the ultimate goal in 
treating hematologic malignancies because of the concomitantly occurring G V L 
effects. 1 In comparison with a l l o B M T , autologous bone marrow or peripheral 
blood stem cel l transplantation (autoSCT) carry a low risk of procedure-related 
mortality but at a cost of a substantially higher risk of relapse. Considering the 
fact that a l l o B M T is not feasible for the large majority of patients wi th malignant 
hematologic diseases due to age limitations, refusal by the treating physician or 
the patient himself due to the risks associated wi th G V H D and especially in 
situations where no matched donor is available, autoSCT may offer many 
advantages. It is therefore important to understand the role and mechanisms by 
which G V L can be induced against residual tumor cells, especially in recipients 
wi th a ful ly matched marrow donor available. 

We describe here the successful prevention of leukemia development in mice 
inoculated with murine B cell leukemia ( B C L 1 ) after syngeneic B M transplantation 
( S B M T ) in an experimental model simulating minimal residual disease ( M R D ) post 
autoSCT. Post-transplantation, at the stage of M R D , mice were given resting 
allogeneic lymphocytes or B M cells activated in vitro with rIL-2, with or without 
concomitant in vivo activation of anti-leukemia effector cells with recombinant 
interleukin-2 (rIL-2). Measurement of the anti-leukemia effects was done by adoptive 
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transfer in secondary B A L B / c recipients in order to prevent distortion of the message 
by harmful G V H D . W e could show that M R D in primary recipients may be kept under 
control by infusion of allogeneic lymphocytes, suggesting that G V L effects may be 
successfully induced and be of clinical benefit once donor T cells can be effectively 
eliminated or controlled in case of severe G V H D . 

MATERIALS AND METHODS 

Mice 
B A L B / c ( B A L B ) , C 5 7 B L / 6 (C57), ( B A L B / c X C 5 7 B L / 6 ) F 1 ( F l ) mice, 2-6 

months old, were purchased from the breeding colony of the Hebrew University-
Hadassah Medica l School, Jerusalem. M i c e were kept under standard conditions, 
with acidic water (pH 2.7) and no special protective measures. M i c e were given 
0.5% neomycin sulfate i n their drinking water for 2 weeks post-transplantation. 

Murine B cell leukemia (BCL1) 
B C L 1 , a spontaneous, transplantable B-ce l l leukemia/lymphoma of B A L B 

or ig in 3 , 4 is characterized by marked (up to 30-fold) splenomegaly, accompanied by 
extreme peripheral blood lymphocytosis (>200,000/mm3) and results in death of all 
mice inoculated with <10-100 tumor cells. B C L 1 was maintained in vivo in B A L B 
mice by I V passage of 10 6 -10 7 peripheral blood lymphocytes (PBL) obtained from 
tumor-bearing mice. M i c e with marked lymphocytosis in me blood were subsequently 
used as B C L 1 cell donors for experimental mice. P B L counts for all experimental 
groups were carried out weekly. Leukemia was defined as P B L counts exceeding 
20,000/mm 3. A t the peak of disease P B L counts usually reached >100,000/mm 3. 

Conditioning with radiation and cyclophosphamide (CY) prior to BMT 
M i c e were either irradiated with a single dose of 750 c G y total body irradiation 

(TBI) by a Phil ips X- ray unit (250 k V , 20 m A ) with a focus to skin distance of 70 
c m at a dose rate of 60 cGy/min , or conditioned with freshly dissolved C Y (300 
mg/kg) (Taro, Israel) given intraperitoneally (IP). Twenty-four hours later, mice 
received 10 7 syngeneic marrow cells v ia the lateral tail vein. 

Preparation of BM cells (BMC) 
B M C were obtained from the femora, tibiae and humeri of syngeneic mice. 

Mononuclear cells containing 10 7 B M C i n 0.25 m L Hank 's medium were injected 
into the lateral tail vein of recipients 24 hours post-radiation. 

Recombinant human interleukin-2 (rlL-2) 
r IL-2 provided as 1 mg Proleukin (3X10 6 Cetus Units equivalent to 18X10 6 

International Units) was kindly provided by Dr . S .L . Aukerman, Cetus/Chiron, C A 
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and M r . C . Mudde, Chiron, Amsterdam. r IL-2 was initially diluted with water for 
injection and subsequently rediluted with dextrose 5%. International units (IU) are 
used throughout this paper. 

Activation of BMC by rIL-2 
B M C were cultured in 225 c m 3 flasks (Corning 25160-225, Corning Glass, 

Corning, N Y ) i n R P M I 1640 medium (Biologica l Industries, Bei t Haemek, Israel) 
containing L-glutamine, nonessential amino acids, pyruvate, 10% bovine calf 
serum ( B C S ) and r IL-2 (6000 I U / m L ) for 4 days in a humidified incubator with 
5% C 0 2 at 37°C. Viab i l i ty of harvested cells was determined by the trypan blue 
exclusion method. 

Simulation of MRD following SBMT 
In order to simulate M R D quantitatively, a fixed number of 10 5 B C L 1 cells 

was added to the marrow inoculum at S B M T concomitantly with immunotherapy. 

Immunotherapy by immunocompetent allogeneic lymphocytes 
Immunotherapy by allogeneic lymphocytes, a l l oCT, was initiated by adoptive 

transfer o f immunocompetent allogeneic lymphocytes ( P B L or a mixture of donor 
spleen and lymph node cells) as detailed in each experiment. Al logeneic activated 
cel l therapy ( a l l o A C T ) consisted of adoptive transfer of allogeneic lymphocytes 
pre-activated in vitro with r IL-2 (allogeneic " L A K " cells). 

Detection of residual clonogenic BCL1 by adoptive transfer experiments 
To determine whether or not residual B C L 1 cells were present after various 

treatments, 10 5 spleen cells obtained from treated mice were adoptively 
transferred to untreated secondary syngeneic ( B A L B ) recipients. Absence of 
leukemia (>100 days) in secondary recipients was indicative of elimination of 
B C L 1 since as few as 1-10 cells were previously shown to cause disease. 4 

Assay for chimerism 
Chimer i sm was documented by testing spleen cells (or P B L ) by an i n vitro 

complement-dependent microcytotoxicity assay with specific alloantisera and 
rabbit complement, to determine the percent of host or donor-type cells. Specific 
alloantisera ( B A L B - a n t i - C 5 7 and C 5 7 - a n t i - B A L B ) were prepared by cross-
immunization with full-thickness skin allografts fol lowed by 6 intraperitoneal 
injections of 30X10 6 donor-type spleen cells at intervals o f 1-2 weeks. M i c e were 
bled and sera stored at —70°C until use. Chimer ism was confirmed by typing 
spleen lymphocytes with both antisera. Lymphocytes obtained from F l recipients 
showed 100% cytotoxicity wi th both B A L B - a n t i - C 5 7 and C 5 7 - a n t i - B A L B 
antisera, whereas lymphocytes obtained from chimeras were lysed by B A L B - a n t i -
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C57 and not by C 5 7 - a n t i - B A L B antisera. Percent chimerism was therefore 
calculated by the formula: % donor type (C57) cells = % cells lysed fol lowing 
treatment with B A L B - a n t i - C 5 7 antiserum minus % cells lysed with C57-anti-
B A L B antiserum minus % cells lysed with complement only. 

Pilot clinical studies 
Six patients wi th leukemia (4 A M L , 1 not i n C R ; 2 C M L i n chronic phase) 

wi th matched sibl ing donor available who refused to undergo a l l o B M T received 
donor-derived peripheral b lood lymphocytes ( P B L ) as soon as their b lood 
counts recovered and stabilized (2-3 months post au toSCT) . Ten patients wi th 
non-Hodgkin ' s lymphoma ( N H L ) were included: six wi th high grade (two i n 
2nd C R ; two i n 2nd P R ; two with refractory disease); two with intermediate 
grade (one i n 1st P R ; one i n 2nd P R ) and two wi th low grade disease (two i n 2nd 
C R ) . S ix patients wi th breast cancer wi th documented metastases, not expected 
to be cured by autoSCT alone, were also treated wi th matched donor P B L as 
soon as disease progression was documented or as soon as their condit ion 
stabilized. Addi t iona l patients received donor P B L earlier post au toSCT on day 
+1, either graded increments or a single larger dose of P B L , but they were not 
included i n this analysis. 

Statistical analysis 
The significance of differences between treated and untreated mice was 

calculated by the independent statistical Mest . 

RESULTS 

Induction of AlloCT and AlloACT following SBMT in mice 
Lethally irradiated (750 c G y ) F l mice were grafted wi th 10 8 syngeneic B M C . 

Fo l lowing inoculation with 10 5 B C L 1 cells i n an attempt to simulate M R D 
fol lowing autoSCT, varying numbers of immunocompetent C57 P B L were 
administered intravenously to induce G V L - l i k e effects by a l l oCT. The efficacy of 
a l l oCT was monitored by eradication of residual B C L 1 cells, as assayed by 
adoptive transfer of aliquots of 10 5 spleen cells pooled from 2-3 experimental 
mice to untreated secondary B A L B recipients at around two weeks p o s t - S B M T . 

Summary of results obtained from three different experiments with a total o f 
120 mice suggests that injection of 20-30X10 6 P B L from normal C 5 7 mice into 
F l recipients effectively controlled residual B C L 1 cells, as none of 40 secondary 
adoptive B A L B recipients developed leukemia (>180 days). In sharp contrast, 
leukemia developed i n a l l 20 secondary B A L B recipients o f 10 5 spleen cells from 
F l recipients that had received 20 -30X10 6 syngeneic P B L p o s t - S B M T . 
Administration of r IL-2 ( 1 2 X 1 0 4 I U X 2/day for 5 days IP) post-transplant d id not 
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improve the disease-free survival of secondary recipients of 10 5 spleen cells 
obtained from treated F l mice, since a l l 20 secondary recipient B A L B mice 
developed leukemia. In v ivo administration of r IL-2 to recipients of 2 0 X 1 0 6 

allogeneic P B L to additionally activate effector cells did not lead to any additional 
G V L effects; a l l 40 secondary B A L B recipients remained disease-free (>180 
days). Samples of spleen cells obtained from recipients of C57 P B L showed 
chimerism, indicating that engraftment o f allogeneic lymphocytes may lead to 
development of G V L . 

The anti-leukemic effects mediated by a l lo -CT were cell-dose dependent 

between the ranges of 30X10 6 , 1 0 X 1 0 6 , 3 X 1 0 6 or 1 X 1 0 6 with the latter two cel l 

doses being ineffective in preventing G V L effects. 

Enhancement of alloCT by in vitro activation of allogeneic 
lymphocytes with rIL-2 (alloACT) 

W e have also tested the possibility of increasing the efficacy of a l loCT by in 
vitro pre-activation of allogeneic donor lymphocytes with r IL-2 . Lethally irradiated 
(750 c G y T B I ) F l mice were infused with 30X10 6 C57 B M C pre-activated in vitro 
for 4 days with r IL-2 . B M C were mixed with 10 5 B C L 1 cells to simulate M R D . 
Results of 3 separate sets of experiments were comparable and suggested that in 
mice receiving no additional r IL-2 fol lowing cel l therapy 10 of 33 secondary 
recipients of spleen cells obtained from the first experimental group remained 
disease-free for >150 days. Fo l lowing additional in v ivo activation of effector cells 
in the second experimental group the results were improved as 19 of 25 secondary 
recipients remained disease-free for an observation period >150 days (p=0.05). 

AlloCT and alloACT following autoSCT in clinical practice 
Several patients received donor P B L from a family member fol lowing 

au toSCT in an attempt to accomplish eradication of M R D . The longest 
observation of successful cel l therapy with documented response was obtained in 
a 16 year o ld gir l with acute promyelocytic leukemia (M3) wi th evidence of 
molecular disease (positive R T - P C R for retinoic acid receptor alpha). Fo l lowing 
autoSCT, R T - P C R remained positive until the patient was treated with maternal 
activated P B L , fol lowed by 3 .7X10 cells/kg activated in v ivo with r IL-2 (6X10 6 

I U / m 2 , subcutaneously for 3 days. For the first time R T - P C R reversed i n P B L but 
the response lasted only 60 days. Subsequently, a durable response lasting already 
for more than 3 years was obtained fol lowing additional infusion of maternal P B L 
activated in vitro with r IL-2 for 4 days and further in v ivo for 3 days as indicated 
above. A s far as G V H D is concerned, this patient developed a m i l d transient skin 
rash that might have been compatible with a mils grade 1 G V H D . Overal l , 3 of 4 
patients with A M L , including the one described above, are alive and we l l , disease-
free at 33 to 41 months range post autoSCT and only 1 relapsed. But in only one 
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patient, the one with A M L ( M 3 ) described i n more detail, the evidence exists for 
direct response to a l loCT, since the other 3 were i n C R at the time of initiation of 
immunotherapy. Chimer ism was never confirmed in any of the above cases. 

T w o patients with C M L were also included. Both were i n cytogenetic remission 
at the time of autoSCT. Both are alive at 41 and 40 months post autoSCT; one in 
continuous hematologic remission and the other in progressive disease at 26 
months post autoSCT. N o patient developed sustained measurable chimerism. 

O f fiie 10 patients with non-Hodgkin 's lymphoma 7 are alive and wel l , 3 after 
additional therapy fol lowing relapse at +7, +18 and +26 months post cel l therapy. 
Four have never experienced relapse and are alive and we l l >31 to >51 months 
post autoSCT. Three of these patients developed marrow aplasia as a consequence 
of a l loCT after administration of r IL-2 . They received donor marrow infusion; 2/3 
are disease-free range 33-41 months post autoSCT. 

O f the 6 patients with metastatic breast cancer, 3 are alive but only one is 
disease-free. In one patient witJi metastatic l iver involvement, a l l vis ible 
metastases disappeared transiently, although overt chimerism has never been 
established. 

DISCUSSION 

In the present report we have documented G V L - l i k e effects induced by allo
C T or a l l o A C T p o s t - S B M T i n mice and most l ike ly , a similar phenomenon i n 
pilot c l in ical trials. Our data suggest that M R D can be successfully controlled i n 
v ivo by cel l therapy with alloreactive lymphocytes and that this anti-tumor effect 
can be enhanced i n v ivo with a short course of intermediate-dose r IL-2 . G V L - l i k e 
effects i n this setting were also induced by infusion of B M derived allogeneic 
lymphocytes, pre-activated i n vitro by r I L - 2 , without causing any gross 
impairment o f the hematopoietic capacity of B M C i n lethally irradiated recipients. 

The G V L - l i k e effects mediated by a l l oCT and a l l o A C T were tested i n an 
adoptive transfer system, instead of observing the primary recipients to avoid two 
possible obstacles encountered when assessing factual elimination of clonogenic 
B C L 1 cells by post-transplant immunotherapy, namely, lethal G V H D and tumor 
dormancy . 5 6 Failure to develop leukemia in primary recipients, even i f lethal 
G V H D can be prevented, does not prove elimination of a l l B C L 1 cells, since 
existing tumor cells may be actively suppressed as previously documented 
fol lowing a l l o B M T 6 and r IL-2 therapy. 5 

W e have previously documented that elimination of tumor cells by alloreactive 
donor-derived T cells may last 2-3 weeks. 7 Hence, temporary engraftment of 
allogeneic effector cells may be sufficient to induce beneficial G V L effects 
against M R D , without the need for permanent residence of allogeneic effector 
cells, which may cause severe G V H D across M H C barriers. 
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It was thus anticipated that fo l lowing S B M T i n mice and autoSCT in man, the 
immunosuppressive state induced by the conditioning may lead to transient 
engraftment of donor P B L for a l imited period of time, thus permitting induction 
of aggressive, yet short lasting G V L effects i n v ivo , which may or may not be 
accompanied by overt G V H D . It should be kept in mind that inoculation of 
randomly matched blood lymphocytes into immunosuppressed recipients may 
lead to fatal G V H D . 8 O n the other hand, such an approach might be safely 
considered i n conjunction wi th infusion of graded increments o f matched 
allogeneic blood l y m p h o c y t e s . 9 1 0 Indeed, in one patient wi th N H L marrow 
aplasia resulted, which could be life threatening without an allogeneic marrow 
rescue wi th marrow cells obtained from the P B L donor. Whether or not effective 
G V L can be obtained in the absence of G V H D remains to be seen, either because 
the two phenomena can be separated or due to the higher sensitivity of tumor 
cells to the anti-tumor effects of a l l o C T and a l l o A C T above the threshold of 
G V H D induction. 

Our data imply that in the context of S B M T or autoSCT, c l in ical ly beneficial 
G V L effects may be induced i n immunocompromised hosts with M R D by 
allogeneic lymphocytes, preferably with concomitant activation of effector cells 
by rIL-2 in vitro and/or in v ivo . However, the major problem encountered with 
this approach is that it seems difficult, i f not impossible, to predict whether 
immunosuppression is adequate for acceptance of donor-derived T cells or 
whether durable acceptance of donor P B L may result in aplasia or other G V H D 
manifestations. The more effective c l in ical use of such an appealing therapeutic 
strategy in further trials should only be considered under conditions that strictly 
ensure adequate treatment of marrow aplasia or other unanticipated complications 
related to G V H D or safer, as soon as newer and more effective modalities are 
available for elimination of potentially harmful T cells in case of durable 
engraftment that may lead to severe G V H D . One possible approach that may 
make it possible to exploit the use of this technology involves introduction of the 
thymidine kinase gene into the T cells prior to cel l therapy for possible induction 
of suicide leading to eventual rejection of allogeneic lymphocytes in case of 
severe G V H D . Indeed, recent data from our laboratory indicate that transient 
"parking" of allogeneic immunocompetent effector cells in tumor-bearing hosts 
may be sufficient for induction of beneficial G V L - l i k e effects. 7 Eventually, the 
use of alloreactive cells could be extremely effective and sufficient for eradicating 
M R D in conjunction with conventional rather than high-dose chemotherapy. 

F ina l ly , our preliminary data in the small series o f patients wi th breast cancer 
suggests that graft versus tumor ( G V T ) effects comparable to G V L in hematologic 
malignancies may be of therapeutic benefit. 

In conclusion, our results indicate that cell-mediated immunotherapy, both 
a l l oCT and a l l o A C T , may develop into a promising approach for eradication of 
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M R D . G V L effects induced by administration of allogeneic lymphocytes may be 
additionally augmented by administration of rIL-2 in v ivo . G V L effects can be 
induced by allogeneic P B L that may be only transiently "parked" in the recipient, 
causing a "hit & run" G V L effect, with beneficial anti-leukemic effects on M R D 
fol lowing S B M T and most l ike ly fol lowing autoSCT as wel l , but only as long as 
life-threatening G V H D can be prevented or at least adequately controlled. 
Successful induction of G V L effects by allogeneic P B L in the setting of M R D 
may lead to c l in ical application of allogeneic cel l therapy for control o f relapse i n 
a variety of malignant hematologic diseases and possibly solid tumors as wel l . 
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EX VIVO TREATMENT OF AUTOLOGOUS GRAFTS 
WITH IL-2 PRIOR TO TRANSPLANTATION IN 
PATIENTS WITH AML IN FIRST REMISSION 

H.-G. Klingemann 

The Leukemia/Bone Marrow Transplant Program ofBC and the Terry Fox 
Laboratory, British Columbia Cancer Agency, Vancouver, B.C., Canada 

ABSTRACT 

Recurrence of leukemia after autologous stem ce l l transplantation is believed 
to be related to the infusion o f residual malignant cells and the lack o f a graft-
versus-leukemia ( G V L ) effect. It is therefore l ike ly that several different 
approaches w i l l be required to significantly decrease disease recurrence after 
autografting. The strategy we have developed wi th these considerations i n mind 
involves immunological activation and purging of the autograft, combined wi th 
post-transplant immunotherapy with interleukin-2 ( IL-2) . 

Bone marrow ( B M ) (n=10) and more recently, G - C S F mobi l ized (12 ^ g / k g 
for 5 days) peripheral b lood progenitor cells ( P B P C ) (n=14) were obtained from 
A M L patients wi th poor prognostic features (based on cytogenetics, F A B 
morphology or high blast count) immediately after they had entered first 
remission. The cells were cultured for 8 days in the presence of I L - 2 at a concen
tration of 250 U / m L on the basis o f previous experiments demonstrating that 
these conditions support ex v ivo purging and the activation and expansion of 
cytotoxic cells . The cultured cells were then harvested and reinfused into the 
patient who , during the intervening 8 days, had received myeloablative 
chemotherapy (busulfan and cyclophosphamide). Immediately fo l lowing the 
transplant, patients were given daily injections of I L - 2 for 7 days to maintain the 
cytotoxic activity of the stimulated cells i n the cultured autograft and to induce 
a G V L effect. 

The ini t ia l 10 recipients who had received bone marrow only showed a 
delayed recovery o f both neutrophils (absolute neutrophil count [ A N C ] 
> 0 . 5 X 1 0 9 at 49 days) and platelets ( a 2 0 X 1 0 9 / L at 98 days). The next cohort o f 
patients (n=6) received untreated P B P C in addition to I L - 2 activated cultured 
B M cel ls . In these recipients, marrow recovery was much faster. 

W e are now transplanting a one-day P B P C leukapheresis product that has been 
cultured in IL-2 for 8 days and obtain ful l engraftment within 4 weeks (n=8). 

619 
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This regimen has been w e l l tolerated, even in patients older than 55 years. 
Kap lan-Meie r disease-free survival (DFS) for a l l patients at a median fol low-up 
o f 2 years is 36%, wh ich is encouraging for a group of poor risk patients 
transplanted very early after remission induction. 

INTRODUCTION 

Relapse remains the biggest challenge for improv ing outcome after 
autologous bone marrow ( B M ) or blood stem ce l l transplantation for acute 
mye lo id leukemia. When the stem ce l l transplant is not purged, relapse rates 
between 50 and 70% are observed, and most o f the relapses occur soon after 
transplantation, i.e., wi th in the first 6 -12 months . 1 , 2 Evidence for the need of 
autograft purging has been ascertained in a tr ial in which unpurged marrow 
cells from patients wi th A M L in first C R were marked wi th a retrovirus and 
disease recurrence was accompanied by the appearance of genetically marked 
leukemic ce l l s . 3 

In addition to the possibili ty of infusing a contaminated stem ce l l product, the 
lack of an allogeneic graft-versus-leukemic ( G V L ) effect after autologous 
transplantation can also contribute to disease recurrence. This has been shown by 
comparing recurrence rates for patients wi th A M L in first C R who received a 
transplant from an identical twin with those receiving an allogeneic transplant. 
The relapse rate after tw in transplantation is about 2 -3 times higher than after 
allogeneic transplantation. 4 

In an effort to achieve both an ex v ivo purging effect and an in v ivo G V L 
effect, we have designed a c l in ica l study based on pre-cl inical data from our 
laboratory 5 , 6 and our in i t ia l results in murine studies from other centers. 7 , 8 This 
involves the culture of autologous B M or blood stem ce l l preparations in 
interleukin-2 (IL-2) for eight days and the administration of I L - 2 to the patient 
for the first week after transplantation. The rationale behind this approach is that 
the ex v ivo culture in I L - 2 w i l l provide some immunopurging as w e l l as 
activation of cytotoxic cel ls , wh ich , after infusion into the patient, may attack 
residual leukemic cells in the patient. Furthermore, I L - 2 has previously been 
shown to have some beneficial effects in patients with advanced A M L , possibly 
by activating cytotoxic cells and releasing secondary antileukemic cy tok ines . 9 , 1 0 

MATERIALS AND METHODS 

A total of 24 patients have been entered into this study. A l l patients were 
transplanted wi th in three months after obtaining first remission without having 
received any consolidation treatment. The first 10 patients received autologous 
B M cultured i n I L - 2 , and a subsequent cohort o f patients either received B M 
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Figure 1. Kaplan-Meier DFS curve for patients with AML who received an IL-2 cul
tured autograft in first remission. Ten patients were given BM (cultured in IL-2) as the 
only source of stem cells whereas 14 patients received a blood progenitor cell product, 
(PBPC). The difference in the two survival curves is not significant. 

cultured in I L - 2 plus non-IL-2 treated peripheral b lood progenitor cells ( P B P C ) 
(n=6), P B P C cultured in I L - 2 plus noncultured P B P C (n=3) or P B P C cultured in 
I L - 2 wi th no addition of non-cultured cells (n=6). A l l patients had one of the 
fol lowing poor prognostic features at the time of diagnosis: 1) Initial peripheral 
blast count >50X 1 0 6 / L , 2) F A B M 5 morphology or 3) a karyotypic abnormality 
other than t(15;17), t(8;21) or inv(16). A l l patients received one course of 
induction chemotherapy consisting of high dose A R A - C , mitoxantrone and 
V P 1 6 . Patients who had P B P C collected were given G - C S F at a dose of 12.5 
^ g / k g for 5 days and leukaphereses were performed op days 5 and 6. 

The first 10 patients were given I L - 2 post autograft infusion at escalating 
doses starting at 200,000 U/m 2 / day . The dose was increased in groups of 3 
patients to 400,000 and 600,000 U7m 2 /day, respectively. Since these doses were 
w e l l tolerated, it was decided that a l l subsequent patients would receive a dose 
of 500,000 U/m 2 / day s.c. for the first seven days after autograft infusion. 

The median age of all transplanted patients was 50 years (range, 15-63) with 6/24 
patients over the age of 60. The median time from obtaining complete remission (as 

RESULTS 



622 Chapter 9 

documented by B M biopsy) and transplant was 37 days (range, 13-128 days), and 
only 4 patients required a second cycle of chemotherapy to enter first C R . In the first 
10 patients who received B M cultured in IL -2 , a delayed neutrophil recovery ( A N C 
>0.5X109/L) of 48 days and a delayed platelet recovery were observed. A s a modifi
cation, the next 6 patients received G-CSF-pr imed P B P C , which were added to the 
I L - 2 cultured B M . The A N C recovery was reduced to 15 days after a transplant. In 
addition, the platelet recovery (maintaining a platelet count of at least 20X10 9/L 
without transfusion) was reduced from 98 days to 24 days. The cohort of patients 
who were given P B P C as the sole source of stem cells recovered 0 . 5 X 1 0 9 / L 
neutrophils by day 24 and were independent of platelet transfusions by day 51 after 
transplant. There was no correlation between the number of C D 3 4 cells infused and 
the recovery of neutrophils or platelets after grafting. Side effects of the IL-2 
treatment post transplant were mi ld , with almost al l patients experiencing fever up to 
40°C and fatigue. Some patients (25%) developed a rash and about 5% had fluid 
retention greater than 10 percent of the baseline weight. 

The disease-free survival (DFS) for the first 10 patients who received I L - 2 
cultured B M only continues to be 50% at 4 years. Patients who received P B P C 
either combined with B M or P B P C as the only stem ce l l source have a shorter 
fol low-up and the D F S at 2.5 years is 24% (Figure 1). 

DISCUSSION 

Results from this study confirm that marrow or P B P C that have been cultured 
in I L - 2 for 8 days can successfully provide hematopoietic reconstitution to 
patients wi th A M L after myeloablative chemotherapy. Further, the I L - 2 given 
immediately after transplant has acceptable side effects and neutrophil and 
platelet recovery after P B P C infusion is rapid and maintained. Patients given I L -
2-cultured B M have a favorable D F S considering their poor risk features at 
diagnosis and the fact that no consolidation treatment was given before 
transplantation. In patients who received P B P C , longer fol low-up is needed to 
see i f P B P C autografts, even after culture in I L - 2 , are inferior to B M wi th respect 
to the post-transplant relapse rate. T o address the question as to whether 
insufficient purging of leukemic cells from the autograft contributes to relapse, 
we are planning to conduct a gene marking trial in which CD34-enr iched cells 
after I L - 2 culture are marked with a neomycin resistant gene and reinfused into 
the patient together wi th the I L - 2 cultured but nonmarked portion. W e further 
believe it should be possible to furbish hematopoietic progenitor cells wi th an 
I L - 2 gene so that these cel ls , which are expected to home to the B M , w i l l 
produce I L - 2 local ly for some time after engraftment and activate site-specific 
immune effect cells . Precl inical studies to test the antileukemic effects o f such 
targeted immunotherapy are currently underway. 
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THERAPEUTIC RATIO OF YTTRIUM-90-LABELED 
ANTIFERRITIN (AF) THERAPY FOR RECURRENT 

HODGKIN'S DISEASE (HD) 
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University of Texas, M.D. Anderson Cancer Center, Houston, TX (H.V., C.W., 
S.Q. and B.A.); Arlington Cancer Center, Arlington, TX (H.V. and K.D.) 

INTRODUCTION 

Ferri t in is an iron storage molecule found i n normal l iver , spleen and bone 
marrow ( B M ) tissues. Cel l s contained i n tumor masses consisting o f H D , Kapos i 
sarcoma, neuroblastoma and hepatocellular carcinoma secrete ferritin in the 
tumor interstitium. This "tumor" ferritin usually does not contain iron, but can 
otherwise not be distinguished from normal ferrit in. 1 Nevertheless, ferritin w i l l 
function as a selective "tumor-associated" antigen for radiolabeled 
immunoglobulin therapy (RIT) due to the high concentration of ferritin in tumors 
and its better accessibility to circulating immunoglobul in i n comparison wi th 
normal tissue ferritin due to the presence of tumor neovasculature. 2 ' 3 

The first R I T study wi th A F i n H D was reported in 1985 and ut i l ized iodine-
131. 4 F ive different studies have since been performed with i n d i u m - i l l - l a b e l e d 
A F for tumor targeting fol lowed by yttrium-90-labeled A F for therapy. 5 - 9 The 
advantages to the switch in radioisotopes appear to be that the combination o f 
i n d i u m - I l l and yttrium-90 allows for outpatient treatment and has a higher 
response rate than iodine-131-labeled A F . Patients with H D provide several 
unique opportunities for R I T studies. Al logeneic immunoglobul in w i l l not induce 
a measurable humoral immune response in patients wi th H D . Repeated adminis
trations o f A F w i l l not induce the complicat ion of anti-antibodies. The radiosen-
sit ivity o f H D provides the opportunity to observe c l in ica l ly significant tumor 
responses at the relatively low tumor radiation doses that can be obtained wi th 
current R I T protocols. 

In this communication we update 3 R I T studies in patients wi th H D performed 
at the M . D . Anderson Cancer Center between 1992 and 1996. W e conclude that 
radiolabeled A F w i l l be most helpful i n the future for the control of bulky H D 
and that many of the principles uncovered in the application o f radioimmuno-
conjugates to patients with H D deserved to be applied to R I T studies in patients 
with other malignancies. 
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MATERIALS AND METHODS 

Antigen 
Human ferritin from a splenectomy specimen from a patient with H D was 

purified using techniques reported previously. Ferr i t in has a high molecular 

weight ( M W 440,000), is not a membrane antigen, and is present in the 

interstitium and ce l l cytoplasm of some normal cells in l iver , spleen, and bone 

marrow ( B M ) and tumor cells of different histologies. 2 

Isotopes 
1 1 ' I n and 9 0 Y were used for radiolabeling. They were obtained from N e w 

England Nuclear, Boston, M A (indium) and from Battelle Pacific Laboratories, 

Richland, W A (yttrium). 

Radiolabeling methods 
IgG was purified from sera of immunized rabbits. Immunoconjugates were 

prepared by reacting i so th iocyana tobenzy l -DTPA chelators to the lys ine 

residues of the immunoglobul in for the connection between the protein and the 

bifunctional chelator. O n average, one chelate was conjugated per I g G 

molecule . Subsequently, chelate-immunoconjugates were complexed wi th 

radiometals . A backbone-substi tuted i s o t h i o c y a n a t o b e n z y l - D T P A was 

conjugated to the immunoglobul in and radiolabeled with indium or yttrium as 

described by Quadri et a l . 1 0 

Quality control 
Radioimmunoconjugates were tested for radiochemical purity and serum 

stability i n vitro. Pr ior to i n v i v o use, they were challenged wi th a 100-fold 
excess-free D T P A concentration and purified by column chromatography. 
Radioimmunoconjugates were filtered through a 0.2 um sterile filter. A 
pyrogenicity test was performed prior to injection. One percent human serum 
albumin was added to decrease radiolysis o f the radioimmunoconjugate. 

Patients 
End-stage H D patients with measurable disease (n=87) were entered in three 

different studies. Ages ranged from 10 to 71 years. Male:female ratio was 1.5:1. 
Mos t patients were white. B l ack and Hispanic minorities were proportionally 
represented. A summary of the studies is given i n Table 1. A complete response 
was defined as disappearance of disease on physical exam and diagnostic studies. 
A partial response was defined as a decrease i n the product o f orthogonal tumor 
diameters by more than 50%. Patients wi th tumors that d id not show a complete 
or partial response were scored as stable disease or progressive disease. 
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Table 2. Eligibility criteria, prior treatment and inevaluable patients for RAF studies in 
HD patients. 

Prior Inevaluable 
Protocol Eligibility treatment patients 

1. • HD histology 
• HIV negative 

• second or later relapse 
• platelets >100X 109/L~' 
• neutrophils >1.5X 109/Lr' 
• measurable disease 

multi-agent 
chemotherapy X2 
or more 
radiation 
BMT 

100% 
80% 
75% 

5/49 

2. • identical to protocol 1 multi-agent 
chemotherapy X 2 
or more 
radiation 
BMT 

100% 
93% 
80% 

3/16 

3. • HD histology 
• measurable disease 
• HIV negative 
• creat <1.5 mg%; bili <1.5 
mg%; DLCO >50%; 
ejection fraction >0.50 

multi-agent 
chemotherapy XI 
radiation 

100% 
50% 

2/22 

Administration to patients 
Radioimmunoconjugates were administered I V Polyc lonal A F was given in a 

2- to 5-mg total protein dose by rapid bolus infusion. C o l d (unlabeled) polyclonal 
A F was not added to radiolabeled polyclonal A F . B l o o d and urine samples were 
taken at 1, 20, 40 and 120 hours after administration of the radioimmunocon-
jugate for pharmacokinetic analysis. The percent o f administered activity 
eliminated i n first and second 24-hour urine after administration was calculated. 
Rap id and long blood half-lives (T alpha and T beta) were calculated. Alpha/beta 
ratios were determined. G a m m a camera whole-body scans were always 
performed 1, 20, 40 and 120 hours after indium-labeled immunoconjugates. 
S P E C T scans were performed at 40 hours of tumor-bearing areas only. In seven 
patients, whole body scans were repeated after yttr ium-90-labeled A F adminis
trations. A medium energy collimator was used, with an energy setting between 
70 -140 K e V for yttrium and an energy setting of 140-250 K e V for i n d i u m . " 
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RESULTS 

Patient accrual 
A l l patients signed institutional and F D A approved consent forms. Studies 

were performed under F D A - I N D number B B 4731. The el igibi l i ty criteria, prior 
treatment and number of une valuable patients are listed per protocol in Table 2. 
Patients in protocols 1 and 2 had more advanced disease and had failed many 
prior "conventional" therapies. The unevaluable patients for protocols 1 and 2 
were lost to fol low-up (2 of 8), died from early toxicity (5 of 8) or were in 
violation of the protocol (1 of 8, patient changed to B M T protocol prior to being 
éva luab le for response). In retrospect, patients wi th early toxicity d id not benefit 
from the therapy and should not have been entered on the study. They died from 
H D , not from the therapy. They a l l had bulky disease and an E C O G performance 
status of 2 or higher at study entry. Acc rua l was relatively rapid for a disease as 
uncommon as H D at approximately one new patient every 2 weeks. Patients were 
al lowed to be retreated for protocol 1 (no l imitation on the number of cycles) and 
protocol 2 (maximum of 3 cycles). 

Toxicity: Administration of radioimmunoconjugates 
A l l patients were treated as outpatients, with some of the early toxicity patients of 

Table 2 being admitted for disease complications prior to their last yttrium-90 R A F 
administration. Vi t a l signs were recorded every 15 minutes for 1 hour after each 
radioimmunoconjugate administration. In over 300 administrations, 3 patients on 2 
separate days showed temperature elevations and shaking chills 45 minutes after 
administration. This was responsive to acetaminophen and diphenhydramine within 
an hour. B y exclusion of other sources, a batch of human albumin was considered to 
be contaminated with a small amount of pyrogen. This problem did not recur in the 
affected patients or other patients after the introduction of a new batch of human 
albumin. Wipe tests of the administration room were performed immediately after 
and were always negative, witi i die exception of patients' chair pads of the patients 
with disease-related fever. Presumably, a small amount of the administered radioac
tivity is eliminated in perspiration. Patients received instruction on how to collect 
their urine for die first 48 hours after administration. Thereafter, uiey were instructed 
to flush twice after urination. They were asked to bring in linen, clothes, etc., for 
radioactivity measurements i f they suspected contamination. Patients rarely brought 
in items to be checked for radioactivity but when they did, they were not radioactive. 
Patients were asked to abstain from sexual activity for 1 week after administration. 

Toxicity: Hematology 
The only side effects after yt t r ium-90-labeled A F were hematological . H D 

patients had lymphopenia prior to ini t ia t ion of treatment. W i t h i n days after 
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Table 3. Hematological side effects after Yttrium-90-labeled antiferritin IV 

Parameter 1 Parameter 2 Statistical test p value 

Yttrium-90 administered in 
mCi/kg (0.3;0.4; 0.5) 

ratio of pre and lowest post 
administration platelet level 

Wilcoxon <0.05 

ratio of pre and lowest post 
administration white blood 
cell level 

Wilcoxon <0.05 

1 hour blood radioactivity 
level uCi/g 

1 hour blood 
radioactivity level pCi/g 

platelet level <100X 109/L 
in weeks 

correlation 
coefficient 0.61 

correlation 
coefficient 0.31 

<0.01 

<0.05 

area under the Ta curve platelet level <100X 109/L 
in weeks 

correlation 
coefficient 0.37 

<0.025 

yt t r ium-90 administrat ion peripheral b lood lymphocyte levels decreased 
further, presumably due to radiat ion-induced apoptosis o f lymphocytes . 
Recovery took weeks. Granulocytopenia and thrombocytopenia occurred 
wi th in 3-4 weeks after administration wi th recovery taking 8-14 weeks. The 
first study (escalation) demonstrated that hematological toxic i ty correlated 
with the amount of yt t r ium-90-labeled A F administered. The one-hour b lood 
radioactivity level correlated wi th the administered dose. A t later time points, 
(20 and 40 hours after administration) this correlation was no longer statis
t ical ly significant. This appeared to be due to a larger volume of distr ibution 
for patients wi th B symptoms. The hypothesis is that patients wi th B symptoms 
have varying degrees of a capi l lary leak syndrome, which w i l l lower b lood 
radioactivi ty levels at later time points for those patients and decrease the 
correlation between administered activity and b lood act ivi ty. N e w endpoints 
were examined for hematological toxici ty , such as ratio between pretreatment 
and lowest post-treatment b lood counts and the duration in weeks of platelet 
levels below 1 0 0 X 1 0 9 / L . Significant correlations were found (Table 3). The 
advantages of these new endpoints are that they provide more quantitative 
endpoints than the grading system currently in use for hematological toxic i ty 
(grade 1 to 4 for different ranges of b lood ce l l counts) and that they provide a 
time-factor (how long does the toxici ty last?). 
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In the next section, the blood pharmacokinetics of the radioimmunoconjugates 
are described. B l o o d elimination was biphasic, with a rapid (T-alpha) component 
and a slow (T-beta) component. The area under the curve ( A U C ) for the T-alpha 
component correlated significantly wi th hematological toxicity. The addition of 
T-beta A U C was numerically insignificant and d id not improve the correlation. 
Presumably, under a certain dose rate no further hematological damage occurred. 
Ant i fer r i t in d id not target normal B M unless prior granulocyte co lony-
stimulating factor ( G - C S F ) treatment had been g i v e n . 3 1 2 Hematological damage 
was caused by radiation of hematopoietic stem cells i n B M , not because these 
cells were targeted, but because they were radiated by yttrium-90 labeled A F i n 
blood perfusing through B M . The range of yttrium-90 energy deposition is long 
enough to radiate the marrow spaces from its position in the circulatory system. 1 2 

Bone uptake o f free yttrium-90 was not measured i n these patients. The 
radioimmunoconjugate was stable i n v ivo (see next section). Therefore free 
yttrium and bone uptake were not anticipated. In addition, in animal studies the 
hematological damage inflicted by single intravenous administration of free low 
molecular weight, bone seekers is l imi ted and much more pronounced after 
chronic repeated administration. 1 2 Protocol 1 consisted of a single intravenous 
administration of a stable, high molecular weight (150,000 M W ) yttrium-
90-labeled A F . In protocols 2 and 3, two intravenous administrations were used. 

Blood and urine pharmacokinetics 
In Figure 1, b lood radioactivity levels are given for one of the protocol 1 

patients after indium- 111 and yttr ium-90-labeled A F administration. Yt t r ium 
counts were collected i n the window over 500 K V to exclude the radioactivity 
caused by the previously injected i n d i u m - I l l . The calculation methods for T-
alpha and T-beta half-lives are indicated i n the figure. The values are not 
corrected for radioactive decay and define the so-called effective half-lives. 
B io log ica l half-lives can be derived from incorporating the known physical half-
life of the radioisotope i n the formula 

T = T b X T l )  

e T b + T p ' 

i n wh ich e = effective, b = biological and p = physical . The alpha/beta ratio is 
found by dividing the intercepts of the alpha and beta curves wi th the Y axis. 
Results have been reported previously. 8 Alpha/beta ratios are below 3.0, T-alpha 
half-life is usually around 5-7 hours, whi le a T-beta half-life is usually around 40 
hours. The respective biological half-lives for the patient i n Figure 1 are 6.5 
hours and over 100 hours. 

B l o o d pharmacokinetics are similar for indium- and yttrium-labeled A F , i f the 
specific activity for yttrium is kept below 15 m C i / m g . The pharmacokinetics are 
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Blood and Urine Radioactivity after I.V. Radiolabeled AF 

10.00 

I 
1 

Hours after Administration 

H'H'H'HIIHIIIIWHIII 
240 270 

ttrlum-90 

Figure 1. The thick lower lines connect urine radioactivity levels; the thin upper lines 
connect blood radioactivity levels at similar timepoints. The dashed lines indicate the 
derived alpha and beta half-lives. 

similar between patients on a l l protocols and for the same patient for first and 
subsequent cycles, wi th the exception of one patient. This patient made anti-
rabbit I gG antibodies after his first R I T cycle and had a high (>4) alpha/beta ratio 
after his second i n d i u m - I l l A F administration, indicating a predominantly short 
half-life and rapid el imination o f the radioimmunoconjugate. This patient d id not 
receive a second yttrium-90 A F administration. 

Response of Hodgkin's Disease 
Table 4 summarizes response rates and preliminary conclusions for protocols 

1, 2 and 3. Tumor responses are more frequent after higher administered 
activities of yttrium-90 (p<0.05). Formal tumor dosimetry studies have not been 
c o m p l e t e d . 1 4 1 5 This , to our knowledge, is the first time that a positive dose-effect 
relationship has been demonstrated i n a c l in ica l R I T study. The protocol design 
called for a stable, l ow protein dose of 2-5 mg of rabbit A F . This increases the 
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Table 5. Number of Yttrium-90 AF cycles and response of HD (protocols 1 and 2) 

Number of Patients with Patients without 
cycles response response 

1 10 14 
2 13 7 
3 8 1 

>3 2 0 
/. Cycle length: 8-14 weeks. 
2. Some patients have short-lasting response and disease progression prior to 2nd cycle. 
3. Patients with stable disease (listed as without response) do not obtain objective response on sec

ond or third cycle. 
4. Some patients have waning and waxing HD between cycles. Others retain response for over one 

year (median six months). Patients with a CR after one cycle were retreated once. 

specific activity (mCi/mg) for patients receiving higher yttrium-90 activities. In 
patients who received yttr ium-90-labeled A F wi th specific activities over 15 
m C i / m g of protein, lower blood radioactivity, higher % ID urine el imination and 
shorter T-betas in blood were found. This appeared to be due to increased in v ivo 
radiolysis and uptake of the yttr ium-90-labeled A F i n normal interstitial tissues 
due to endothelial damage ("third spacing"). This phenomenon was observed in 
patients treated wi th 0.5 m C i yttrium-90/kg. Protocol 1 included 9 patients 
treated at the 0.3 m C i yttrium-90/kg level and was completed at the 0.4 m C i 
yttrium-90/kg level after the ini t ia l seven patients each treated at the 0.4 and 0.5 
m C i yttrium-90/kg level . Protocol 2 (fractionated RIT) showed a lower response 
rate than protocol 1, although this difference is not statistically significant 
(p>0.05). Less radiolysis and less or similar hematological toxicity were 
observed in comparison to protocol 1. Protocol 3 (RIT as part of conditioning 
prior to hematopoietic rescue) is chaired by Dr . B . S . Andersson . 1 6 In comparison 
to historic controls, patients treated wi th C B V o n l y , 1 7 no increase in toxicity was 
observed. W i t h relatively short fol low-up (median 1 year) approximately 50% of 
protocol 3 patients appear to be free of disease in comparison to 30% long-term 
disease-free survival (DFS) for patients treated with C B V alone. Protocol 1 was 
closed July 1995, protocols 2 and 3 would st i l l accrue more patients. 

Combined modality therapy 
In a single patient on protocol 1, 30 G y was given in 2 G y fractions to bulky 

abdominal H D immediately preceding ind ium- l l l /y t t r ium-90 A F administration. 
Tumor targeting was observed only in unirradiated H D . A l l protocol 3 patients had 
ifosfamide, etoposide and G - C S F immediately preceding ind ium- l l l / y t t r ium-90 
A F (Table 1). The tumor targeting observed in protocol 3 patients was significantly 
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lower than the tumor targeting observed in protocol 1 and 2 patients. N o targeting 
was observed in 3 patients; they did not receive yttrium-90 labeled A F , one recurred 
in approximately 6 months, two continue without evidence of disease. G - C S F 
appeared to open the blood/marrow barrier for i n d i u m - I l l A F . 1 2 A l l protocol 3 
patients showed symmetric B M uptake of A F with extension into long bones of 
upper and lower extremities and sparing of previously irradiated B M areas. In the 
setting of a hematopoietic rescue protocol (12 days after last yttrium-90 adminis
tration) B M uptake on indium-111 scans d id not preclude yttrium-90 administration. 
A l l protocol 3 patients showed timely engraftment and hematopoietic regeneration. 

Repeated RIT cycles 
The lack of anti-antibody formation i n H D patients al lowed for repeat cycles 

of A F therapy. N e w cycles were always preceded by i n d i u m - I l l A F adminis
trations. This precluded the need for anti-antibody determinations in patients' 
serum and provided a cost effective and sensitive restaging of the patient. 

The response rates after the first cycle o f yttrium-90 A F are given in Table 4. 
Table 5 summarizes the distribution of patients wi th and without a response after 
different cycles. Some patients wi th a response after the first cycle were not 
retreated due to disease progression prior to becoming eligible for a second cycle. 
Patients without response or progressive disease were not retreated. Patients wi th 
stable disease (not counted as response) were retreated. Some continued to 
experience stable disease, none obtained a P R or C R after new cycles. Patients 
wi th a P R after one cycle received repeat cycles (unlimited i n protocol 1, l imited 
to 3 in protocol 2). Patients with a C R after one cycle were retreated once, then 
observed and remained eligible for retreatment i f a recurrence was observed. 
N e w responses were noted in some such patients after new yttrium-90-labeled 
A F therapy. 

Factors controlling HD response/recurrence after RIT 
N o responses of H D were observed i n 3 patients under 20 years o f age. 

Responses were significantly more frequent in patients over the age of 30 (80 
versus 45% response rate). In 5 patients wi th large (>5 cm) necrotic tumors (as 
evidenced by "co ld" areas on S P E C T scans after indium-111 A F ) a response after 
yttrium-90-labeled A F was not obtained. Responses were more frequent i n 
patients with low tumor volumes. After a P R or a C R , recurrences of H D were 
observed at sites of previous bulky disease (one-third of patients), i n previously 
involved and new areas (another one-third of patients) or only i n new areas (the 
final one-third of responding patients). Patient survival after yttr ium-90-labeled 
A F for protocols 1 and 2 was similar to survival of H D patients studied earlier at 
Johns Hopkins Oncology Center. 6 Med ian survival was approximately 8 months 
with approximately 20% of patients surviving over 2 years. 
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DISCUSSION 

Yttr ium-90-labeled A F provides a patient-friendly treatment modality wi th a 
high response rate in an extensively pretreated and essentially end-stage patient 
population with H D . Patients remain outpatients, experience hematological 
toxicity only (which is familiar to a l l patients from prior non-RIT therapies) and 
incur charges of less than $15,000 per cycle. The responses of H D to R I T are due 
to radiation, not to immunotherapy as ferritin is an interstitial antigen, not a ce l l 
membrane antigen. The decrease in H D targeting observed in patients recently 
treated with chemotherapy or external beam radiation prior to R I T might be 
explained by a decrease in ferritin secretion by H D cells after therapy. Ferri t in 
deposited earlier i n tumor interstitium w i l l be removed over time by catabolism 
or transportation into the general circulation (patients wi th H D have increased 
blood levels o f ferritin). The optimal t iming o f radiolabeled A F treatment appears 
to be prior to chemotherapy or external beam therapy. 

Decreases in the size of H D lesions after yttrium-90-labeled A F appear to be 
radiation dose related. Higher yttrium-90 activities correlate with higher response 
rates, smaller tumors respond more frequently and larger tumors with a perfusion 
problem (necrosis) have lower response rates. Evidently, insufficient radiation is 
delivered to most tumors, as even in the best responding patients recurrences are 
noted. One of the problems noted after R I T is recurrence in previously uninvolved 
areas, comparable to the recurrence problem seen in the early days of external 
beam radiation for H D , when so-call " involved fields" were used. 1 8 Presumably, 
small volume H D present at the time of initiation of R I T is not identified by 
indium-111-labeled A F staging studies and does not show yttrium-90-labeled A F 
targeting. Possible explanations for untargeted H D are low ferritin concentrations 
in small volume H D or the absence of tumor neovasculature in small volume H D . 
Successful R I T of small volume H D appears to require a new immunoglobulin, 
reactive with tumor associated antigens present in small volume H D and a 
radioisotope with a smaller range of energy deposition than yttr ium-90. 2 ' 9 Failure 
i n previously involved ("bulky") disease can be solved by radioimmunocon-
jugates with better tumor penetration (Ig fragments), monoclonal A F or new R I T 
fractionation regimens. The low response rates observed in large, necrotic H D 
masses might be improved upon by intralesional A F I g M administration. 1 9 I g M 
provides a better vehicle for such therapy than IgG. 

The updated results from the c l in ica l radiolabeled A F studies performed at 
M . D . Anderson indicate that important "mechanistic" information can be 
obtained from cl in ica l studies of a relatively simple design. This is in strong 
contrast to phase I studies of chemotherapeutic agents, which are not tumor 
selective and cannot be imaged or quantified as easily as R I T agents. The rewards 
of seeing c l in ica l ly significant responses after R I T i n a heavily pretreated H D 
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patient population are enhanced by the new options available for further 
improvements in the already high therapeutic ratio of yttr ium-90-labeled A F 
treatment. These options w i l l be explored i n further studies at the Ar l ing ton 
Cancer Center i n the near future. 
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CYTOMEGALOVIRUS 
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Cytomegalovirus ( C M V ) infection remains a considerable cause of morbidity 
and mortality in marrow transplantation. C M V reactivation is expected to occur i n 
approximately 70% of seropositive patients undergoing allogeneic marrow 
transplant. Approximately 30% of patients undergoing high-dose chemotherapy 
and autologous marrow transplant w i l l have reactivation of C M V . Primary 
infection occurs in 20 to 50% of seronegative allogeneic transplant recipients. The 
use of C M V seronegative blood products and/or leukocyte depletion have tremen
dously decreased the risk of primary infection. 

There are several risk factors associated with progression of C M V infection to 
C M V disease. C M V infection is defined as asymptomatic viral excretion detected 
by cultures from urine, throat, blood or bronchoalveolar lavage ( B A L ) . C M V 
disease is defined as the presence of constitutional symptoms: generalized malaise, 
fevers, myalgias, with or without organ affectation (pneumonia, hepatitis, cystitis, 
retinitis and gastroenteritis). Lymphocytosis, neutropenia, thrombocytopenia or 
graft failure can be manifestations of hematological involvement of C M V . The 
degree of immunosuppression seems to be the main predictive factor of the 
development of serious C M V infection. C M V infection w i l l progress into C M V 
disease particularly in patients receiving immunosuppressants. 

The availability of the anti-viral agents ganciclovir and foscarnet has al lowed 
major progress to be made i n the treatment of C M V disease. Before the 
availability of these agents, C M V pneumonia had a mortality rate of approxi
mately 8 0 - 9 0 % . Treatment o f C M V pneumonia w i t h ganc ic lov i r (plus 
intravenous gamma globulins) results in cure i n approximately 50-70% of 
patients. Even though significant advances i n the treatment of C M V disease have 
been accomplished with the availability of these agents, the best treatment or 
prevention remains to be determined. 

Most of our efforts in marrow transplantation have been in the early detection 
of C M V infection through surveillance cultures. Throat, urine, blood and 
bronchoalveolar lavage fluids have been routinely performed at timely intervals, 
usually on a weekly basis, to detect early infections and therefore treat patients 
earlier before organ damage occurs. The detection of the virus i n the blood 
(viremia) has a predictive value for progression or development of C M V disease of 
60%. Predictive values for viruria and positive throat cultures for disease 

639 
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Table 1. Early treatment 

Development of CMV disease 
ganciclovir 5/20 (25%)* 1/37 (3%)** 
placebo 14/20 (70%)* 15/35 (43%)** 

*NEJM 324:1005, 1991. 
**NEJM 325:1601, 1991. 

development are 40 and 41%, respectively. O f more cl inical importance is that 40 
to 50% of patients who develop C M V pneumonia may present without antecedent 
positive cultures, either in blood or urine. For this reason, it is clearly necessary to 
have a more sensitive test to detect early C M V infection. T w o tests have been 
recently introduced into the cl inical practice: C M V antigenemia and C M V 
D N A e m i a . The C M V antigenemia test is a sensitive test based on the identification 
of viral antigens on the surface of leukocytes even before the virus has entered into 
a replicative state. These viral antigens expressed on the cell surface of infected 
cells are amenable to detection using monoclonal antibodies in an immunofluo
rescence assay. The test has a high predictive value of 70 to 75% for the 
development of C M V disease, and enables earlier detection o f viral infection (7 to 
10 days earlier) compared with conventional viral cultures. 

D N A from C M V can be detected by polymerase chain reaction ( P C R ) 
techniques ( D N A e m i a test). This test w i l l provide the earliest indication o f C M V 
infection and becomes positive 4 to 8 days earlier than the antigenemia test, or 12 
to 14 days earlier than conventional cultures. Because it is very sensitive, it w i l l be 
positive in a substantial number o f patients not at risk for progression to C M V 
disease (therefore, it has a lower predictive value). However, because of high 
sensitivity it may prove very useful in determining when to stop treatment in a 
particular patient. 

For the most part, prevention of C M V infection results in improved outcome 
after bone marrow transplant. Seronegative recipients undergoing marrow 
transplantation should receive C M V negative or leukocyte-depleted blood 
products. Seropositive patients should receive either early treatment or early 
prophylaxis. Ear ly treatment may consist o f treatment when the P C R first becomes 
positive at the first sign of excretion of the virus from urine, blood, throat or any 
other fluids. The effectiveness of early treatment has been wel l documented in two 
randomized studies (Table 1). 

One study performed surveillance viral cultures from urine, blood and throat on 
a weekly basis. In the other study, bronchoalveolar lavage was performed on day 
28-35 after transplant. The patients were randomized to receive either ganciclovir 
or placebo at the time of positive cultures. Both studies revealed a significant 
reduction in C M V disease when early treatment with I V ganciclovir was given. 
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Table 2. Early prophylaxis 

CMV infection 
ganciclovir: 1/33 (3%)* 8/40 (20%)** 
placebo: 14/31 (45%) 25/45 (56%) 

CMV disease 
ganciclovir: 0/33* 4/40 (10%)** 
placebo: 9/31 (29%) 11/45 (24%) 

*Ann Int Med 118:173, 1993. 
**AnnInt Med 118:179, 1993. 

However, significant neutropenia due to ganciclovir was seen in 30 and 35% of 
patients, respectively. In 12 and 13% of patients registered in the two studies, 
respectively, C M V disease occurred without antecedent excretion of the virus. 

Some drawbacks of "early treatment" include: 

1. H igh incidence of neutropenia 
2. Significant occurrence of overt C M V disease without antecedent positive 

surveillance cultures. 
Early prophylaxis is an alternative approach to early treatment. Ant iv i ra l agents 

are given at the time of engraftment, before any evidence of C M V infection. T w o 
randomized trials compared the efficacy o f "early prophylaxis" with intravenous 
ganciclovir (Table 2). 

In both studies, the incidence of C M V infection and C M V disease was signifi
cantly reduced in the group receiving ganciclovir . A problem with early 
prophylaxis is that a substantial number of patients not at risk receive treatment. 
This number varies from 40 to 65%. In addition, 30 and 58% of patients developed 
significant neutropenia. U p to 30% of patients developed a bacterial sepsis that was 
directly related to ganciclovir-induced neutropenia. N o difference in survival was 
noted in these studies, perhaps due to the high incidence of serious complications 
related to drug-induced neutropenia. Early treatment or early prophylaxis is 
effective in reducing the incidence of C M V infection and/or C M V disease, but both 
approaches have numerous disadvantages. 

A trial has been initiated util izing oral ganciclovir. In this trial, early prophylaxis 
with oral ganciclovir is compared with placebo i n a double-blind randomized 
fashion. The oral ganciclovir w i l l produce blood levels that are in the range of die 
IC50 of most of the C M V isolates. However, since blood levels achieved with the 
oral agent are considerably lower than the I V doses used in prior studies, a lower 
frequency of neutropenia is expected. In this new trial, early treatment w i l l be 
initiated i f the patient develops a positive C M V antigenemia test (in contrast to 
earlier trials in which treatment was based on results of conventional cultures). The 
potential benefit is that early prophylaxis may be provided without a high incidence 
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of neutropenia. In addition, by following patients with the C M V antigenemia test, 
we hope to initiate intravenous ganciclovir therapy earlier. This approach may result 
in a reduction in C M V infection and disease while minimizing toxicity. 

Oral ganciclovir has been used in maintenance treatment for C M V retinitis in 
A I D S patients. N o significant difference in retinitis recurrence was noted after oral 
versus I V maintenance treatment. A t our institution, oral ganciclovir has been used 
i n a small group of patients. Most have chronic graft-versus-host disease that 
requires the prolonged use of immunosuppressants and therefore are susceptible to 
recurrent C M V infections. Whi le the availability of oral ganciclovir may improve 
the care of these patients, trials evaluating the efficacy of oral ganciclovir in this 
c l in ical setting are needed. 

In summary, the treatment and prevention of C M V has improved the outcome 
of patients undergoing allogeneic marrow transplantation. W e still need to identify 
the best prophylactic regimen and determine the most appropriate way of using 
intravenous and oral ganciclovir. 
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AUTOLOGOUS STEM CELL THERAPY 
FOR TREATMENT OF AUTOIMMUNE DISEASES 

D.W. van Bekkum 

IntroGene B.V., Rijswijk, The Netherlands 

INTRODUCTION 

B e i n g honored at this meeting with the first C M O M C award gives me the 
privi lege to dwel l on certain aspects o f my work that are not strictly o f scientific 
interest. M y motivation for applying bone marrow transplantation ( B M T ) to 
autoimmune diseases ( A I D ) d id not spring from my usual incl inat ion to cross 
traditional borders between disciplines, but was forced upon me by my 
paymasters. It began about 10 years ago when the Min i s t ry o f Health, wh ich 
traditionally provided substantial structural funding to the Radiob io log ica l 
Institute, announced that part o f this money wou ld have to be spent on applied 
research of chronic diseases and, furthermore, that autoimmune diseases, in 
particular rheumatoid arthritis, should be a priori ty. The research program of the 
Institute was at that time devoted to radiation protection, including large 
projects on carcinogenesis, on radiation therapy with cancer as the outstanding 
issue and on hemopoiesis wi th stem cells and B M T as its leading motive. A l l o f 
these programs had been we l l established during the 25 years o f the Institute's 
existence, so that the pol i t ica l demand for a shift towards an area of research i n 
which we had neither experience nor reputation was received wi th very mixed 
feelings. This reluctance was also based on the concern that competing for 
grants by newcomers i n a f ie ld of investigation is always very difficult . 
Accord ing ly , the enthusiasm among the staff to develop this new program or 
even start the process of thinking about it was min imal . Moreover , the f inancial 
situation d id not a l low recruitment o f new staff familiar wi th arthritis research. 
Thus, it was left to the director to prepare the grounds for the new enterprise 
wi th his small group of one research assistant, a technician and the occasional 
graduate student. 

The Dutch Health Min i s t ry made no exception to the universal strong 
preference of government agencies for prevention as opposed to treatment. Our 
survey of the literature showed that most A I D i n humans have genetic 
components that influence susceptibility to unknown environmental init iat ing 
factors. A m o n g those factors, l i ke ly candidates are bacteria present i n the 
intest inal mic ro f lo ra ca r ry ing antigens that m i m i c or cross-react w i t h 
autoantigens present on cells o f the target tissue of A I D . Such a mechanism is 

645 



646 Chapter 10 

apparently operative in several animal models o f A I D . AID-prone mice from the 
same stock were found to exhibit a str ikingly different incidence when bred in 
different laboratories, and germ-free mice have a different incidence compared 
with conventional mice kept in the same place. 1 A m o n g the facilities o f the 
Institute were a large colony of gnotobiotic and germ-free rodents for ongoing 
research on graft-versus-host disease ( G V H D ) and the production of disease-
free animals for radiation research, as we l l as adequate bacteriological support 
for this operation. Cons ide r ing our long-standing experience w i t h this 
technology, it seemed most opportune to exploit these resources for starting a 
program on the role of microflora i n the development of A I D , wi th the ultimate 
objective of developing prevention v i a modi f ica t ion of the microf lo ra . 
Obvious ly , this wou ld have been a long-term effort requiring stable funding, but 
that prospect d id not appeal to the authorities, who were only interested in fast 
results. W e therefore began to compare the various animal models o f arthritis i n 
rats and mice in order to identify the best model for intervention studies. 

The fascinating therapeutic results o f autologous B M T (au toBMT) and the 
ongoing implementation of those findings i n the c l in ic show that commissioned 
research can have its rewards. F o l l o w i n g our exci t ing findings in the arthritis 
model , we made numerous attempts to get funding for s imilar studies in other 
autoimmune diseases, from disease-oriented charity foundations, since by that 
time I had retired from my posit ion at the Radiob io log ica l Institute. A l l these 
agencies ( including the one for rheumatoid arthritis research) rejected our 
applications as being too far-fetched, except the Dutch Foundation, "Fr iend of 
M S research," which has generously funded al l our work with the experimental 
allergic encephalitis ( E A E ) model . 

Selection of an animal model of rheumatoid arthritis 
A large variety of antigens and immunizat ion schedules was known to induce 

various forms of inflammatory arthritis in susceptible experimental animals. 
A m o n g the antigens are Complete Freund Adjuvant ( C F A ) , collagens and 
streptococcal ce l l wa l l preparations. 

The most wide ly studied are the L e w i s rat and C F A , but i n our hands, as in 
most other laboratories, immunizat ion with adjuvant induced a typical ly acute 
form of the disease resulting i n resistance after remission. W e then studied a 
variety of mouse, rat and guinea p ig strains using adjuvant and collagen as 
sens i t iz ing agents and compared the c l i n i c a l picture as w e l l as the 
histopathology of the lesions. Our conclusion from this extensive exploration 
was that adjuvant arthritis ( A A ) in the Buffalo ( B U F ) rat strain provided the best 
resemblance to rheumatoid arthritis in humans. In the B U F rat, a single intracu
taneous inoculat ion of Mycobac te r ium tuberculosis i n Incomplete Freund 
Adjuvant induces wi th in 3-4 weeks a chronic progressive type of polyarthritis 
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i n over 80% of the animals . 2 The inflammation involves chiefly the distal 
extremities, as a chronic proliferative synovi t is wi th pannus formation, 
destruction of cartilage and subchondral bone, vasculit is , pericapsular fibrosis 
and extensive reactive bone formation. In some animals the inflammation 
recedes after 10 weeks at the earliest, i n others progressive inflammation 
continues for as long as 30 weeks, by which time the experiments were usually 
terminated. C l i n i c a l l y , there is swel l ing of the affected joints, wh ich is measured 
with calipers and expressed as the arthritic score: the sum of the increase i n 
thickness of the 4 paws compared wi th preimmunizat ion values. Dur ing the 
progressive chronic stage the inflamed joints are reddish and painful. F o l l o w i n g 
extinction of the inflammation, either spontaneously or as a result o f treatment, 
the osseous deformities persist. Treatment o f rats wi th ful ly developed arthritis 
wi th cyclosporin A causes partial regression but the disease progresses again 
after discontinuation of the drug. 

Is AID a disease of the CMOMC?1 

('Cells meeting our morphological criteria [of hemopoietic stem cells]3) 
Many, i f not al l , of the autoimmune diseases are T cell initiated or mediated, and 

the presence of autoantibodies in the serum of the affected subjects is now 
considered to be an associated- or epiphenomenon. The activation of T lymphocytes 
against self-antigens may be induced by the release of an excessive amount o f 
tissue-specific antigens to which the organism has not developed tolerance during 
development, as in the case of sympathetic ophthalmia. For the majority of the 
human A I D , however, the inducing agent is unknown. Epidemiological research has 
not been able to identify specific triggers, suggesting perhaps that exposure to such 
antigens is universal and that affected individuals have an unusually high suscepti
bility, a predisposition that is genetically determined. Numerous reports describe the 
linkage of certain M H C genes of both the H L A and the D / D R regions with specific 
A I D , but the linkages are far from absolute. 4 A l s o , concordance in monozygotic 
twins is limited: in multiple sclerosis (MS) it is 20-30%, and in R A 11%, 5 indicating 
that both genetic and environmental factors are involved. 

The animal models of A I D are of two distinct categories: the hereditary and the 
induced forms. In the first category the disease develops spontaneously i n a large 
proportion, or i n a l l o f the individuals of a particular inbred strain of mice or rats. 
The induced A I D develop fol lowing immunization with certain antigens in certain 
inbred strains—the susceptible ones—and not in others, the resistant ones. The best 
described models are A A and E A E . The latter is currently considered to be die best 
model for human multiple sclerosis ( M S ) . Susceptibility and resistance are 
genetically determined as demonstrated by cross breeding. The induced models for 
A I D are obviously best suited for die experimental approach to human diseases 
because of their similar dual etiology. 
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Table 1. Transfer (T) and prevention (P) of hereditary AID by alloBMT 

Disease AI strains Non-AI strains T and/or P Ref. 

SLE-like NZB, BALB/c, SJL/J, T 7 
syndromes (NZBXSJL/J)F1 C57BL/6 
(mice) (NZBXC57BL/6)F1 

NZB BALB/c, T/P1 8,9,10 
B10.D2,C57BL/Ks,DBA/2 

MRL/lpr C57BL/6J P 11 
(NZWXBXSB)Fl C3H/HeN,C57BL/J T 12 

insulin- NOD NON,(NODxNON)Fl T 13 
dependent NOD (NODxBlO)Fl T 14 
diabetes NOD BALB/c nu/nu P 15 
mellitus NOD C57BL/6,B10.BR/cd T/P 16 
(mice) 
(rats) BB BB diabetes-resistant P 17 

subline 
BB WF P 18 

"moth-eaten" me/me +/+ T 19 
syndrome 
(mice) 

skin fibrosis tsk +/+ T 20 
(mice) 

Having proposed this, we may turn our attention to the immune system, 
which is instrumental in causing and maintaining the pathology of AID. Failure 
to abstain from or limit self-destruction may be regarded as a defect either of 
restrictive immune mechanisms or of suppression. The next question is whether 
this occurs at the level of the lymphoid cell population; for example, a dysregu-
lation resulting from an abnormal formation—too much or not enough—of 
subpopulations that could be brought about by an unusual sequence or strength 
of stimuli. 5 2 Examples are the diverse autoimmune syndrome that has been 
described in neonatally thymectomized mice 6 and the AID that occurs in rodents 
following treatment with cyclosporin A . 

The alternative hypothesis assumes a defect in the hemopoietic stem cell 
(HSC), which is expressed in certain lymphoid cells. The latter hypothesis was 
inspired by experiments demonstrating the transfer of hereditary AID to lethally 
irradiated animals from normal strains by B M grafts from the affected strain and 
vice versa (Table 1). 
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Table 2. Transfer (T) and prevention (P) of induced AID by alloBMT 

AID AI strains Non-AI strains TanaVorP Ref. 

adjuvant arthritis 
(rats) Lewis 
(rats) BUF (AA) 

streptococcal cell wall arthritis 
(rats) Lewis 

collagen-induced arthritis 
(rats) WAG(CIA) 
(rats) DBA/1 (CIA) 

encephalomyelitis (EAE) 
(rats) Lewis 
(guinea pigs) strain 13, (2xl3)Fl 
(rats) Lewis 
(mice) SJL/J 

(mice) 
(rats) 
(rats) 

SJL/J 
BUF 
BUF 
(BUF, Lewis,, SJL/J) C.B.-17-scid/scid 

F344 
WAG 

F344 

BUF 
SWR 

BN 
strain 2 
Le-R 
B10.S 

B10.S 
WAG 
BN.1B 

T/P 
T/P 

T/P 

T 
conflicting 

results 

T/P 3 

T/P 
T/P 
conflicting 

results 
T/P 
T/P 3 

T/P 
T 

21 
30 

21 

22 
23 

24 
25 
26 
27,28 

29 
22 
31 
32 

Such results led Ikehara 1 5 to propose that A I D is due to a defect of the 
H S C — i n other words, a stem ce l l disease. However , this conclusion is not 
whol ly justified. M a n y of the A I D i n animals can also be transferred by mature 
lymphocytes. A s long as similar transfers have not been performed wi th h ighly 
purified stem cells, it seems more appropriate to use the term stem ce l l -
associated diseases in the case of the hereditary models. 

In regard to the indel ible models, experiments have been performed wi th 
radiation chimeras of resistant recipients and susceptible donors and v ice 
versa. (Tables 2, 3 and 4). In the case of A A (various rat strain combinations) 
and E A E (rat, mouse and guinea pigs), the responses were determined by the 
B M donor strain, i n other words, both the susceptibil i ty and the resistance 
could be transferred wi th the B M . In the case of col lagen-induced arthritis 
( C I A ) the susceptibil i ty was transferred f rom W A G rats to resistant B U F rats, 
but the results o f an experiment wi th mice were conf l ic t ing , presumably 
because the resistant strain was C 5 deficient. Interestingly, susceptibil i ty to 
induct ion of E A E has been transferred to S C I D mice wi th B M grafts f rom 



650 Chapter 10 

Table 3 . Transfer of susceptibility and resistance to EAE by T cell depleted BM 1 

Incidence of 
Strain or BM chimera Incidence of histological % activated T ly of WAG 
( donor-^recipient) clinical EAE lesions in CNS haplotype in CNS 

BUF 12/12 6/6 0(3X) 
BUF^BUF 7/7 ND ND 
BUF^WAG 9/9 8/8 1,4 
WAG 0/10 1/9 
WAG^BUF 2/11 4/10 82, 88, 100 
W A G ^ W A G 0/7 0/3 

'Adapted from reference 22. 

Table 4. Transfer and resistance to AA by BMT 1 

Strain or BM chimera 
( donor->recipient) incidence of arthritis (%) 

BUF 130/192 (67) 
BUF-+BUF 7/10 (70) 
BUF^WAG 3/6 (50) 
WAG 0/20 
WAG ^W AG 0/5 
WAG^BUF 0/14 

'D.W. van Bekkum(30). 

susceptible mouse or rat strains. These results wi th inducible mode l s—which 
have the most resemblance to c l i n i c a l A I D — d o not argue a pr ior i against the 
use o f a u t o B M T s for treating patients w i t h severe A I D , as w i l l be 
demonstrated be low. 

Treatment of fully developed AID with BMT 
In v iew of the transfer data described i n the previous section it appeared 

log ica l to attempt to cure fu l l -b lown A I D by eradication of the lymphohe-
mopoietic system wi th high-dose ablative treatment (analogous to treatment of 
leukemia to be designated as conditioning) fol lowed by rescue wi th allogeneic 
B M from a resistant strain donor. Such treatment was first explored by Ikehara 
and G o o d in hereditary A I models wi th remarkable success (Table 5). W h e n the 
disease had already developed in B X S B mice ( S L E - l i k e disease wi th lympho-
proliferation and glomerulonephritis) complete remissions were obtained wi th 
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Table 5. Treatment of fully developed experimental AID with alloBMT 

AI strain 

Normal 
donor strain 
(conditioning) Effect Ref 

Hereditary AID 
B/W, BXSB 

MRL/lpr 

BALB/c nu/nu 
(TBI) 

C57BL/6 
(TBI) 

lasting reduction of glomerular 
damage and deposits of IgG and C, 
as well as reduction in circulating 
immune complexes 

complete and lasting amelioration of 
glomerulonephritis, arthritis and 
correction of immunological 
abnormalities 

33 

34 

Induced AID 
AA (BUF) 
EAE(BUF) 

WAG(TBI) 
WAG, BN. IB 

(TBIorCY+BU) 
CIA(DBA/1J) BALB/c (TBI) 

complete remission of severe arthritis 35 
remission-induction, prevention of 31 

spontaneous and induced 
relapse in 90% of the animals 36 
no remission-induction, but complete 37 

prevention of progression 
Abbreviations: AI, autoimmune; AA, adjuvant-induced arthritis; BU, busulfan; C, complement factor; 
CIA, collagen-induced arthritis; CY, cyclophosphamide; EAE, experimental autoimmune 
encephalomyelitis; TBI, total body irradiation. 

transplants o f allogeneic marrow lasting for as long as 1 year after transplan
ta t ion. 3 3 In s imilar ly treated mice of the M L R / l p r strain (another model o f S L E ) 
the disease recurred after an in i t ia l remission and the relapses were associated 
wi th a reversal of the chimeric state. 3 4 

W e began s imilar experiments i n 1988 wi th adjuvant-induced arthritis i n 
rats using lethal total-body irradiation (TBI) and allogeneic B M from a 
resistant strain and obtained complete and lasting remission i n a l l animals. In 
control experiments we employed syngeneic B M T , expecting that the disease 
wou ld relapse. However , this was not the case. M u c h to our surprise syngeneic 
B M was just as effective as allogeneic B M . Apparent ly , the complete 
remissions were fo l lowed by a state of tolerance to the autoimmune antigens 
wh ich may or may not persist beyond the moment o f treatment, 4 -5 weeks after 
the primary induct ion. W h e n the rats treated wi th syngeneic B M were 
re immunized at 24 hours and at 28 days fo l lowing the B M T , relapses d id not 
occur i n any of the an imals . 3 5 
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Table 6. Results of treatment of fully developed experimental induced AID with syn
geneic or (pseudo-) autoBMT 

BM origin 
AID (strain) (conditioning) Effect Ref. 

EAMG (Lewis) pseudoautologous 
(CY + TBI) 

reduction of a-AChR titer by CY, 
elimination of memory response 
by TBI; reimmunization induces 
a new primary response 

39 

AA (BUF) autologous and 
pseudoautologous 
(TBI) 

complete and lasting remission; no 
regression of excessive bone 
formation when treated at late 
stage of the disease 

38 

CIA (DBA/1) syngeneic (TBI) no remission-induction, but 
complete prevention of 
progression 

37 

EAE (SJL/J) syngeneic (CY) remission-induction, only 7% 
spontaneous relapses; 25% 
induced relapses (versus 100% 
in controls) 

40 

EAE (BUF) syngeneic and remission-induction, 30% spon 41 
pseudoautologous taneous relapses (conditioning- 42 
(TBI,CY/ALS + TBI) dose dependent); 45% induced 

relapses in syn BMT, 72% in 
psa BMT 

Abbreviations: AA, adjuvant-induced arthritis: a-AChR, anti-acetyl choline receptor antibodies: CIA, 
collagen-induced arthritis: CY, cyclophosphamide: EAE, experimental autoimmune encephalomyelitis; 
EAMG, experimental autoimmune myasthenia gravis; TBI, total body irradiation; syn, syngeneic; psa, 
pseudoautologous. 

These findings made us investigate the effects o f a u t o B M T fo l lowing the 
same condit ioning reg imen. 3 8 The B M was harvested from the femurs o f 
arthritic rats by a surgical procedure, fo l lowed by T B I and intravenous return of 
their B M after the T B I . This resulted in complete and lasting remission, s imilar 
to the results obtained with allogeneic or syngeneic B M . 

Fo r subsequent studies on the curative effects of autologous marrow 
transplants, both in the arthritis model and in E A , we have always used the 
pooled marrow harvested from syngeneic rats that suffered from the same fully 
developed A I D as the animals to be treated. This procedure was adopted to 
avoid unnecessary suffering of the sick animals (polyarticular inflammation or 
i n the case of E A E paresis and paralysis) from the surgical procedure o f B M 
harvesting. For each experiment about 100 rats were immunized and—4 or 5 
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weeks later i n the case of A A , 3 weeks later i n the case of E A E — e a c h animal 
was scored using a grading scale for the c l in ica l symptoms and the animals were 
distributed over the various experimental groups and the donor group of rats, 
assuring that the average score of a l l groups was similar . An ima l s without 
symptoms (10-20%) were always excluded. The donor marrow obtained i n this 
way is designated as pseudoautologous; its composit ion is identical to that o f 
autologous B M . 

The EAE rat model 
Simi la r experiments and procedures to those used i n the A A model were 

subsequently performed wi th M . van Gelder i n the E A E model , which was also 
developed i n B U F rats. In contrast to the wide ly employed L e w i s rat, wh ich in 
our hands developed only an acute and t ime-l imited encephalitis, the B U F rat 
reacts to immunizat ion wi th spinal cord tissue in Complete Adjuvant wi th 
relapsing neurological symptoms, accompanied by characteristic inflammatory 
lesions throughout the C N S . These can be found even before the appearance of 
c l in ica l symptoms. W i t h the immunizat ion mixture of 6-12 mg of spinal cord i n 
Complete Adjuvant supplemented with 0.14-0.28 mg of M . tuberculosis strain 
H 3 7 R A , c l in ica l paralysis and paresis appear f rom day 11 onwards. B y day 20, 
when treatment was given, between 70 and 100% of the rats had-full b lown 
E A E . If untreated, the neurological defects continue i n some or gradually recede 
in others, to be fo l lowed by one or more spontaneous relapses i n 70% after the 
first attack. About 10% of the animals die during this period. Between day 40 
and 90 most o f the rats have entered a stable remission and when re immunized 
during that period, 85% respond wi th a relapse, a rate s imilar to the incidence of 
E A E fo l lowing primary immunizat ion. The onset o f these induced relapses is 
between 3 and 11 days after immunizat ion, compared wi th day 11 onwards 
fo l lowing the primary immunizat ion. 

Therefore, the induced relapses are probably similar to secondary immune 
responses fo l lowing sensitization, wh ich are ascribed to activation of memory 
cells. The effects o f treatment wi th B M T include the registration of spontaneous 
and induced relapses, although we cannot interpret their relevance for relapses 
i n M S , because the immunologica l mechanism underlying the latter is unknown. 

W e shall discuss the results o f a u t o B M T i n A A and E A E in B U F rats 
together since the treatment methods were basically similar, so that differences 
i n responses between the models may w e l l be specific for each disease. 

RESULTS OF AUTOBMT 
Few results have been published so far on the treatment of full-blown A I D with 

syngeneic B M T . Our group and that of Pestronk 3 9 are the only ones having 
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explored the use of a u t o B M T (Table 6). The latter results w i l l be reviewed here, as 
a u t o B M T w i l l be in most cases the best option for cl inical application of this 
treatment modality. 

In both diseases, high-dose T B I (8-10 G y ) fo l lowed by pseudoautologous 
( P S A ) B M T causes rapid and complete remission in a l l animals. Spontaneous 
relapses were not seen i n A A , but occurred in 30% on average i n E A E (Table 
7). F o l l o w i n g treatment wi th allogeneic B M T ( a l l o B M T ) from a resistant strain, 
the incidence of spontaneous relapses was only 5 % . 3 6 The higher incidence after 
P S A B M T is not due to T lymphocytes i n the grafted marrow because a similar 
spontaneous relapse rate is observed wi th syngeneic B M T derived from normal 
rats o f the same strain. This conclusion is borne out by the observation that T 
ce l l depletion of both P S A and syngeneic grafts does not prevent or d imin ish the 
spontaneous relapse rate. Spontaneous relapses fo l lowing P S A B M T are 
therefore attributed to residual T lymphocytes that have surv ived the 
condit ioning. Analogous to leukemia, we use the term "min ima l residual 
autoimmune disease." Such cells capable of init iat ing a spontaneous relapse are 
probably activated T cells . The notion that residual T cells are operative i n 
spontaneous relapses is supported by the increased relapse rate fo l lowing less 
intensive condit ioning and a decreased relapse rate fo l lowing condit ioning with 
high-dose T B I and anti lymphocytic antibody. The near absence of spontaneous 
relapses fo l lowing a l l o B M T can at this time only be explained by assuming a 
reduction of residual host lymphocytes by a subcl inical graft-verus-host reaction 
(analogous to the term graft-versus-leukemia react ion, this putative 
phenomenon was named graft-versus-autoimmunity by A . M . Marmont) . 

In A A rats, less intensive condit ioning—such as high-dose cyclophos
phamide—does not result i n spontaneous relapses but in less complete 
remission, which reflects the chronic progressive nature of A A . This also points 
to the necessity of extensive eradication of the lymphocyte population for 
obtaining complete remission, wh ich is supported further by the recurrences that 
occur i n patients wi th A I D who have been treated i n the past years wi th repeated 
medium high doses of c y c l o p h o s p h a m i d e . 4 3 4 4 

The absence o f a contr ibut ion to spontaneous relapse inc idence by 
autologous grafts in our experiments does not infer a s imilar situation in 
humans. Rat B M contains about ten times fewer T lymphocytes than human 
B M . Furthermore, the number o f activated T cells that may cause relapses may 
be fewer in the human autoimmune diseases; after a l l , animal models are not 
complete images of human disease. Recently, relapses were reported i n 5 
patients suffering from diverse connective tissue autoimmune disorders who 
were treated wi th unmanipulated autologous B M or mobi l ized peripheral b lood 
c e l l s , 4 5 loosely called "blood stem cel l s" or "peripheral blood progenitor ce l l s , " 
and the one relapse out of 15 patients wi th the progressive form of M S treated 
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by Fassas et a l . 4 6 wi th autologous b lood cells, who had not received ant i lym-
phocyte antibodies ( A L S ) after the transplant (which is effective i n depleting the 
graft of T cells i n v ivo) . 

T cel l depletion of the graft is essential i n a u t o B M T for autoimmune disease, 
as is tumor cel l depletion i n a u t o B M T for malignant disease. A patient with active 
A I D is to be compared with a leukemic patient i n relapse. In the latter case nobody 
w i l l seriously consider transplanting autologous B M without an effective 
leukemic cel l depletion. W e showed that addition of P S A spleen cells to the B M T 
increases the spontaneous relapses in E A E from 30-40% in rats treated with B M 
only, to 9 3 % . 4 2 In view of the uncertainties mentioned above, our recommen
dation for the c l in ic is to go for at least 3 log of T ce l l depletion for autologous 
B M grafts and for 4 log when using autologous mobi l ized peripheral blood 
progenitor cells. A n even better guideline is to set a maximum at 10 5 T cells/kg 
body weight for both types of autologous grafts in accordance with the recommen
dations formulated at the International Meet ing on Hemopoietic Stem C e l l 
Therapy i n Autoimmune Diseases at Basel , September 1996. 

A s regards the induced relapses, the responses after re immunizat ion differ 
i n A A and E A E . In the nontreated A A controls, the reimmunizat ion was 
performed 15 weeks after the primary immunizat ion . A t that t ime a varying 
proportion of the animals s t i l l suffer from severe stable or progressive inf lam
matory arthritis; in others the inflammation has remitted, but the osseous 
malformation does not regress. Re immuniza t ion does not influence the course 
o f the disease. W e d i d not investigate the effects o f re immunizat ion i n A A rats 
treated wi th a l l o B M T because a l l o B M T is not a realistic option for the 
treatment of patients suffering from severe connective tissue autoimmune 
diseases. This stems from the fact that a proportion of the patients may develop 
chronic G V H D , the symptoms of wh ich are hard to distinguish from the 
primary diseases; also, the transplantation associated risks of a l l o B M T are s t i l l 
higher than those associated wi th a u t o B M T . 

Reimmunizat ion of the treated animals was performed at 11 weeks after P S A 
B M T , that is 15 weeks after the primary immuniza t ion . W h e n opt imal 
condit ioning schedules had been employed, a few (11%) m i l d relapses were 
recorded (Table 7). This l o w incidence precluded the design of experiments 
which can distinguish between min ima l residual autoimmune disease and 
grafted T cells as the effector mechanism of these relapses. F o l l o w i n g 
suboptimal condit ioning, wh ich resulted i n partial remissions, reimmunizat ion 
caused accelerated disease progression i n 50% of the animals. Here, the obvious 
cause is inadequate el imination of host lymphocytes, but a certain contribution 
by grafted T lymphocytes cannot be excluded. 

Reimmunizat ion o f rats wi th relapsing E A E was performed when most o f the 
non-treated animals had recovered from their last spontaneous relapse (day 40 
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onwards). A s described earlier, it induces a high incidence of new relapses; i n 
most cases, probably by activation of memory T lymphocytes. Interestingly, we 
observed 11% induced relapses fo l lowing a l l o B M T from resistant rats. The 
cause of these relapses is l ike ly to reside in a small number of residual host type 
lymphocytes, the presence of which cannot be excluded even in so-called 
complete chimeras. E A E rats treated with P S A B M T developed a high incidence 
(72%) o f induced relapses, that is significantly more than fo l lowing syngeneic 
B M T (44%), suggesting that both residual T cells of the host and grafted T cells 
contribute to induced relapses after P S A B M T . 

In both models we investigated various condit ioning schedules. High-dose 
T B I - 9 G i n A A , 10 G y in E A E was the most effective condit ioning regimen, 
equaled by a combination o f cyclophosphamide (2X60 mg/kg) and a sublethal 
dose of T B I : 4 G y or 7 G y in A A and 7 G y in E A E . High-dose cyclophos
phamide as the sole condit ioning agent (2X60, 2X80 or a single dose of 120 
mg/kg) was tested only in A A . These regimens resulted i n partial remissions 
only. In A A , fractionated T B I (total dose adjusted for the fractionation effect) 
was as effective as a single T B I . For reasons explained below, fractionated T B I 
was not investigated i n E A E rats. 

In E A E we found a combination of 2X60 mg/kg cyclophosphamide fo l lowed 
by a single dose of 30 mg/kg of busulfan only marginal ly less effective than 
high-dose T B I in terms of incidence of spontaneous relapses. 3 1 A s mentioned 
before, it is essential to employ agents for condit ioning that effectively eradicate 
both activated T lymphocytes and memory T lymphocytes in the lymphatic and 
hematopoietic tissues as we l l as those i n the sites o f inflammation. In both A A 
and E A E , irradiating the affected tissues (legs or C N S respectively) only, or 
shielding those parts o f the body whi le irradiating the rest proved to be 
i n e f f e c t i v e . 3 5 ' 3 8 4 1 

In rats wi th E A E , irradiation of the C N S only or wi th T B I induces an acute 
exacerbation of the c l in ica l symptoms within a few hours after irradiation, wi th 
a max imum at 24 hours, after wh ich the condit ion o f the rats returns to pre-
irradiation levels wi thin a few days. This complicat ion occurs even after a dose 
as low as 1.5 G y . W e have seen an occasional fatal outcome of such exacer
bations. Condi t ioning with cyclophosphamide + busulfan d id not induce this 
side effect. 

The aggravation is probably related to the release of cy tok ines 4 7 or enhanced 
edema due to increased blood brain barrier permeabi l i ty . 4 8 This adverse effect 
of irradiation d id not occur in m i c e , 4 9 nor in M S patients fo l lowing irradiation 
of the brain and spinal cord wi th 8-12 dai ly fractions 1.5 G y . 5 0 However , these 
patients had not deteriorated in the previous six months, which may imply a less 
active disease compared with those with E A E . In the c l in ica l study, radiation-
induced damage to the b lood-bra in barrier was demonstrated, wh ich was 



New Avenues 657 

Table 7. Incidence of relapses after treatment of experimental AID with BMT in rats 

Remission Spontaneous Relapses after 
induction (%) relapses (%) reimmunization (%) Ref. 

AA (TBI 9 Gy) 
autologous 100 0 11 30 
alloBMT 100 0 not done 

EAE (TBI 10 Gy) 
pseudoautoBMT 100 30 72 42 
alloBMT 100 5 11 36 

EAMG (Cyclo + TBI 6 Gy) 
pseudoautoBMT 100 HA 11 39 

Abbreviations: AA, adjuvant arthritis; EAE, experimental allergic encephalitis; EAMG, experimental 
autoimmune myasthenia gravis. 

completely prevented by A C T H and corticosteroid therapy. Unfortunately, we 
could not determine whether corticosteroids protect against the exacerbations, 
because paretic B U F rats also responded adversely to this medication. Support 
for a risk of T B I i n M S patients is i n a recent case report o f two patients i n w h o m 
quiescent inflammatory demyelinating polyneuropathy exacerbated during 
condit ioning wi th T B I , which contributed to their death 48 and 175 days after 
B M T . 5 1 Al though the pathogenesis of this disease may be completely different 
from that o f M S , it argues against the use of irradiation i n the treatment of 
demyelinating diseases l ike M S . U n t i l data to the contrary become available, the 
use of T B I for condit ioning of M S patients should be discouraged. 

CONCLUSIONS AND RECOMMENDATIONS FOR CLINICAL APPLICATION 
Treatment wi th B M T fo l lowing myelo- lympho ablative condit ioning proved 

to be highly effective in both A A and E A E , just i fying prudent exploration of this 
modality for treating selected patients wi th severe progressive A I D . This new 
approach finds encouragement i n a few case reports of long lasting remissions 
of various A I D i n patients undergoing B M T for malignancy or aplastic anemia. 4 

Candidates should be i n the inflammatory phase, as our models showed that 
extensive scar lesions do not respond. Because of its universal availabil i ty and 
lower morbidity and mortality, the use of autologous B M is to be preferred over 
H L A - i d e n t i c a l s ibl ing marrow. A n exception might perhaps be made for M S 
patients i n view of the much lower occurrence of relapses wi th a l l o B M T in the 
E A E model . Condi t ioning should be as intensive as safely tolerated to min imize 
residual T lymphocytes i n the inflammatory lesions as we l l as elsewhere i n the 
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body. For connective tissue A I D , a combination of cyclophosphamide and a 
sublethal dose of T B I (4 or 5 G y ) seems to fu l f i l l that condit ion, perhaps to be 
supplemented by A L S or another specific lymphocytotoxic agent. A s radiation 
had been found to be a potential hazard in the E A E model , it should not be used 
for condit ioning of M S patients. In this disease, busulfan and cyclophos
phamide, or high-dose cyclophosphamide, or the B E A M regimen employed 
wi th encouraging results by Fassas et a l . 4 6 are recommended with an addition of 
pretransplant A L S . In designing a condit ioning regimen it should be kept in 
mind that Pestronk et a l . 3 9 observed i n his model o f myasthenia gravis that 
cyclophosphamide as the sole condit ioning agent was inadequate; it had to be 
supplemented wi th sublethal T B I for eradication of memory T cells . 

In a l l cases, extensive T ce l l depletion of the autologous B M graft is 
mandatory. The grafting of autologous mobi l i zed peripheral b lood precursors 
( M P B P ) is not recommended because the larger numbers of T cells are more 
diff icult to remove down to the low leve l required. The advantage of autologous 
M P B P over B M for the more rapid recovery of peripheral blood cells does not 
outweigh the chances of reinfusing larger numbers of T cells wi th an increased 
risk of relapse. 

A t the time of wri t ing, "stem ce l l treatment" of A I D is entering the 
c l i n i c . 4 4 - 4 6 ' 5 3 W e are about to witness a highly inspir ing collaborative effort o f 
hematologists wi th rheumatologists and neurologists. The attempts to extend the 
applications of B M T to the treatment of this important group of nonmalignant 
diseases w i l l profit greatly from the pioneering work of the initiator o f these 
meetings and the "father" of a u t o B M T : D r . Ka re l A . D i c k e . M a y the Hea l ing 
Power of C M O M C 5 4 once more be revealed! 
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A part o f the fourth verse of the Ba l l ad , describing the first c l in ica l success wi th 

T ce l l depleted bone marrow in 1968 at Leyden , is printed here: 

So, the concept of stem cells pluripotential 
For the treatment ofSCID became rather essential 
DeVries killed the dogma defended by Good 
That a thymic defect was its pathological root, 
And in view of no T cells nor B cells detected 
It must be the stem cell that is badly affected. 
It followed that SCID patients should receive 
Bone marrow stem cells for complete relief. 
Well, that's how it happened that stem cell concentrations 
Were used for the first time in clinical transplantations. 
With T cell removed there was no need for postponing 
This treatment at Leyden said Leo Jan Dooren and DeKoning. 
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ABSTRACT 

The use o f radiolabeled monoclonal antibodies for the selective radiation o f 
tumors has been explored intensively for the last two decades. C l in i ca l radioim-
munotherapy (RIT) studies with intravenously (i.v.) administered radiolabeled 
antibodies have indicated two major limitations, 1 i.e., low deposition of radioac
tivity in solid tumors and 2 the formation of anti-antibodies. The low tumor uptake 
of I V RTT can be rectified by depositing the R I T reagent directly into large tumor 
masses (intralesional [i.l.] administration). The problem of anti-antibody formation 
can be minimized by using human monoclonal antibodies. The high radiation doses 
required for the cure of a large tumor cannot be delivered with an external beam 
due to the lack of selectivity and the high incidence of serious damage to normal 
tissue. Intralesional R I T can overcome some of the limitations of external beam 
radiation for large tumor masses. W e have evaluated I g M and IgG radioimmuno-
conjugates injected i . l . in nude mouse models bearing tumor xenografts of two 
human head and neck squamous cel l carcinomas cel l lines. C e l l line 886 reacts with 
human monoclonal I g M (CR4E8) and cell line 1483 reacts with mouse antiferritin 
antibodies (IgM-101 and IgG-103). Normal mouse IgG and I g M were used as 
specificity controls. Tumor nodules were grown s.c. on the hind leg of nude mice. 
Antibodies were conjugated to a 2 B 3 M - D T P A chelator and radiolabeled with U 1 l n 
or 9 0 Y . Biodistribution was performed at 4 hours, 1, 2, 4 and 6 days after injection. 
The distribution of radioactivity was also analyzed by immunoscintigraphy studies 
at 1, 2, 4 and 6 days post injection. Eighty to ninety percent o f m I n or 9 0 Y labeled 
C R 4 E 8 (tumor specific human IgM) was retained i n the tumor (886) for up to four 
days. B l o o d activity was negligible (0.13-0.01% ID/g). L i v e r (0.4-2.27% ID/g), 
kidney (1.06-2.87% ID/g), and spleen (0.05-1.14% ID/g) showed very low uptake 
of radioactivity. The serial static gamma camera images of mice confirmed that 
most of the radioactivity resided in the tumor and gradually moved to the tumor 
periphery. In the 1483 tumor model (ferritin positive), biodistribution data showed 
that approximately 50% of radiolabeled IgG (antiferritin) perfused out of the tumor 
into the circulation and deposited into normal tissues, whereas most of I g M 
(antiferritin) remained bound to the tumor mass. More tumor specific I g M and IgG 
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were retained in tumor than nonspecific I g M or IgG. Specific I g M appears to be a 
better vehicle for i . l . R I T than specific IgG. It is anticipated that much higher 
radiation doses can be obtained in large tumors by i . l . R I T than is possible by 
external beam irradiation. Dose-l imiting levels for normal tissue still need to be 
defined for this new approach. 

INTRODUCTION 

C l i n i c a l radioimmunotherapy (RIT) with intravenously (iv) administered 
radiolabeled antibodies suffers from a low deposition of radioactivity in solid 
tumors . 1 - 3 This could be rectified by depositing the R I T reagent intracompart-
mentally, as, for example, in the peritoneal cavity for peritoneal carcinomatosis 4 5 

or intralesionally, i.e., directly into large tumor masses. 6 Such locally deposited 
radioimmunoconjugates might slowly diffuse over the whole tumor volume, 
including the thin, long tentacles infiltrating into normal tissues. The radioim
munoconjugates would be retained in the tumor by specific antigen-antibody 
binding. This approach could overcome some of the difficulties experienced i n the 
delivery of external beam radiation to large or compartmentally dispersed tumor 
masses. External beam radiation cannot deliver the high doses needed for cure, 
owing to its lack of selectivity and unacceptable damage to surrounding normal 
organs in large radiation fields. 7 This problem can be illustrated by the experience 
obtained in patients with large (>6 cm) head and neck cancers in whom local tumor 
recurrence and/or severe normal tissue side effects are common after external beam 
irradiation with curative intent. 8 

We postulate that the efficacy of direct deposition of radioimmunoconjugates in 
compartments or tumors is influenced by tumor antigen location (interstitial, 
membrane, intracellular), number of antibody binding sites per radioimmunocon-
jugate and size of the radioimmunoconjugate. W e anticipate that significantly higher 
radiation doses can be delivered to tumors with these new approaches than was 
previously possible. W e report on i . l . (intralesional) R IT in two different nude mouse 
models, both bearing subcutaneous human head and neck squamous cell carcinoma 
xenografts. Intralesional RTT, particularly when using I g M , can deliver selective, high-
dose radiation to large tumors. Dose-limiting toxicity to normal organs remains to be 
defined, and w i l l require toxicology studies in large animals such as beagle dogs. 

METHODS AND MATERIALS 

Purification of antibodies 
T w o monoclonal I g M antibodies ( C R 4 E 8 , AF-101) were isolated from cell 

culture supernatant and purified by column chromatography using Sephacryl S-300 
gel filtration media. The IgG (AF-103) was also isolated from cell culture 
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supernatant and purified by ion-exchange/affinity chromatography. C R 4 E 8 is a 

human Monoclonal I g M X 9 that reacts with a human squamous cel l carcinoma of 

head and neck (886) cel l line. AF-101 is a mouse monoclonal antiferritin (IgM) and 

AF-103 is also a mouse monoclonal antiferritin (IgGi). Both antibodies react with 

1483 cell line. Tumor nodules of the 1483 cel l line contain ferritin. 

Cell lines and tumor xenograft 
The human head and neck squamous cel l carcinoma cell line (886 or 1483) was 

cultured in vitro. Single cell suspensions ( 8 X 1 0 6 cells) were used to inoculate 
subcutaneous (s.c.) tumor xenografts in nude mice. 

Preparation of immunoconjugates 
The antibodies were conjugated to 2-(p-isothiocyanato) benzyl-3-methyl-

diethylene triamine pentaacetic acid ( I T C - 2 B 3 M - D T P A ) by reacting them at a 1:14 
molar ratio in 0.05 M Hepes buffer, p H 8.5, at 4 ° C for 12 hours. The conjugated 
antibodies were purified from unconjugated chelate molecules with an A m i c o n 
Centricon-50 unit. Purity of the antibody-chelate conjugates were determined by 
size-exclusion H P L C . 

Radiolabeling of immunoconjugates 
Indium-111 was obtained from DuPont N E N Products (Wilmington, D E ) . A 20 

u L aliquot of i n I n C l 3 (3.7 mCi ) was equilibrated with 250 p L of 0.6 M sodium 
acetate buffer, p H 5.3, and 250 p L of 0.06 M sodium citrate buffer, p H 5.5. T w o 
hundred and fifty microliters of immunoconjugate (9 mg/mL) in 0.1 M P B S was 
added to buffered indium, mixed wel l , and incubated at room temperature for 45 
minutes. This labeling mixture was challenged with a 100-fold excess of free 
D T P A to sequester free isotope and remove weakly labeled radioisotope from the 
protein before column chromatography. The radiolabeled immunoconjugates were 
separated from low molecular weight compounds by gel filtration chromatography 
with a 1.5X20 c m Sephadex G50 gel column using 0.1 M P B S as eluent. 

9 0 Y was obtained from Westinghouse (Richland, W A ) . A 5 p L aliquot of 9 0 Y C 1 3  

(6.5 mCi) in 0.1 M H C l was equilibrated with 200 p L of 2.0 M acetate buffer, p H 6.0. 
A n aliquot of 200 uL of immunoconjugate solution (9 mg/mL) in 0.1 M P B S was 
added to buffered 9 0 Y , mixed wel l and incubated at room temperature for 90 minutes. 
D T P A challenge and gel-filtration chromatography purification followed similarly to 
m I n labeling, except that a 1.5X30 c m Sephadex G100 column was used. 

Incorporation of radiometals to immunoconjugates was monitored by I T L C and 
T L C analyses after the incubation period (radiochemical yield), after D T P A 
challenge and after column elution (final product). Radiolabeling efficiency, 
radiochemical yield and specific activity of a l l the radioimmunoconjugates were 
determined. Before the final product was administered to mice, the labeled 
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Table 1. Quality control analysis of immunoconjugates 

'"In-IgM 90Y-IgM '"In-IgM '"In-IgG 
Analysis (CR4E8) (CR4E8) (AF-101) (AF-103) 
DTPA/Ig 4.0 4.0 4.0 1.5 

purity of immunoconjugates 
size-exclusion 98% 98% 96% 96% 

HPLC 
protein-bound 98.3% 95.9% 96.5% 96.5% 
radioactivity 

specific activity 2.48 mCi/mg 3.25 mCi/mg 2.4 mCi/mg 2.6 mCi/mg 

immunoreactivity 61% 61 % 85% 74% 

serum stability" 90.2% 94.2 % 88.7% 92.8% 
"Protein bound fraction after 48 hours incubation at 37°C in human serum. 

immunoconjugate solution was filtered through a sterile 0.2 m m Acrodisc syringe 

filter (Gelman Sciences, Inc., A n n Arbor, M I ) . 

Radioimmunoglobulin administration and biodistribution 
The nude mice bearing s.c. 886 tumor xenografts (0.5-1 c m diameter) were 

injected with 50 p L of either 1 1 ' I n or 9 0 Y labeled C R 4 E 8 conjugates (15 pCi ) 
directly into tumor. For biodistribution studies, 4 -6 mice were sacrificed at each 
time point (3, 24, 48, 96 and 144 hours post-injection). 

The nude mice bearing s.c. 1483 tumor xenografts (0.5 cm diameter) were injected 
with 50 p L of m In - l abe led IgG or I g M conjugates 10 pCi ) directly into the tumor. 
Three mice were sacrificed at each time point (1, 2 , 4 and 6 days post-injection). 

For biodistribution studies, the mice were euthanized, and approximately 0.5 m L 
of blood was removed by cardiac puncture, weighed and prepared for radioactivity 
assay. Tumor and normal-tissues samples (whole organs in every case, except for the 
liver and small intestines) were removed, cleaned in saline, weighed and assayed for 
radioactivity. A Cobra II gamma counter (Packard Instrument Co. , Downers Grove, 
LL) was used to determine counts per minute per gram of sample. A standard of the 
injectate was counted simultaneously in order to correct data for the physical decay 
of the isotopes. Percent injected dose/gram was calculated for all samples. 

Imaging studies 
Athymic nude mice bearing human tumor xenografts were injected with 25 p C i 

of 1 1 ' In-labeled immunoconjugate directly into tumor for immunoscintigraphic 
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Figure 1. Comparative biodistribution of intralesionally administered 1 1 1 In- and 9 0 Y -
labeled CR4E8 in nude mice with 886 subcutaneous xenografts. 

analysis. Static gamma camera images of nude mice were acquired i n the dual-
energy mode, with 10% windows centered on the 172- and 247-keV photopeaks of 
m I n , and stored in 128X128 matrices. M i c e were placed on a parallel-hole 
collimator, protected by absorbent padding, and serial images were acquired at 1, 
2 , 4 and 6 days postinjection to visualize the localization of I g M and IgG immuno-
conjugates in tumor and normal tissue compartments. 
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24 H 116 H 164 H 
Figure 2. Immunoscintigraphy of a nude mouse that had a 886 s.c. xenograft injected 
intralesionally with111 In-labeled CR4E8. The mouse was imaged at 24,116 and 164 hours 
post injection. The radioactivity in the tumor remained high, with sparse activity appar
ent in the abdomen. 

Table 1 summarizes the data for in vitro quality control analyses of radioim-
munoconjugates used in this study. O n average, four chelators were conjugated per 
I g M molecule and 1.5 chelators were conjugated per IgG molecule. A l l immuno-
conjugates have purity greater than 95%. Radiolabeled products carried at least 
95% of radioactivity bound to immunoconjugates. A moderate to high level o f 
immunoreactivity was observed as determined by affinity chromatography or 
direct cel l binding assay. Serum incubation test indicated a high chelation stability 
of " ' I n or with immunoconjugates under physiological conditions. 

Figure 1 shows the comparative biodistribution of ' " I n - and 9 0 Y - labeled C R 4 E 8 
injected directly into s.c. 886 tumor nodules of nude mice. Both In and Y-labeled 
C R 4 E 8 demonstrated similar pharmacokinetics. Eighty to ninety percent of ' " I n or 
9 0 Y labeled C R 4 E 8 was retained in the tumor nodules up to four days. B l o o d activity 
was negligible (0.13-0.1% ID/g), while liver, kidney and spleen showed very low 
uptake of radioactivity. The serial static images of nude mice after i . l . injection of 
'"In-labeled I g M conjugates indicated that most of the radioactivity resided in the 
tumor and gradually moved to the tumor periphery (Figure 2). 

Figure 3 compares the i . l . biodistr ibution between radiolabeled I g M 
(antiferritin) and IgG (antiferritin) in nude mice with 1483 tumor xenograft. 
Biodistribution data showed that approximately 50% of radiolabeled IgG perfused 
out of the tumor into the circulation and was deposited into normal tissues, whereas 
most of the I g M conjugates remained bound to the tumor mass. The I g M conjugate 
showed five-fold higher tumor retention than that of IgG at 48 to 144 hours. M u c h 
higher normal tissue uptake was observed with IgG compared with I g M . 

RESULTS 
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Figure 3. Biodistribution ofintralesionally injected mIn-labeled IgM (AF-101) and IgG 
(AF-103) in nude mice bearing s.c. head and neck tumor xenografts (1483). 
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Aspecific IgM 
Specific IgM 

24 h 48 h 144 h 24h 48 h 144 h 
Figure 4 . (A) Tumor retention of specific IgM (AF-101) and aspecific IgM (normal 
mouse) after intralesional injection. (B) Tumor retention of specific IgG(AF-103) and 
aspecific IgG (normal mouse) after intralesional injection. 

Specificity control experiments indicated higher tumor uptake and longer 
retention wi th tumor-reactive (specific) antibody than non-tumor-reactive 
(aspecific) antibody in tumor nodules. Figure 4 A illustrates the difference in tumor 
retention between specific I g M and aspecific I g M . The ratio of specific-to-
aspecific tumor uptake was 2 at 24 hours but increased to at least five-fold at later 
time points. Figure 4B compares the tumor retention of specific IgG and aspecific 
IgG. The difference in the tumor retention between specific and aspecific IgG was 
less prominent, however, the specific I gG showed two-fold higher tumor uptake 
than aspecific IgG, except at 48 hours. 

DISCUSSION 

The objective of this report is to investigate whether i . l . R I T can deliver selective, 
antibody-mediated radiation therapy to head and neck squamous cell carcinoma 
( H N S C C ) . Most H N S C C are locally invasive and metastasize first to regional 
lymph nodes rather than distant sites. 1 0 W e chose to study i . l . R IT in a H N S C C 
model since large regional nodal metastases are readily accessible for i . l . injection 
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and are not easily controlled with surgery and/or external beam radiation. Both 
i n d i u m - I l l and yttrium-90 labeled I g M (CR4E8) conjugates showed high in vivo 
stability and similar biodistribution patterns when injected directly into the tumor. 
Our experience in nude mouse models indicates that i . l . radiolabeled I g M provides 
high tumor doses without causing significant normal tissue radiation. Liver , spleen 
and kidney show low uptake of radioactivity while the rest of the normal organs 
receive little radioactivity. Tumor-to-normal tissue ratios are approximately 50 or 
higher. Previously, we showed that intravenous radiolabeled tumor specific I g M 
does not lead to significant tumor targeting. 4 More than 60% of injected activity is 
taken up by liver and spleen. Intralesionally administered I g M has a longer tumor 
retention time than intralesionally administered IgG. T w o properties o f the I g M 
molecule may mediate its longer residence within a tumor mass following i . l . 
injection as compared to IgG antibody. The large size of I g M (over 900 k D a versus 
150 k D a of IgG) may slow its diffusion. In addition, I g M , with its pentameric 
configuration and ten antigenic binding sites, may bind more strongly and be 
retained in the tumor longer than die monomelic I gG with two antigenic binding 
sites. In this study I g M appears to be a better vehicle for i . l . R IT than IgG. The tumor 
retention of radioimmunoconjugates also depends upon the specificity o f antibody. 
A 5-fold higher tumor retention o f specific I g M indicates that the tumor reactive 
(specific) I g M is superior to tumor nonreactive (aspecific) I g M . The differences 
between tumor reactive IgG and tumor nonreactive IgG are smaller. 

Intralesional R I T has several advantages over the intravenous delivery of 
radioimmunoconjugates. The radioisotope is concentrated i n the target 
immediately upon delivery before significant radioactive decay has occurred. 
Levels of circulating radioactivity remain low with lower normal tissue exposure. 
The accumulation of injected antibody within the tumor is not dependent upon 
adequate vascularization o f the tumor or migration o f the antibody from the 
intravascular to the extravascular compartment, as it is with the intravenous route. 
A disadvantage of i . l . approach is the requirement o f an accessible tumor target for 
injection, and the lack of systemic effects for micrometastatic disease as is possible 
with I V R I T . 

Intralesional R I T with 9 0 Y- labe l ed I g M w i l l have a very high therapeutic ratio. 
Initial dose calculations indicate that i n a 1 c m diameter tumor a dose of 100 G y in 
one week can be obtained from 1 m C i 9 0 Y labeled i . l . I g M . Dose-l imiting toxicity 
to normal tissues with i . l . R I T remain to be defined. This might involve vascular, 
nervous or interstitial structures in the vicinity o f the tumor. The nude mouse 
anatomical dimensions are so small in comparison to equivalent structures i n 
human patients that a proper preclinical toxicology analysis requires the adminis
tration of i . l . I g M to normal tissues in larger experimental animals (such as dogs). 

The advantages of selective cancer treatment over nonselective cancer treatment 
are so important that i . l . R I T as a prime example of the former deserves to be 
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evaluated expeditiously. Patients with accessible tumor may benefit from i . l . R I T 
as the radiation w i l l localize within the tumor margin without affecting the 
neighboring normal tissue. Intralesional administrations of I g M to human cancer 
patients can be single visit, outpatient, low toxicity studies. This would provide a 
patient-friendly and low cost treatment modality. If i . l . R I T can be developed 
successfully for patients with H N S C C , it can be easily adapted to the treatment o f 
patients with other solid tumors such as glioblastoma multiforme, prostate cancer 
or breast cancer. 
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ABSTRACT 

The efficiency of amphotropic retroviras-mediated gene transfer into human 
hematopoietic stem cells ( H S C ) is less than 1%. This has impeded gene therapy 
for hematopoietic diseases.1""3 In this study we demonstrate that populations o f 
mouse and human H S C contain low to undetectable levels of the amphotropic 
virus receptor messenger R N A (ampho R m R N A ) , and are resistant to 
transduction with amphotropic retroviral vectors. In a subpopulation o f mouse 
H S C expressing 3-fold higher levels o f ampho R m R N A , transduction with 
amphotropic retrovirus vectors was 30-fold higher. W e conclude that retrovirus 
transduction of H S C correlates with ampho R m R N A levels. Our results predict 
that alternative sources of H S C or retroviruses w i l l be required for human gene 
therapy of hematopoietic diseases. One alternative source o f stem cells is from 
individuals treated with cytokines. W e have previously shown that mice treated 
with granulocyte colony-stimulating factor ( G - C S F ) and stem cel l factor (SCF) 
have an immediate increase in peripheral blood H S C immediately after treatment, 
followed by a 10-fold increase in bone marrow ( B M ) H S C 14 days after 
treatment.4 In this report we show that when rhesus monkey B M cells collected 14 
days after G - C S F and S C F treatment were transduced wi th amphotropic 
retroviruses, gene transfer levels were approximately 10% and easily detected by 
Southern blot analysis. W e conclude that the increased gene transfer may be the 
result of increased expression o f the amphotropic retrovirus receptor, increased 
numbers of cycl ing H S C or both. 

INTRODUCTION 

Hematopoietic stem cells ( H S C ) are among the most attractive targets for 
retrovirus-mediated gene t ransfer . 5 - 6 S ince H S C can comple te ly and 
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permanently repopulate the hematopoietic system fo l lowing bone marrow 
transplantation ( B M T ) , 7 integration of proviral D N A into the genome 8 o f H S C 
w o u l d result i n continuous product ion o f hematopoietic cel ls wi th the 
transferred gene. The concept has been demonstrated in murine models using 
mouse specific ecotropic retrovirus v e c t o r s . 9 - 1 4 A s examples, retrovirus-
mediated gene transfer o f the (^-glucuronidase gene has cured murine (3-
glucuronidase de f i c i ency , 1 5 and retrovirus-mediated gene transfer o f the 
Mul t i p l e Drug Resistance gene has protected the hematopoietic system from 
taxol treatment. 1 6 In these studies, gene transfer was observed into 20% or more 
of hematopoietic cells for over 1 y e a r . 9 - 1 6 

Amphotropic murine retroviruses have been used as gene transfer vectors for 
human gene therapy. 5 , 6 Studies using different transduction protocols have 
reported gene transfer efficiencies of less than 0.1 to 1.0% using amphotropic 
retroviral vectors. A fundamental obstacle to gene therapy of human 
hematopoietic diseases has been the low level of gene transfer observed in 
h u m a n 1 - 3 or p r i m a t e 1 7 - 1 8 studies using amphotropic retroviral vectors. 

Ecotropic and amphotropic retroviruses differ in the gp70 proteins in the 
retrovirus envelope. 8 The gp70 protein of ecotropic viruses uses an amino acid 
transport protein on the surface of target cells as its r ecep tor . 1 9 2 0 The gp70 
binding site on this protein is not conserved among mammals. This restricts 
ecotropic retrovirus transduction to mouse c e l l s . 2 0 The gp70 protein of 
amphotropic virus uses as its receptor a phosphate channel protein in which the 
gp70 binding site is conserved, a l lowing amphotropic viruses to transduce most 
mammalian c e l l s . 2 1 - 2 3 W e hypothesized that the relatively poor transduction of 
H S C with amphotropic viruses may be due to low levels o f the amphotropic 
retrovirus receptor. 

Recent studies have shown that murine H S C can be enriched over 1000-fold 
so that as few as 10-50 cells can repopulate irradiated or W / W v mice. A variety 
of H S C enrichment strategies have been developed, 2 4 inc luding removal o f cells 
expressing lineage markers ( L i n - ) , and positive selection for cells expressing 
Sca-1, c-kit or other m a r k e r s . 2 5 - 2 7 W e have previously shown that a population 
of murine L i n - cells expressing high levels o f c-kit (c-kitm) was highly enriched 
for H S C , 2 7 and we have used these cells to study m R N A expression in H S C . 2 8 , 2 9 

Studies wi th human B M have shown that the most pr imit ive hematopoietic cells 
express the C D 3 4 antigen but not the C D 3 8 antigen, whi le less pr imit ive 
hematopoietic progenitor cells expressed both the C D 3 4 and C D 3 8 antigens. 3 0 - 3 1 

In a l l of these studies, only 3% or less of the enriched H S C have been 
demonstrated to be progressing through the cel l c y c l e . 2 4 2 5 The number of cyc l ing 
H S C may be higher in populations of H S C other than B M . Cytokine treatment of 
both mice and patients can mobil ize H S C into the peripheral b l o o d , 3 2 with an 
accompanying decrease in the repopulating ability of the B M . 3 3 , 3 4 W e have 
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previously shown that the number of H S C in the B M recovers to 10-fold greater 
than normal levels after treatment with granulocyte colony-stimulating factor ( G -
C S F ) and stem cel l factor ( S C F ) . 4 Because retroviruses preferentially integrate 
into cycl ing cel ls , 8 we hypothesized that conditions that would cause the stem cel l 
number to increase would improve gene transfer efficiency. 

In this study, we assayed amphotropic retrovirus receptor m R N A (ampho R 
m R N A ) expression in both mouse and human H S C . The level o f ampho R m R N A 
was nearly undetectable i n enriched populations of H S C . In contrast, ecotropic 
retrovirus receptor m R N A (eco R m R N A ) was easily detected i n the same cells. 
W e isolated a subpopulation of murine H S C comprising approximately 15% of the 
total number that express higher levels o f ampho R m R N A . W e compared the 
efficiency of amphotropic and ecotropic retrovirus transduction of highly enriched 
murine H S C . W e found that in most H S C populations, transduction with ecotropic 
retrovirus vectors was more than 10-fold more efficient than with amphotropic 
retrovirus vectors. The exception was the subpopulation expressing higher levels 
of ampho R m R N A where transduction with amphotropic retrovirus vectors was 
comparable to ecotropic retrovirus vectors. W e also examined gene transfer into 
mouse and rhesus monkey peripheral b lood and B M cells collected after treatment 
wi th G - C S F and S C F . The frequency of gene transfer into mouse H S C was 
comparable to gene transfer into H S C from 5 - F U treated B M . Amphotropic 
retrovirus-mediated gene transfer into G - C S F and S C F primed rhesus monkey 
was estimated at up to 10%, a level 10-fold higher than previous attempts, and 
easily detectable by Southern blot analysis. W e conclude that the low levels of 
expression of ampho R m R N A in H S C are responsible for the inefficient gene 
transfer observed in human and primate gene transfer experiments. In addition, we 
feel that the increased gene transfer we observed in cytokine pretreated rhesus 
monkeys may be the result of increased expression of the amphotropic retrovirus 
receptor, increased numbers of cycl ing H S C or both. 

METHODS 

Mice and cells 
A l l mice were purchased from the Jackson laboratory, Bar Harbor, M E . 

Y o u n g adult C 5 7 B L / 6 J female mice, 3-5 weeks old , were used for hematopoietic 
stem cel l enrichment. W B B ó F ^ W l W mice were used as recipients o f transduced 
hematopoietic stem cells. The ty-CRE M F G - l a c Z and o|>-CRIP M F G - N L S l a c Z 
ce l l lines were maintained i n Dulbecco 's M o d i f i e d Eagle 's M e d i u m ( D M E M ) 
supplemented wi th 10% newborn ca l f serum ( N C S ; both f rom G i b c o , 
Gaithersburg, M D ) . The L N L 6 and G I N a retroviral vectors carry an identical 
bacterial phosphotransferase g e n e . 3 5 3 6 Supernatants from a l l 4 cel l lines were 
harvested from producer cel l lines grown to confluence i n Dulbecco 's modified 
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Eagle 's medium ( D M E M ) supplemented with 10% fetal ca l f serum ( G i b c o / B R L , 
Gaithersburg, M D ) . 

Enrichment of HSC 
Mouse B M H S C were isolated as previously described. 2 7 Br ief ly , cells were 

fractionated by counterflow centrifugal elutriation and collected at f low rates of 
25 m L / m i n , 30 m L / m i n (discarded) and 35 m L / m i n (FR25, FR35) . F R 2 5 or F R 3 5 
cells were incubated i n a cocktail of rat anti-mouse monoclonal antibodies 
directed against lineage and cells expressing lineage markers were removed using 
antibody coated immunomagnetic beads. L i n - cells were incubated wi th 
biotinylated anti-c-to antibody ( A C K - 4 ; a gift of Dr . S.I. Nishikawa), and high 
levels o f c-kit (c-kitm) were collected. W e have previously shown that a l l 
hematopoietic stem cells ( H S C ) reside in the c-kitm populat ion. 2 7 

Human B M cells were obtained with informed consent from volunteer 
donors. Mononuclear cells were enriched population for C D 3 4 positive cells and 
stained wi th antibodies to F I T C labeled human lineage markers, A P C labeled 
C D 3 4 , and P E labeled C D 3 8 . L i n " C D 3 4 + C D 3 8 " cells (90% pure) were 
collected by ce l l sorting. 

Isolation and analysis of RNA 
Total cellular R N A was isolated according to the manufacturer's instructions 

using R N A z o l B . First strand c D N A synthesis was performed on an aliquot of 
R N A according to the manufacturer's instructions (Perkin Elmer Cetus, Norwalk , 
C T ) . A n estimate of the amount of c D N A in each sample was obtained by l imi t ing 
d i lu t ion R T - P C R (Perkin E l m e r Cetus, N o r w a l k , C T ) , using the (3-2 
microglobulin ((3-2 M ) (primers and conditions shown below), with 0.1 p L of 
a 3 2 P d C T P added per reaction. Phosphorimager analysis was used to identify the 
linear range of the B-2 M amplification curve. These values were used to 
determine equivalent quantities of c D N A for amplification with primers specific 
for the retrovirus receptor m R N A s shown in Table 1. 2 8 

Rhesus stem and progenitor cell harvesting 
Y o u n g adult (age 3-5 years) rhesus macaques (Macaca mulatta) were 

housed and handled i n accordance wi th the guidelines set by the Committee on 
Care and Use of Laboratory A n i m a l s o f the Institute o f Laboratory A n i m a l 
Resources, Nat ional Research C o u n c i l ( D H H S Publ ica t ion N o . N I H 85-23). 
Recombinant human stem ce l l factor (200 pg/kg/day) and recombinant human 
granulocyte co lony- s t imula t ing factor (10 pg/kg/day) were g iven as 
subcutaneous injections for 5 days. Peripheral b lood apheresis o f 2.5 times the 
animal 's b lood volume was performed as described on day 5 . 3 7 Bone marrow 
was harvested from the femurs, i l i ac crests and ischia l tuberosities under 
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Figure 1. Retrovirus receptor mRNA expression in enriched populations of mouse 

hematopoietic stem cells. The level of expression of the mRNAs encoding the mouse 

ecotropic and amphotropic retrovirus receptors were compared by reverse transcriptase 

PCR analysis using primers specific for each mRNA. The level of mouse B-2 microglob

ulin mRNA was measured to quantify the amount of c-DNA analyzed in each reaction. 

RNA isolated from NIH 3T3 cells (which are efficiently transduced by both amphotrop

ic and ecotropic retroviruses) served as a positive control. Top Panel: Mouse B-2 

microglobulin mRNA expression in unfractionated bone marrow cells (4 independent RNA 

isolates; left of panel); FR25 Lin~ c-kitHI cells (3 independent RNA isolates; center of 

panel); and 3T3 cells (right of panel). Center Panel: Mouse ecotropic retrovirus recep

tor mRNA expression in the same RNA populations. Bottom Panel: Mouse amphotropic 

retrovirus receptor mRNA expression in the same RNA populations. 

general anesthesia, either prior to G - C S F and S C F treatment, or 14 days after 

discontinuation of cytokine treatment. 

Retrovirus transduction 
For transduction of mouse hematopoietic stem cells, 70% confluent plates o f 

the producer ce l l lines were grown overnight in D M E M supplemented wi th 15% 

Hyclone F C S . The medium was aspirated from the plates, cytokines (f.c. mouse 

IL-3 10 ng /mL; rat S C F 100 ng /mL; human I L - 6 100 ng/mL) and polybrene 

( f . c : 6 pg /mL) were added, and the mixture was filtered (0.45 pm) and added to 

the target cells . The cells were cultured for 96 hours at 3 7 ° C (4 changes of 

medium) before being returned to recipient WIW mice. Provi ra l integration was 

analyzed by P C R of D N A extracted from peripheral b lood cells using the 

fo l lowing M F G - l a c Z primers shown below. Fo r rhesus monkey transduction, 

C D 3 4 + cells were transduced i n undiluted L N L 6 or G I N a supernatants supple

mented with 4 pg /mL protamine sulfate, 20 ng /mL human I L - 3 , 100 n g / m L 
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human S C F , 50 ng /mL human I L - 6 . Ce l l s were cultured 96 hours at 37°C (4 
changes of medium). After transduction the cells were cryopreserved. Seven to 
10 days after B M harvesting the animals received 650 rads total-body irradiation 
on each of two days. The next day, the transduced CD34-enr iched cells were 
thawed and infused. Standard supportive care and transfusion support for rhesus 
transplantation recipients were given. 

After reconstitution, peripheral b lood and B M cells were collected at 1-3 
month intervals. P C R was performed using the neo primers shown. For Southern 
blotting, 10 pg of D N A were digested wi th either Sac I or B g l II, electrophoresed 
on a 1% agarose gel, transferred to a nylon membrane and before hybridized with 
a Neo probe. 

RESULTS 

Analysis of retrovirus receptor mRNA expression in 
mouse hematopoietic stem cells 

W e compared ampho R and eco R m R N A levels i n unfractionated B M R N A 
and R N A isolated from a variety of cel l lines by both Northern blot and R T - P C R 
analysis. W e were able to demonstrate that our R T - P C R primers and conditions 
gave identical results to the Northern analysis (data not shown). Because of the 
scarcity of H S C i n the B M we compared ampho R and eco R m R N A levels by R T -
P C R i n two populations of enriched murine H S C . L i n - c-kitm cells elutriated at a 
flow rate of 25 m L / m i n . (FR25) represent approximately 25% of the H S C i n 
C 5 7 B L / 6 mice, and L i n - c-kitm cells elutriated at a flow rate of 35 m L / m i n . F R 3 5 
cells represent approximately 15% of the H S C in C 5 7 B L / 6 m i c e . 2 7 3 8 E c o R 
m R N A was present in similar levels in 3T3 cells, four independent isolates o f 
unfractionated B M cells and 7 independent isolates of F R 3 5 L i n " c-kitm cells, and 
was approximately 50% of the 3T3 cel l level in F R 2 5 L i n - c-kitm cells (Figure 1). 
The level o f ampho R m R N A in unfractionated B M cells was approximately 50% 
the level in 3T3. A m p h o R m R N A was present at low but detectable levels i n 
F R 3 5 L i n - c-far H I cells, but was nearly undetectable in F R 2 5 L i n - c-kitm cells 
(p=0.035; Figure 1). 

Analysis of retrovirus receptor mRNA expression in 
human hematopoietic stem cells 

Expression of retrovirus receptor m R N A s was analyzed i n two populations of 
human primitive hematopoietic cells. Cel ls co-expressing the C D 3 4 and C D 3 8 
antigens are enriched for progenitor cells, while C D 3 4 + / C D 3 8 ~ cells are enriched 
for more primitive c e l l s . 3 0 , 3 1 The human homologue of the ecotropic virus receptor 
does not serve as a retrovirus receptor on human cells due to changes i n the virus 
binding site. This m R N A was expressed i n C D 3 4 + / C D 3 8 + cells, and at lower 
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Figure 2. Retrovirus receptor mRNA expression in enriched populations of human 
primitive hematopoietic cells. The level of expression of the mRNAs encoding the human 
equivalent of the mouse ecotropic retrovirus receptor (this molecule does not function 
as a retrovirus receptor in human cells) and the human amphotropic retrovirus receptor 
were compared with reverse transcriptase PCR using primers specific for each mRNA. 
The level ofB-2 microglobulin mRNA was measured to quantify the amount ofc-DNA 
analyzed in each reaction. RNA isolated from HeLa cells (which are efficiently trans
duced by amphotropic retroviruses) served as a positive control. Top Panel: Human B-
2 microglobulin mRNA expression in Lin' CD34+ CD38+ cells (3 independent RNA 
isolates; left of panel), Lin~CD34+CD38 cells (3 independent RNA isolates; center of 
panel), and negative control (tRNA) and positive control (HeLa cell) RNA samples. 
Center Panel: Human ecotropic retrovirus receptor equivalent mRNA expression in the 
same RNA populations. Bottom Panel: Human amphotropic retrovirus receptor mRNA 
expression in the same RNA populations. 

levels in C D 3 4 V C D 3 8 cells (Figure 2). Human ampho R m R N A was expressed 
in C D 3 4 + / C D 3 8 + cells, but was nearly undetectable in C D 3 4 V C D 3 8 " cells. These 
results were similar to the pattern of expression seen in mouse H S C . 

Transduction of mouse HSC with ecotropic and amphotropic retroviruses 
To determine the relationship between eco R and ampho R m R N A expression 

and gene transfer efficiency, a co-transduction assay was developed. T w o cel l 
lines producing ecotropic and amphotropic lacZ retroviruses (ty-Cre M F G - l a c Z 
and ip-Crip M F G - N L S l a c Z , respectively) were selected. These retroviruses differ 
by a 21 base pair nuclear localization signal ( N L S ) and could be distinguished by 
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Figure 3. Co-transduction assay using the MFG-lacZ and MFG-NLS lacZ virus vec
tors. The two proviruses are depicted in the center of the figure. The provirus from the 
amphotropic producer cell line can be distinguished from the provirus from the ecotrop
ic producer cell line by either Southern blot analysis using Ehe I for digestion (right of 
figure) or PCR analysis (left of figure) based on the presence of a 21 base pair Nuclear 
Localization Signal (NLS) in the NLS lacZ retrovirus. 

either P C R or Southern blot analysis (Figure 3). Equal volumes of supernatant 
from the two producer ce l l lines were combined and used to transduce 3T3 cells, 
F R 2 5 L i n " c-kitm cells and F R 3 5 L i n " c-kitH1 cells. Southern blot analysis of D N A 
extracted from transduced 3T3 cells demonstrated that the producer ce l l lines 
generated equivalent titers of each retrovirus (Figure 3). Ecotropic M F G - l a c Z 
proviral sequences were detected in D N A extracted from peripheral blood cells o f 
10 of 13 recipients of transduced FR25 L i n - c-kitm cells. N o proviral sequences 
were detected i n 3 recipients. Consistent with the low level of expression of 
amphotropic retrovirus receptor m R N A detected in F R 2 5 L i n " c-kitm cells, 
amphotropic M F G - N L S l a c Z proviral sequences were detected in only one animal, 
at a low level . The ratio of amphotropic to ecotropic retrovirus transduction of 
FR25 L i n " c-kitm cells was 0.022 ± 0.07 (Figure 4). Ecotropic M F G - l a c Z proviral 
sequences were detected i n D N A extracted from peripheral blood cells o f a l l 11 
recipients o f transduced FR35 L i n - c-kitHl cells. Consistent with the higher level 
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Figure 4. Co-transduction of mouse FR25 Lirr c-kitHI and FR35 Lin~ c-kitHl stem cells. 

Equal volumes of supernatant from the MFG-lacZ and MFG-NLS lacZ producer cell lines 

were mixed and used to transduce enriched stem cell populations (96 hours; 4 changes) or 

3T3 cells (overnight exposure). Top panel: Analysis ofDNA extracted from the peripher

al blood ofW/W mice 16 weeks after transplantation with transduced FR25 lirr c-kitm cells. 

DNA was amplified using the PCR primers shown in Figure 3. The sizes of the fragments 

corresponding to the amphotropic and ecotropic retroviruses are 311 and 290 bp respec

tively. These mice represent two independent experiments. The mouse adult B-globin genes 

(4 genes per cell) were co-amplified as an internal control (bottom). Lower panel: Analysis 

of DNA extracted from the peripheral blood of WAV11 mice 16 weeks after transplantation 

with transduced FR35 lin~ c-kitH1 cells. These mice represent two independent experiments. 

The mouse B-globin gene was co-amplified as an internal control (bottom). 

of expression of amphotropic retrovirus receptor mRNA detected in FR35 L i n - c-

kitm cells, amphotropic MFG-NLSlacZ proviral sequences were detected in 6 of 

the 11 animals. In three mice, the level of amphotropic proviral sequences was 

greater than or equal to the ecotropic proviral sequences in the same animal. The 

ratio of amphotropic to ecotropic retrovirus transduction into FR35 L i n - c-kitHl 

cells was 0.625 ± 0.7 (p=0.018; Figure 4). To exclude the possibility that 
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Figure 5. Pro viral copy number in the peripheral blood of mice 16 weeks after trans
plantation. The bars represent the mean provirus copy number (± standard deviation) 
in the peripheral blood of mice transplanted with transduced cells collected at the times 
indicated below the figure. 5-FU: Positive control animals transplanted with transduced 
5-FU treated marrow. Day 0: Pretreated bone marrow cells. Day 5 PB: Peripheral blood 
cells collected after 5 days of treatment with G-CSF and SCF. Day 5 (12,19,25) BM: Bone 
marrow cells collected 5 (12,19,25) days after treatment with G-CSF and SCF was initi
ated (G-CSF/SCF treatment was terminated on day 5). Each bar represents the pooled 
data from a minimum of 20 mice in 4 independent experiments. 

transduction of progenitors among the F R 3 5 L i n " c-kitm cells was responsible for 

the positive signals, animals were analyzed 16 weeks post transplantation, and 

complete repopulation with donor cells was demonstrated using polymorphisms i n 

the mouse B-globin gene. 1 0 ' 1 6 

Retroviral transduction efficiency of G-CSF/SCF primed BM and PB in the 
rhesus autologous transplantation model 

W e have previously shown that fol lowing a 5-day course of treatment wi th G -
C S F and S C F , mice have an immediate increase in the number of peripheral blood 
H S C , fol lowed by a 10-fold increase i n B M H S C activity that peaks at 14 days 
after cytokine treatment.4 W e hypothesized that the increase i n H S C activity might 
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Figure 6. Southern blotting for the presence of the Neo gene in samples from monkey 
J370post-transplantation. DNA samples from nucleated bone marrow cells (BM), puri
fied granulocytes (GRAN) and mononuclear cells (MNC), and unfractionated periph
eral blood nucleated cells (PB) from J370, negative control PB from a nontransplanted 
monkey, and positive control standards of dilutions of (single copy) producer cell line 
DNA into normal BM DNA were cut with Sacl, an enzyme which flanks the Neo trans-
gene in both LNL6 and GINa, and probed with a neo gene probe. 

be accompanied by an increase in cycl ing H S C , which would facilitate retrovirus-
mediated gene transfer. To test this hypothesis, we compared ecotropic retrovirus 
transduction of H S C in populations of untreated B M cells, G - C S F and S C F 
mobil ized peripheral blood mononuclear cells, and G - C S F and S C F primed B M 
cells collected at various times after G - C S F and S C F treatment to our standard 
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transduction of B M from 5 - F U treated donors. A total of 4 experiments were 
performed using 2 different retrovirus vectors, and the pooled results for a l l 4 
experiment are shown in Figure 5. Compared with 5 - F U treated marrow, minimal 
levels of transduction H S C i n untreated B M and in B M collected immediately 
after G - C S F and S C F treatment were detected. In contrast, transduction of G - C S F 
and S C F mobil ized peripheral blood H S C was higher than that of 5 - F U treated 
B M H S C , and the transduction of B M collected 7-14 days after G - C S F and S C F 
treatment was equivalent to that of 5 - F U treated B M . W e concluded from these 
results that G - C S F and S C F priming of either the B M or peripheral b lood 
promoted gene transfer with the same or greater efficiency as 5 - F U treatment. 

W e then compared amphotropic retrovirus transduction into rhesus monkey 
peripheral b lood and B M collected after G - C S F / S C F treatment. T w o animals 
were treated with S C F and G - C S F for five days and peripheral b lood cells were 
collected v ia apheresis on the fifth day. Previous studies i n rhesus monkeys and 
baboons by us and others have shown maximal C F U - G M mobil izat ion on days 
4 -6 after initiation of S C F and G - C S F . 3 9 CD34-enr iched peripheral b lood stem 
and progenitor cells were transduced for 96 hours in suspension culture wi th 
either L N L 6 or G I N a Neo vectors (titer: 1 - 5 X 1 0 5 ) using a protocol that is 
similar to that used in human c l in ica l trials. 2 Fourteen days after discontinuation 
of the G - C S F / S C F treatment, B M was harvested, enriched for cells expressing 
C D 3 4 , and transduced under identical conditions to the peripheral blood, using 
whichever vector was not used to transduce the peripheral b lood cells. 

A l l animals received over 10 mi l l ion CD34-enriched and cultured cells per 
ki logram. Both peripheral b lood and B M cells were reinfused after total-body 
irradiation. The two animals recovered granulocyte counts to greater than 500/pL 
on days 10 and 14, respectively, faster than rhesus monkeys in our previous 
studies transplanted with CD34-enriched steady-state B M that engrafted on days 
18-24 . 1 7 The animals were fol lowed for the presence and the origin of the Neo 
gene after engraftment. Similar to the strategy described i n Figure 3, the L N L 6 
and G I N a vectors can be distinguished by the presence of additional poly l inker 
sequences in G I N a . Bo th proviruses can be amplified i n the same reaction wi th 
one set o f primers and separated by denaturing gel electrophoresis. 
Semiquantitative P C R analysis demonstrated high levels o f the vectors exposed to 
the post cytokine treatment marrow and lower levels of the vector exposed to the 
peripheral blood cells. Mononuclear cells, granulocytes and B M cells had Neo 
gene signals corresponding to a copy number of 0.05/cell (5%). FACS-so r t ed 
populations of T cells in both animals and B cells i n one animal were also positive 
for the marker gene, at levels o f 3-5%. 

The relatively high level o f vector-containing b lood cells we observed using 
semiquantitative P C R was confirmed by Southern blot analysis. A band 
hybr id iz ing to a Neo probe could be detected after digestion of D N A from 
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animal J370 (Figure 6). The intensity was estimated to be between 5-10%. The 
band size indicates or igin from the G I N a vector, wh ich was used to mark the 
pr imed B M . When the samples were cut wi th a restriction enzyme cutting once 
wi th in the provirus i n order to study the number of insertion sites, no bands were 
detectable, suggesting that more than one clone was contributing to the marking 
(data not shown). 

DISCUSSION 

Retrovirus binding to target cells and cel l cycle status are two factors 
recognized to be important for retrovirus transduction. 6 Our results indicate that 
amphotropic retroviruses transduce mouse H S C at lower frequencies than 
ecotropic retroviruses and at ratios consistent with the level of ampho R m R N A . 
In a previous study, Osborne et a l . 4 0 showed that amphotropic retrovirus-mediated 
gene transfer into mouse H S C was inefficient, requiring preselection for 
transduced B M cells to achieve detectable levels of transduction. This study did 
not compare the efficiency of transduction of ecotropic and amphotropic retroviral 
vectors. In another study, Richardson et a l . 4 1 were unable to detect amphotropic 
retrovirus-mediated gene transfer to unfractionated fetal l iver cells, whi le 
transduction with ecotropic retroviruses was detected. Gene transfer into fetal 
l iver H S C was not analyzed. 

Our results are consistent with the hypothesis that the low level o f retrovirus-
mediated gene transfer into murine and primate H S C is a consequence of a low 
level o f expression of ampho R m R N A . Human hematopoietic progenitor cells 
( C D 3 4 + CD38+) exhibit higher levels of ampho R m R N A and are efficiently 
transduced by amphotropic retroviruses. In the mouse, the levels o f ecotropic 
receptor m R N A are similar in H S C and progenitor cells (c-kitLO), both of which 
can be transduced relat ively efficiently. The s imilar i ty o f gene transfer 
efficiencies into mouse and primate H S C using amphotropic v e c t o r s 1 7 - 1 8 indicates 
that the mouse may be a suitable model system to develop improved amphotropic 
retrovirus-mediated gene transfer protocols. 

There are potential solutions to the problems presented by the low level of 
expression of ampho R m R N A . W e have shown that we can isolate a subpopu-
lation of mouse H S C expressing higher levels of ampho R m R N A , which are more 
efficiently transduced by amphotropic retrovirus vectors. W e predict that i f a 
population of H S C expressing higher levels of ampho R receptor m R N A can be 
isolated, gene transfer efficiency can be improved. Our results in rhesus monkeys 
indicate that amphotropic retrovirus-mediated gene transfer efficiency is greater i n 
G - C S F - and SCF-pr imed B M and peripheral blood. W e hypothesize that this may 
be due to an increase in the number of H S C expressing higher levels o f the m R N A 
encoding the amphotropic retrovirus receptor m R N A . This hypothesis is being 
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tested. Addi t ional cel l populations to examine would include cord blood stem 
cells, which have been identified as excellent targets for gene transfer using 
amphotropic retroviral vectors based on a greater efficiency o f gene transfer into 
progenitor c e l l s . 4 2 ' 4 3 

In both murine and human experiments the percentage of cells with the H S C 
phenotype ( L i n " Sca -1 + Thy-1.1"; L i n " c-kitm; L i n " C D 3 4 + CD38") that are in the 
G 2 or M stage of the cel l cycle is less than 3 % . 2 4 This low level o f cyc l ing among 
H S C remains a problem for retrovirus-mediated gene transfer into H S C since 
retroviral integration requires cel l d iv i s ion . 8 W e have shown that treatment of 
normal mice wi th G - C S F and S C F causes a transient increase in H S C number, 
first i n the peripheral blood and later, in the B M . 4 Cytokine priming may cause the 
treated H S C to engraft more efficiently or become "activated"—or more l ike ly— 
cytokine priming causes an increase i n the absolute number o f H S C . This 
hypothesis is supported by the demonstration of increased numbers of L i n " c-kitm 

cells in murine peripheral blood and B M and increased numbers o f C D 3 4 + 

C D 3 8 L O / - cells in the B M of the rhesus monkey fol lowing G - C S F and S C F 
treatment (Dunbar et a l . , in press). A crit ical experiment w i l l be to determine the 
cel l cycle status and the level of ampho R m R N A in these cells. The results o f 
these experiments should help to determine whether the increase in amphotropic 
retrovirus-mediated gene transfer is due to increased levels o f ampho R m R N A , 
increased H S C cycl ing or a combination of the two. 
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ABSTRACT 

The increased use of peripheral blood stem cells ( P B S C ) to reconstitute 
hematopoiesis i n both auto- and more recently, allo-transplant settings has not 
been associated with a consensus means to assess the engraftment potential o f the 
P B S C product. Since reinfusion of the small population of cells that bear the 
C D 3 4 antigen can lead to multilineage engraftment i n intensively treated 
patients, graft assessment by f low cytometric quantitation of C D 3 4 + cells should 
provide a rapid, reliable and reproducible assay. Unfortunately, the lack of a 
standardized method has led to the generation o f widely divergent data. T o 
address this problem, the International Society of Hematotherapy and Graft 
Engineering ( I S H A G E ) established a Stem C e l l Enumeration Committee, the 
mandate of which was to validate a previously described f low cytometric method 
( F C M ) to quantitate C D 3 4 + cells i n peripheral b lood and apheresis products. It 
also sought to establish this method's applicabil i ty on a variety of flow 
cytometers in c l in ica l laboratories and its reproducibility between transplant 
centers. Here, we describe the basic four-parameter f low protocol adopted by 
I S H A G E and show how it can be adapted by incorporating fluorescent beads i n 
a three-color analysis, to generate an absolute C D 3 4 + ce l l count per apheresis 
pack. Addi t ional ly , by incorporating a third antibody to the Thy-1 antigen in the 
analysis, candidate hematopoietic stem cells ( H S C ) exhibit ing the C D 3 4 + / T h y - 1 + 

phenotype can be enumerated. The ability to detect and quantitate this most 
primit ive C D 3 4 + subset at an early phase of the mobil izat ion protocol may have 
implications for heavily pretreated patients from w h o m adequate total C D 3 4 + ce l l 
numbers may be difficult to obtain based on an increase i n total white b lood ce l l 
count or on timed collections. F ina l ly , the basic I S H A G E protocol can be adapted 
by incorporation of an ant i -CD3 conjugate to assess residual T lymphocyte 
content o f immuno-selected, C D 3 4 + ce l l fractions of peripheral blood and bone 
marrow ( B M ) harvests i n an allo-transplant setting. 
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INTRODUCTION 

A variety of studies performed over the past several years have established that 
the 1-3% of cells in the bone marrow ( B M ) that express the cell-surface antigen 
C D 3 4 are capable of reconstituting long-term, multilineage hematopoiesis after 
intensive, potentially myeloablative therapy. 1 , 2 C D 3 4 + cells can also be found in the 
peripheral blood of normal individuals but are extremely rare (consensus range 
0.01-0.1%). However, C D 3 4 + cells can also be mobil ized from the marrow to the 
peripheral c i rculat ion i n far greater numbers by chemotherapy and/or 
hematopoietic cytokines. 3 

In recent years, the availability o f a variety of recombinant cytokines to 
mobilize CD34+ cells into the peripheral circulation has greatly facilitated the 
increased use of peripheral b lood stem cells ( P B S C ) versus marrow for both auto-
4 and more recently, allo-transplantation. 5 W i t h this increased use of P B S C s , it has 
become apparent that standardized methods are required for the accurate, sensitive 
and reproducible assessment of the engraftment potential o f such P B S C 
collections. U n t i l recently, the most widely used approach to assess the quality of 
P B S C grafts relied on colony forming cell ( C F C ) assays for lineage-committed 
hematopoietic progenitors such as C F U - G M . Due to variations in the way C F C 
assays are performed it has been difficult to compare data from different transplant 
centers and the minimum number of C F U - G M / K g body weight has not been 
determined. The most serious limitation of C F C assays remains the 10-14 day 
interval required for assay readout. This characteristic alone precludes the assay 
any role in analysis of P B S C content to optimize timing of apheresis, as wel l as any 
role in the "on- l ine" quantitation of P B S C yield during apheresis. Furthermore, the 
C F C assays do not provide a means to assess more primitive precursors and true 
hematopoietic stem cells (HSC) that mediate long-term engraftment. 

GRAFT ASSESSMENT BY FLOW CYTOMETRY 

Since reinfusion of purif ied C D 3 4 antigen-positive cells results i n 
hematopoietic recovery fol lowing myeloablative therapy, 1 , 2 quantitation of cells 
bearing this cel l surface molecule provides a rapid means to measure autograft 
potential. The C D 3 4 + population is heterogeneous, encompassing the earliest 
quiescent H S C s as wel l as maturing, committed progenitors of al l lineages. B y 
using multiparameter flow cytometric methodologies ( F C M ) , it may be possible to 
address not only quantitative aspects of graft assessment but also qualitative 
composition (i.e., the candidate H S C content of the P B S C product). A n F C M -
based approach, since it can be performed in less than 1 hour, would also be 
suitable for the determination of optimal t iming for apheresis collections and even 
the "on- l ine" evaluation of the apheresis product. Such a procedure, i f 
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standardized, should be capable of generating data that is more directly comparable 
among different transplant centers. Final ly , when "positive selection" techniques 
are employed to purify CD34+ cells, the ability to accurately enumerate the C D 3 4 + 

cells as a percentage of a well-defined denominator such as total nucleated white 
blood cells is of critical importance i n calculating the efficiency and yield of the 
C D 3 4 + cel l purification technique employed. 

Unfortunately, a consensus means to perform "rare event" analysis for C D 3 4 + 

cells in the P B S C transplant setting has not emerged. The traditional practice of 
using isotype matched control antibodies to set the "positive" analysis region for 
CD34+ cells can result in highly erroneous enumeration of C D 3 4 + cells. 
Furthermore, sample variability is a significant problem with respect to numbers of 
red cells, platelets, platelet aggregates, nonspecifically stained adherent cells and 
cellular debris, al l of which may be faithfully recorded by flow cytometers. Thus, 
the choice of different denominators, different gating strategies and methods of 
calculating absolute C D 3 4 + ce l l numbers have generated divergent data. 6 Final ly , 
different investigators have employed a variety of C D 3 4 antibodies conjugated to 
different fluorochromes. Not a l l C D 3 4 antibodies and C D 3 4 antibody conjugates 
efficiently detect al l C D 3 4 + cells in every cl inical sample. 

In addressing the latter issue, there are a variety of C D 3 4 antibodies that detect 
distinct epitopes on C D 3 4 . It has long been known that some of these antibodies 
depend on the presence of carbohydrate moieties, particularly terminal sialic acid 
residues, for their efficient binding. The C D 3 4 antigen is a highly glycosylated 
structure containing both complex-type N- l inked glycans as wel l as numerous 
highly sialylated O-linked glycans that cluster in an extended mucin-like amino-
terminal domain. 7 The sensitivity of some C D 3 4 epitopes to sialic acid removal, 
and the sensitivity of these and other epitopes to cleavage with a proteolytic 
enzyme from Pasteurella haemolytica that uniquely among proteases only cleaves 
glycoproteins rich in O-l inked structures, allowed us to classify C D 3 4 epitopes into 
three broad categories. 8 O f the seven C D 3 4 antibodies designated at the IVth 
Leukocyte Differentiation Antigens Workshop, those whose epitopes were 
partially or totally sensitive to neuraminidase and also cleaved by the 
glycoprotease, were designated class I antibodies. Antibodies to epitopes that were 
resistant to sialidase, but sensitive to the glycoprotease were termed class II. Those 
insensitive to both enzymes were called class III antibodies. This scheme was 
subsequently adopted by the V t h International Leukocyte Differentiation Antigens 
Workshop as a standard for the classification of C D 3 4 epitopes and their 
corresponding antibodies. 9 

Due to their dependence on terminal sialic acids, which are only found on the 
most fully glycosylated/processed forms of C D 3 4 , class I antibodies generate the 
most aberrant data in cl inical samples, whereas class II and class III reagents detect 
similar, i f not identical, numbers of C D 3 4 + cells in a wide variety of normal and 
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abnormal samples. Thus, for accurate enumeration of rare C D 3 4 + cells in P B S C 
collections, it is important to use a C D 3 4 antibody that detects a l l glycosylation 
variants o f the molecule, i.e., class II or class III antibodies. However, as indicated 
below, the choice of conjugate is also important in some instances. 

CD34+ CELL ENUMERATION BY FCM USING 
CD45/CD34 AND LIGHT SCATTER 

In early attempts to circumvent problems with f low cytometric analysis o f 
C D 3 4 + cells on highly heterogeneous c l in ica l samples, we simultaneously stained 
mobi l ized P B stem cells with a pan-CD45 fluorescein isothiocyanate (F ITC) and 
C D 3 4 P E . C D 4 5 F I T C was chosen as a counter stain because it only stains 
nucleated white blood cells. B y including only C D 4 5 + events in the analysis, red 
blood cells, their nucleated precursors, platelets and cellular debris, that are 
variably present in P B and apheresis preparations, and that are recorded by f low 
cytometers, are excluded from subsequent analysis. C D 4 5 staining thus 
establishes a much more stable denominator. 1 0 Addi t iona l ly , Steltzer et a l . 1 1 and, 
more recently, Borowi tz et a l . 1 2 have shown that primit ive normal and leukemic 
blast cells that exhibit similar light scatter properties of lymphocytes express 
lower levels o f C D 4 5 on their surfaces, thus providing a means of delineating 
non-specifically stained lymphocytes from normal or leukemic blast cells using 
this surface marker. 

Although the I S H A G E protocol has recently been published in detai l , 1 3 what 
follows is a brief description of how we use this simple two-color, two light-scatter 
parameter protocol to identify and enumerate C D 3 4 + cells in normal hematopoietic 
samples, cord blood and apheresis collections. 

O n F C M analysis of C D 4 5 staining versus side scatter (granularity), three major 
populations of C D 4 5 + cells can be identified (Figure 1, plot 1): lymphocytes (low 
granularity and bright C D 4 5 staining), monocytes (slightly lower C D 4 5 staining 
and intermediate side scatter) and neutrophils (low C D 4 5 staining and high side 
scatter). CD45~ events, which by light scatter analysis and microscopy appear to 
consist mainly of unlysed red blood cells and platelet debris and whose numbers 
can vary enormously from sample to sample, are thus excluded. When the C D 4 5 + 

cells in region R l are analyzed for C D 3 4 P E staining (plot 2), a population of 
C D 3 4 + events can be detected in region R 2 . The cells contained in the C D 3 4 + 

fraction R 2 are then displayed on another C D 4 5 versus side scatter dot-plot (plot 
3), and true C D 3 4 + events gated from region R 2 form a discrete cluster. This cluster 
is characterized by uniform low side scatter and weak C D 4 5 staining that can then 
be gated by region R 3 . Nonspecifically stained events from R 2 scatter elsewhere in 
the dot plot and are excluded from region R 3 . In keeping with observations by 
microscopy, region R3 cells exhibited a relatively restricted range of (medium) cell 
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Figure 1. Enumeration ofCD34+ cells in an apheresis sample using CD45-FITC/CD34-

PE. Precise details of gating strategy are described in reference 13. Sample analyzed on 

BD FACScan running Lysis IIsoftware. 

size and are found within the generic blast/lymphocyte region R 4 when analyzed 

by side scatter and forward scatter parameters (plot 4). Statistical analysis o f the 

gated populations in figure 1 showed the number of CD34+ cells to represent 0.42% 
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of the total nucleated white blood cell fraction (CD45 + ) identified by region R l . 
C D 3 4 + events were not detected i n the C D 4 5 " fraction of this sample nor in that o f 
many other similar analyses (data not shown), confirming that i f an appropriate 
pan-CD45 conjugate is used, all subsets of peripheral blood C D 3 4 + cells can be 
demonstrated to express C D 4 5 molecules, albeit at relatively low levels. 

This F C M gating strategy works well on cord blood and B M samples . 1 0 1 3 

Indeed, the impetus to develop an accurate and reliable C D 3 4 + cel l enumeration 
methodology initially arose from an inability to quantitate C D 3 4 + cells in B M 
aspirates, from which we were purifying C D 3 4 + cells using the glycoprotease 
technique. 1 4 To calculate meaningful estimates for the recovery of C D 3 4 + cells, 
starting numbers i n the unseparated marrow sample had to be quantitated. In B M , 
however, some extra difficulties have to be dealt with. Marrow C D 3 4 + cells, unlike 
their peripheral blood counterparts, come in a variety of sizes—from that o f small 
lymphocytes to intermediate size blast cells to quite large megakaryoblast/granulo-
monocyte progenitors. Additionally, they exhibit a wider range of granularity or side 
scatter characteristics as they mature into lineage-committed precursors. Final ly, 
they exhibit a much greater range of C D 3 4 staining intensities in comparison with 
mobilized peripheral blood CD34+ cells. However, this gating strategy outlined 
above also works wel l for B M and, in contrast to other less sophisticated F C M 
procedures, generates data that are similar to that observed by fluorescence 
microscopy. Thus, it has greatly facilitated some of our research goals. 

THE ISHAGE GUIDELINES 

This C D 3 4 + ce l l detection procedure incorporating the sequential gating 
strategy outlined above was published in 1994 1 0 and we were subsequently 
invited by the International Society of Hematotherapy and Graft Engineering 
( I S H A G E ) to establish a Stem C e l l Enumeration Committee to validate this 
procedure i n a multi-center study. The mandate of this committee was to 
construct c l in ica l guidelines for the quantitation of C D 3 4 + cells in peripheral 
b lood based upon our methodology and to design a multi-center study to assess 
whether reproducible data could be generated from prestained/fixed samples 
distributed to the participating transplant centers. W e also sought to establish its 
utility and reproducibility on the various types of f low cytometer currently used 
in c l in ica l laboratories. L o o k i n g to the future, we sought, using the data 
generated from the first phase of this study, to develop c l in ica l guidelines to 
optimize t iming of apheresis collections and establish recommendations for a 
threshold C D 3 4 + ce l l dose for rapid and sustained engraftment. W e also sought, 
by incorporation of a third antibody conjugate, to measure the qualitative aspects 
of P B S C C D 3 4 + cells. For example, by incorporating an antibody to the Thy-1 
antigen, one can enumerate candidate H S C s wi th the C D 3 4 + T h y - 1 + phenotype. 1 5 
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B y A p r i l 1995, the first draft of the C l in i ca l Guidelines was produced (Chin-
Yee et al . : Enumeration of Hematopoietic Stem Cel ls i n Peripheral B l o o d : 
Guidelines for the Performance of C D 3 4 + C e l l Determination). Al though this 35-
page document was originally produced for the use of participants in the validation 
study and was not init ial ly intended for formal publication, it was widely circulated 
both directly and indirectly to a large number of c l in ical and research laboratories 
in North America , Europe and the rest of the world. The basic protocol has also 
been included i n other studies i n Canada ( C h i n - Y e e et a l . : unpublished 
observations) and Australia (Chan et al.: J Hematother 5:605,1996) that had started 
prior to the availability of the I S H A G E Guidelines. The results generated with our 
protocol showed greater concordance over multiple sites compared with data 
generated using other procedures i n these studies. 

The I S H A G E validation study has yet to be completed and the data from it 
analyzed, but the original procedure has been significantly upgraded due in part to 
the feedback received from a large number of transplant centers throughout the 
world who have adopted the protocol. Thus, an updated version of the earlier 
document was recently published. 1 3 

ANTIBODY SELECTION 

CD45 antibodies 
The fol lowing pan-CD45 antibodies can be safely recommended: H L E - 1 

(Becton Dickinson), K C 5 6 (Coulter Corp.) and J33 (Immunotech). Although other 
C D 4 5 antibodies can be used, it is important to know that the selected antibody is 
a pan C D 4 5 reagent and as oudined in detail in the Guidelines document, that this 
epitope is sialidase and glycoprotease-resistant. 

CD34 antibodies 
C D 3 4 antibodies that detect a l l glycoforms of this mucin-like structure (i.e., class 

II or class III reagents) are required for C D 3 4 + cel l enumeration. The P E conjugates 
of the Class II clone Q B E n d l O (Immunotech), and the P E conjugates of the class III 
antibodies H P C A 2 (Becton Dickinson) and 581 (Immunotech) work 
interchangeably in the I S H A G E method. Although generally preferable to use P E 
conjugates in two-color analyses it is sometimes necessary to employ F I T C 
conjugates of me C D 3 4 reagent when three antibodies are used. In such cases, F I T C 
conjugates of class III reagents detect similar numbers of C D 3 4 + cells using the 
I S H A G E protocol as their P E conjugated versions and can thus be utilized. 
However, the FTTC conjugates of class II antibodies such as Q B E n d l O do not 
identify C D 3 4 + cells in c l in ica l samples as efficiently as their PE-labeled 
counterparts due in major part to the extra negative charge conferred on such 
conjugates by this fluorochrome. Addit ionally, F I T C conjugates of C D 3 4 antibodies 
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can increase the levels of nonspecific staining of dead cells present in some cl inical 
samples and the F I T C conjugate of Q B E n d l O can be particularly problematic in this 
r ega rd . 1 6 1 7 A number of studies using FITC-conjugated class II antibodies have 
been published without regard to this problem. The inappropriate choice of F I T C 
conjugated class II reagents may explain the divergent results reported in some of 
these studies.' 8 Thus, one has to be careful not only in selecting an appropriate 
C D 3 4 antibody clone, but the choice of fluorochrome can also affect the results. 1 3 

Isotype controls 
A s every monoclonal antibody has slightly different "nonspecific" binding 

characteristics from the next, it is our view that "appropriate isotype controls" for 
rare event analysis do not exist. Use of an isotype control to set a positive analysis 
region for rare event analysis can thus result in either the inclusion of "nonspecif-
i ca l ly" stained events i n the C D 3 4 + ce l l analysis region, or it can mask the staining 
of rare, bona fide C D 3 4 + cells. However, given the sequential gating strategy at 
the heart of our F C M method, we believe that the use of isotype control antibodies 
for the purpose of establishing the positive analysis region is not necessary. Just 
as the appropriate titration of monoclonal reagents is critical in distinguishing the 
boundary between true positive and negative cells, the isotype control should also 
be titrated. A t the appropriate concentration, the isotype control should give the 
same level of fluorescence staining on a CD34-negative leukocyte population 
(e.g., lymphocytes) as exhibited by the C D 3 4 - P E reagent. A t that concentration, 
staining histograms of n o n - C D 3 4 + events generated by the two reagents should be 
very similar. However, even at the optimum concentration, it is our experience 
that some isotype control antibodies stain more leukocytes (nonspecifically) than 
are specifically stained by the C D 3 4 - P E antibody in use. Even in these circum
stances, these events are "gated out" by the sequential gating strategy at the heart 
of this method since it is rare for any of them to exhibit the other characteristics 
of true C D 3 4 + cells. If any such isotype-positive events appear in region 4, they 
are s imply subtracted from the CD34+ ce l l numbers enumerated i n the 
C D 4 5 / C D 3 4 tube(s). Thus i n the I S H A G E protocol, gating regions are established 
on the "positive analysis" tube (CD45 /CD34) as shown in Figure 1. The 
nonspecifically stained events are enumerated for the CD45/isotype control tube 
using exactly the same gating regions. 1 3 

SENSITIVITY 

W e have analyzed a large number of P B S C samples as wel l as a number of 
normal peripheral blood samples. If 100,000 events are collected in listmode on the 
flow cytometer, we can readily detect 10-20 events as a cluster in regions 3 and 4 
of the analysis, translating into a sensitivity of 0.01-0.02%. In our I S H A G E 
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validation studies, the first stained/fixed sample sent out for multicenter analysis 
contained only 0.04% C D 3 4 + cells. However, those centers that followed the 
Guidelines were able to accurately detect these cells with a high degree o f 
reliability. Using the same gating regions to analyze non-specifically stained events 
i n the CD45/ isotype control tube, events were not detected i n region 4. 
Notwithstanding the sensitivity of this F C M strategy, it is recommended that a 
minimum of 100 C D 3 4 + events be collected to maintain precision and reliability. 

ABNORMAL CUNICAL SAMPLES 

Working in clinical research laboratories, our method has also been able to detect 
abnormalities of the C D 3 4 + cell compartment in some interesting clinical samples. In 
one case, a B M sample from a supposedly normal donor contained approximately 
14% C D 3 4 + cells as assessed by microscopy and about half of the C D 3 4 + cells 
contained granular cytoplasm. F A C S c a n analysis using the C D 4 5 / C D 3 4 technique 
confirmed these findings. When the C D 3 4 + cells from region R 2 were analyzed for 
C D 4 5 expression versus side scatter, they exhibited a wide range of granularity. When 
the events gated into this elongated region R3 were assessed by forward versus side 
scatter, only about half o f the C D 3 4 + cells were resolved i n the generic 
blast/lymphocyte gate R4 . In this case, the most accurate estimate of C D 3 4 + cell 
numbers is represented by the events gated into region R3 (representing about 13% of 
the white blood cells), rather than R4, due to large numbers of CD34+ cells exhibiting 
increased side scatter that fall outside of the blast/lymphocyte gate. Interestingly, the 
subsequent clinical diagnosis of myelodysplastic syndrome/refractory anemia with 
excess blasts provides an explanation for these observations since refractory anemia 
may predate the onset of overt acute myeloblastic leukemia. The most prevalent type 
of myeloid leukemia in these patients is F A B M 2 , the brief clinical definition of which 
is "blasts with differentiation." Significantly, the F C M analysis of this sample 
performed in a routine flow cytometry laboratory where the technique outlined here 
was not in use, produced a C D 3 4 + cell number of only 2.8%, a value wel l within the 
range for C D 3 4 + cells in normal marrow. 

In other studies, perturbations in the C D 3 4 compartment of atopic individuals 
were also detectable and the increased numbers of C D 3 4 + cells detected in the 
marrow and blood o f such samples correlated with a specific increase i n the 
basophil/eosinophil colony forming cel l numbers. 1 9 

USING THE ISHAGE PROTOCOL IN A CLINICAL SETTING 

The four-parameter procedure that has been adopted for validation by I S H A G E 
can be used to quantitate C D 3 4 + cells in a variety of normal hematopoietic tissues 
as wel l as abnormal cl inical samples from a variety of disease states. The former is 
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Figure 2. Generating an absolute CD34+ cell count from an apheresis pack using 
Flow-Count beads (Coulter, Miami FL), and the ISHAGEprotocol. Sample analyzed 
on Coulter EPICS XL. Gating regions A-D are equivalent to regions 1-4 in Figure 1. 
Gate F shows the analysis of the duplicate CD34/CD45 tube. Gate G enumerates the 
events stained using the IgGl/CD45 tube. The number of beads analyzed is gated in 
region E. 

important because B M transplants are still performed in some centers and cord 
blood transplantation is increasingly used in specific circumstances. Furthermore, 
C D 3 4 + cel l selection from both marrow and peripheral/cord blood is now being 
performed routinely. For researchers interested not just in graft assessment in a 
P B S C transplant setting, it is important to have available a reliable procedure that 
can generate accurate data from a variety of hematopoietic sources. It is highly 
sensitive, detecting 1 C D 3 4 + cel l in 10,000, and reproducible. It is highly specific 
using appropriate C D 3 4 reagents (i.e., antibodies l ike Q B E n d l O and 8G12 and 
581) which in P E conjugated form, appear to detect all glycoforms of C D 3 4 . 
However, as outlined above, only class III reagents should be used where C D 3 4 
F I T C conjugates are required, as in some three-color analyses. 

The analysis is simple and can be performed on most single laser instruments as 
it requires only routine instrument settings and only basic software for data analysis, 
making it suitable for routine analysis in flow cytometry laboratories. Sample 
variability with respect to the number of red cells, dead cells, platelets, platelet 
aggregates and other cellular debris is minimized by the sequential gating strategy. 
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The interpretation is simple and one can express the results as a percentage of 

C D 4 5 + cells (i.e., nucleated W B C ) or by incorporating a leukocyte count determined 

by an automated hematology analyzer in the calculation, as an absolute C D 3 4 + cell 

count. In the example shown below, the number of non-specific events in R 4 from 

the isotype control tube is subtracted from the average total number of events in the 

duplicate C D 3 4 stained sample tubes. This corrected number of C D 3 4 + cells is the 

numerator and the average number of C D 4 5 + events from the C D 4 5 - F I T C / C D 3 4 - P E 

sample represents me denominator. This value is multiplied by the absolute L K C as 

determined by the automated hematology analyzer to calculate the absolute C D 3 4 

stem/progenitor cel l numbers in the sample. 

Absolute LKC (X10 9/L) X (CD34+ events) X 1000* = Absolute CD34+ cells X 106/L 
(CD45+ events) 

*The final value is multiplied by a factor of 1000 to convert from 109/L to 106/L. 
EXAMPLE: 

421 (CD34+ events); 75,000 (CD45+ events); 5.2X 109/L (absolute LKC); 

5.2(X10 9/L) X 421 X 1000 = 29.1 X10 6 /L 
75,000 

To determine the absolute CD34+ cell number per apheresis pack, the above number is 
multiplied by the pack volume in liters. 

ABSOLUTE CD34+ CELL COUNTING USING FLUORESCENT BEADS 

In a recent development of our protocol, we have used fluorescent microspheres 

to generate an absolute C D 3 4 + ce l l count on a single instrument platform. In this 

modification, fluorescent beads (at a known concentration) are added to the stained 

sample fol lowing red cell lysis. The number of C D 3 4 + cells are identified using the 

basic I S H A G E Guidelines and compared with the total number of beads counted in 

the third fluorescence channel of the cytometer. This simple modification 

eliminates the need to perform an absolute leukocyte count on an automated 

hematology analyzer. A s different types of analyzers can generate different 

numbers from the same sample, eliminating the use of such an instrument reduces 

a significant source of error in the calculation of "absolute CD34+ cel l count." 

Indeed, it is the accurate determination of the latter number that clinicians rely 

upon when assessing graft adequacy of P B S C collections. Another benefit o f 

including the fluorescent beads in a three-color analysis is that the C D 4 5 positivity 

is no longer used as a denominator i n the calculation of absolute C D 3 4 + cells. 

Instead, the C D 4 5 expression is used solely as part of the sequential gating strategy 

to accurately identify bona fide C D 3 4 + cells. This modification also eliminates the 

potential introduction of errors in calculating the absolute CD34+ cel l count. The 

operator does not need to be concerned about the presence of nucleated red blood 
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cells which can express low levels of C D 3 4 and little or no C D 4 5 and are counted 
as L K C s by some automated hematology analyzers currently in use. Whi l e the 
presence of significant numbers of nucleated red cells (that are irrelevant to long-
term engraftment) in apheresis samples is thought to be quite rare, excluding them 
reduces the possibility that their presence can affect the accurate determination of 
the absolute CD34+ cell number. A n example of the use of such beads in the 
I S H A G E protocol is shown in Figure 2. The calculation involved in generating an 
absolute C D 3 4 + cel l count per apheresis pack is: 

#CD34+ events X bead concentration X cell dilution factor X pack volume (liters) X 106 

#beads counted 

ASSESSING CD34+ CANDIDATE HEMATOPOIETIC STEM CELLS 

A s outlined in detail elsewhere, 1 5 more sophisticated analysis is possible using our 
basic method. For example, it is possible using the third fluorescence channel of the 
cytometer to assess other surface antigens such as Thy-1, or C D 109, the co-
expression of which is associated with the most primitive stem cell subsets of C D 3 4 + 

cells in marrow. It was recently shown that the T h y - 1 + subset of C D 3 4 + cells in P B S C 
samples was also enriched for the most primitive colony-forming cells currently 
detectable in long-term cultures. Furthermore, the T h y - 1 + subset was capable of 
multi-lineage engraftment in immune deficient mice . 2 0 Some mobil izing regimens 
may prove more efficient than others at mobilizing the candidate H S C subset of 
C D 3 4 + cells, particularly in heavily preheated patients. Thus, though there may be 
fewer total C D 3 4 + cells than would be desirable, there may be a sufficient number of 
these primitive cells to effect (albeit delayed) engraftment. Given the increasing 
numbers of growth factors that can be used to stimulate hematopoiesis in vivo, it may 
be possible to obtain an adequate autograft from fewer C D 3 4 + cells than the 
minimum dose currently advocated (about 2 X 1 0 6 cells/kg body weight). 

In three-color analysis, cells are stained with C D 4 5 P E : C y - 5 , C D 3 4 F I T C (a 
class III reagent must be used) and Thy-1 P E (clone 5E10, Pharmingen Inc., San 
Diego C A ) . The CD34+ cells are gated as before using the four parameter gating 
strategy. Duplicate samples contain either I g G l P E control or Thy-1 P E antibodies. 
In this instance, the isotype control determines the "positive analysis region" for 
t h e T h y - l + C D 3 4 + cells. 

W e used this modified approach in 12 myeloma patients in a recent study in which 
peripheral blood samples were taken daily after chemotherapy and during 
mobilization with G M - C S F . Our data indicated that the level of C D 3 4 + / T h y - 1 + cells 
was highest before collection would normally be scheduled to take place, i f collection 
timing criteria were determined by either an increase in white cell count or by 
predetermined timing. Thus, the most primitive subsets of C D 3 4 + cells enter the 
peripheral circulation first and are most numerous before an increase in general white 
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cell numbers is detectable. Consequently, a window of opportunity for "optimal" 
collection may exist and the application of serial measurements of the C D 3 4 + / T h y - 1 + 

cell concentration in the circulation to define early collection days may have merit. 
This approach may be especially useful for those heavily pretreated myeloma 
patients with a low likelihood of successful collection, especially given the recently 
reported increase in malignant cell contamination of apheresis products noted on later 
collection days. 2 1 If this window of opportunity is missed while awaiting an increase 
in the W B C before begirining the apheresis collection, subsequent attempts to 
mobilize these patients have a low likelihood of success. 2 2 Analysis of the results 1 5 

also indicated that the frequency of circulating C D 3 4 + cells not only best predicted 
the apheresis C D 3 4 + and C F U - G M but was the only predictor of the apheresis 
C D 3 4 + / T h y - 1 + cel l count. Thus, daily peripheral blood C D 3 4 enumeration most 
accurately predicts the progenitor/stem cell content of the apheresis collection, and 
this assay could also allow for optimal collection of candidate stem cell subsets of 
C D 3 4 + cells expressing the CD34 + /Thy-l + i rnmunophenotype. 

In summary, the experiments outlined above, and in rather more detail where 
indicated, show that the basic two-color sequential gating strategy of the I S H A G E 
protocol is extremely flexible and can be used to analyze C D 3 4 + cells in a variety 
of hematologic tissues and in different cl inical situations. Us ing three- and four-
color flow cytometers, the third and/or fourth fluorescence channel can be used to 
assess, in an autologous transplant setting, the qualitative composition of the 
C D 3 4 + cel l fraction. In this regard, the quantitation of candidate H S C subsets of the 
C D 3 4 + population is potentially of great importance. Furthermore, the addition of 
a known concentration of internal standard beads converts the F C M C D 3 4 + ce l l 
assay into a single instrument platform for the determination of absolute C D 3 4 + 

cell count determination. 
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ENGRAFTMENT INTO THE NONMYELOABLATED AND 
MYELOABLATED HOST: STEM CELL PHENOTYPE 

PJ. Quesenberry, 5.0. Peters, S.K. Nilsson, 
A.E. Frimberger, F. Marc Stewart 

University of Massachusetts Cancer Center, Worcester, MA 

Studies characterizing stem cell populations have generally been carried out in 
lethally irradiated myeloablated mice with an underlying assumption that space needed 
to be created in order for donor stem cells to home and engraft. Mick lem et al . 1 in 1968 
showed engraftment in normal hosts, but interpreted the level of engraftment as 
relatively insignificant. Takada et a l . 2 ' 3 also detected low numbers of donor marrow cells 
following injection into normal C B A mice. Brecher, Saxe and colleagues 4 , 5 established 
that engraftment occurred and this work was extended by Stewart et a l . 6 who 
demonstrated long-term stable chimerism when 40 million unseparated male B A L B / c 
marrow cells were engrafted daily for 5 days (total 200 million cells) into untreated 
female B A L B / c hosts and the percentage of male D N A determined in female host 
marrow, spleen and thymus at 1-25 months past transplantation. This basic observation 
has now been extended to different cell levels and different time intervals. 7 , 8 

Furthermore, engraftment in the normal host approached and at times exceeded 
theoretical maximums of engraftment based on 2 different models. 8 In 7 individual mice 
the theoretical observed values were 1.1 to 3.4 times the theoretical maximums (Table 
1). These data indicated that engraftment in the normal host was close to quantitative and 
suggested that the final engraftment phenotype is determined by competition with host 
marrow cells, not by "niche" availability. The differences in the final differentiated cell 
readout when irradiated or normal hosts are infused with the same number of stem cells 
is illustrated in Figure 1. 

The ten highest engraftment percentages achieved in individual animals given 
different levels or the same level of cells were compared with their calculated 
theoretical levels. Theoretical levels were separated according to equal homing to 
bone marrow, spleen and thymus or homing of all cells only to bone marrow. These 
theoretical maximums assume no loss or homing to other organs and replacement 
rather than augmentation of host cells. Therefore, they represent a theoretical 
maximal value and the assumption that cells may only home to marrow is the 
ultimate maximal theoretical engraftment. The level to which observed values 
exceeded theoretical values is shown for both comparisons. 

Work by Stewart et a l . 6 and Ramshaw et a l . 9 demonstrated that marrow harvested 
6 days after the administration of 5 fluorouracil (5FU) (150 mg/kg) to male B A L B / c 
mice, although relatively enriched in cycling progenitor/stem cells, was defective in 
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Table 1. Comparison of highest individual engraftments to theoretical levels 

Observed Maximal Maximal 
engraftment theoretical Level above theoretical Level above 

BM engraftment 3-organ engraftment 1-organ 
(%) (BM, SP, THY) (%) theoretical (BMonly) (%) theoretical 

1. 79 29 2.7 X 51 1.5X 
2. 75 24 2.6X 44 1.7X 
3. 72 29 2.6X 51 1.4X 
4. 71 16 4.4X 29 2.4X 
5. 56 29 1.9X 51 1.1X 
6. 54 9 6.0X 16 3.4X 
7. 47 29 1.6X 51 — 
8. 46 9 5.IX 16 2.9 x 
9. 44 29 1.5X 51 — 

10. 40 29 1.4X 51 — 

NUMBER OF ENGRAFTMENT 
STEM CELLS DETECTED BY 

IN TRANSPLANT IRRADIATED MARROW SOUTHERN BLOT 

IRRADIATED MARROW 

Figure 1. Theoretical model of stem cell engraftment. 
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Table 2. Cycling and stem cell engraftment 

HPP-CFC # and Long-term engraftment 
Stem cell condition cycle status into normal host 

normal donor normal & dormant high levels 
post-5FU donor preserved & cycling defective 
donor cells exposed to expanded & cycling defective 
IL-3,IL-6,IL-11 andSCF 
for 48 hours in in vitro 
liquid culture  

*Reprinted courtesy of Experimental Hematology 25:114-121,1997. 

long-term engraftment when quantitatively compared with normal marrow in either 
normal or irradiated female B A L B / c hosts. If marrow was harvested 35 days after 
5 F U it engrafted normally. Studies utilizing in v ivo hydroxyurea suicide indicated 
that the long-term repopulating stem cells detected in normal hosts were not cycl ing. 
Similarly, those cells that did engraft from post-5FU marrow were also dormant. 

The engraftment potential, H P P - C F C number and cell cycle status of male 
B A L B / c marrow cells exposed in vitro to the early acting cytokines, f L - 3 , IL -6 , I L -
11 and steel factor were also evaluated using two separate engraftment models, male 
B A L B / c marrow into normal female B A L B / c host or an irradiated host model in 
which either male-female or Ly5.1 /Ly5.2 congenic cells were competed . 1 0 1 1 It was 
demonstrated that the cytokine treated cells were markedly defective for engraftment 
at 6-22 weeks post-transplantation. This was in spite of the fact that H P P - C F C were 
expanded. The H P P - C F C were also induced into active cel l cycle, as demonstrated 
by in vitro 3 H t d R suicide. Thus, in two models cycling cells were found to have 
preserved or expanded H P P - C F C with very defective engraftment. These studies are 
summarized in Table 2. 

Further work has indicated that this cytokine defect may not be apparent when 
early times o f engraftment are analyzed, suggesting the existence o f a separate 
population of stem cells affected differentially by cytokines. 1 2 

Purified lineage negative rhodamine low and Hoechst low cells have also been 
shown to engraft, although at a lower relative frequency than whole marrow, 
suggesting the existence of facilitator cells in syngeneic transplants. 1 3 

The concept that in vivo engraftment in normal hosts is determined by 
competition with host cells, rather than by "opening" of occupied spaces, is further 
supported by studies showing that relatively low levels of whole body irradiation 
can result in high levels o f chimerism when relatively high levels of marrow cells 
are infused. 1 4 

Overall, the present data indicate that stem cell engraftment is determined by the 
functional state of the engrafting stem cel l , possibly related to cell cycle status, and the 
number of competing host stem cells. Cells engrafting early (first 1-3 weeks) do not 
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appear to be affected by exposure to cytokines, while those responsible for long-term 

engraftment appear to acquire an engraftment defect after exposure to cytokines. 
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AUTOLOGOUS STEM CELL TRANSPLANTATION IN 
LEUKEMIA: SYNTHESIS AND SUMMARY 

Alan K. Burnett and Andrew M. Yeager 

University of Wales College of Medicine, Cardiff, United Kingdom (A.B.); 
Emory University, Atlanta, GA (A.Y.) 

ACUTE MYELOCYTIC LEUKEMIA (AML) 

Several multicenter collaborative trials have compared autologous bone marrow 
transplantation (autoBMT) with intensive combination chemotherapy in first-
remission A M L and have shown strikingly similar results. Mos t of these studies 
also evaluated the outcome of allogeneic B M T ( a l l o B M T ) in those patients who 
had histocompatible related donors. Mos t (but not all) of these trials demonstrated 
the superiority of a l l o B M T over either a u t o B M T or chemotherapy, with event-free 
survival (EFS) of 50-55% after a l l o B M T , 40 -55% after au toBMT, and 30-40% 
after intensive chemotherapy. It is also evident that the outcome from the 
chemotherapy arm is helped by several patients who have been salvaged and 
continue to survive after relapse. Although the autograft procedure substantially 
reduces relapse risk, its impact on overall survival is less clear. The lower relapse 
rate observed after au toBMT tended to be offset by a greater treatment-related 
mortality, including some late deaths in remission due to refractory thrombocy
topenia; this mortality rate was observed in larger and more experienced centers as 
wel l as smaller and less experienced institutions. Improved outcome i n future 
studies must address strategies to decrease this unacceptably high rate of 
procedure-related deaths. 

These collaborative cl inical investigations share difficulties in the conduct o f 
these trials and emphasize the challenges inherent i n large-scale, multi-institution 
cl inical research with complex patients. For example, approximately 35% of 
patients eligible for randomization to either chemotherapy or a u t o B M T actually 
were randomized, and other factors led to further attrition of patients from the 
randomized groups. Although intention-to-treat analysis is the most rigorous and 
appropriate means to evaluate the results of these studies, one must also appreciate 
the limitations inherent in such analyses. 

Analyses of these multicenter studies provide an evolving concept of stratifi
cation by risk group with regard to outcome of and indications for a u t o B M T for 
A M L in first remission. Variables such as tumor cytogenetics, leukocyte count at 
diagnosis, and response (or lack thereof) to init ial remission-induction therapy have 
al l been used to assign risk groups (low-, standard- and high-risk) to response of 
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A M L to conventional chemotherapy, and it now appears that similar stratifications 
may be useful in the a u t o B M T setting. Risk-group assignment might identify good-
risk A M L patients in whom a u t o B M T in first remission might not provide 
additional benefit (while exposing the patient to risk of death from the procedure) 
and in whom a u t o B M T might instead be considered in early first relapse or in 
second remission. Conversely, this stratification process might identify patients at 
exceptionally high risk for relapse of A M L , in whom neither chemotherapy, 
a u t o B M T nor even a l l o B M T is l ikely to be curative. These patients might benefit 
from matched related or unrelated a l l o B M T applied early in first remission. The 
issues of efficacy and logistics of collection of autologous stem cells (from bone 
marrow or peripheral blood) in patients with A M L in first remission, to be used for 
transplantation at early relapse or in second remission, are still unresolved. 

Several studies strongly indicate that cytogenetic features of A M L at diagnosis 
may provide one of the most important predictors (arguably, maybe the single most 
important prognostic factor) of the outcome of autologous stem cel l transplantation 
and might identify especially high-risk groups. For example, abnormalities o f 
chromosomes 5 or 7 or hypodiploidy, and possibly complex cytogenetic 
abnormalities may define an especially poor-prognosis group. It is l ikely that these 
presentations w i l l have piqued the interest of Symposium attendees to analyze their 
own series and determine whether they too can confirm these associations of 
cytogenetic abnormalities and outcome of a u t o B M T for A M L . 

The apparent plateau in relapse-free survival after intensive combination 
chemotherapy or a u t o B M T for A M L underscores the need to explore new 
regimens for remission-induction and consolidation and for pre-transplant cytore-
duction. A s the best results of autologous transplant for A M L obtain in a state of 
m i n i m a l disease, more effective anti leukemic induction/consolidat ion 
(representing a more effective in v ivo purge) may complement or offset the need 
for ex v ivo purging of the autologous marrow product. Not surprisingly, there is 
still no consensus with regard to preparative regimens for a u t o B M T in A M L ; 
adherents to either total body irradiation or busulfan-based pretransplant 
conditioning, or to other combination chemotherapy (e.g., B A C T ) , have advocated 
the efficacy of their respective regimens. The initial report of a pilot trial o f an 
intravenous busulfan preparation is encouraging and may provide a more rational 
basis for dosing and administration of this agent which currently is l imited to an 
oral form. 

Interest in the application of ex vivo treatment, or purging, of autologous 
marrow with chemotherapeutic or immunological agents as methods has been 
stimulated by reports from the European B M T Group, single-institution trials and 
the Nor th Amer i can Autologous B l o o d and M a r r o w Transplant Registry 
( A B M T R ) . Elegant and seminal studies of gene marking of autologous normal 
marrow and A M L cells support but by no means prove the need for autograft 
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purging. The similar outcomes of a u t o B M T for A M L i n second remission despite 
different purging regimens (e.g., 4-hydroperoxycyclophosphamide [4HC] versus 
monoclonal antibodies and complement) or no purging (as reported by the Rome 
group) is of interest. The data from the A B M T R suggest benefit o f purging, but 
also a downward trend i n use of purging for a u t o B M T for A M L i n remission. It is 
not clear whether this represents a genuine lack of interest on the part o f investi
gators in North Amer ica or a practical limitation of chemopurging due to the lack 
of availability of agents such as 4 H C . 

These presentations and discussions emphasize the need to conduct two 
important prospective randomized trials of autologous transplantation for A M L . A 
prospective trial comparing purged versus unpurged marrow has yet to be 
undertaken; although logistically challenging with regard to patient accrual and 
loss from randomization (as discussed above), this study is now even more timely. 
Investigators at the University of Pittsburgh intend to conduct a multicenter North 
American trial of au toBMT with immunopurged marrow or unpurged marrow in 
patients with A M L in second remission. W i t h the increased application of 
autologous peripheral blood stem cel l transplantation ( P B S C T ) in lymphoma, 
breast cancer and solid tumors, there is interest i n prospective comparison of 
au toBMT and P B S C T in A M L . To this end, the E O R T C / G I M E M A A M L 10 Study 
may address this question. 

ACUTE LYMPHOBLASTIC LEUKEMIA (ALL) 

In a u t o B M T for A L L , the high post-transplant relapse rate (at least 55% in first 
remission and at least 70-75% in second or third remission) is the major challenge. 
Consequently, there appears to be l imited interest in exploring new ex v ivo marrow 
purging regimens, suggesting, as i n the B o o k of Ecclesiastes, there may be 
"nothing new under the Sun." However, i n adults with Philadelphia-chromosome 
(Ph'j-positive A L L , one a u t o B M T trial has an encouraging relapse-free survival o f 
30%, albeit with short follow-up, after transplantation of marrow treated by 
immunomagnetic purging with an ant i -CD 10, ant i -CD 19 and a n t i - H L A - D R 
combination; this method provides at least a 2-log depletion of A L L cells. 

The poor outcome of au toBMT and the increased l ikel ihood of identification of 
a matched unrelated donor ( U R D ) from national and international registries has led 
many centers to pursue U R D B M T for high-risk A L L . A single-institution 
comparison of immunopurged a u t o B M T versus U R D B M T i n A L L indicated that 
the inherent delay when pursuing U R D B M T may be improving i n terms of shorter 
time from donor search to B M T . This study showed that the higher regimen-related 
toxicity with U R D B M T , especially due to graft-versus-host disease, was offset by 
a lower relapse rate. The E F S was better after U R D B M T i n first- or second-
remission A L L , and was better i n males. For patients who lack suitable matched 
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unrelated donors, a u t o B M T may be an option, but other alternative stem cel l 
transplants (e.g., umbil ical cord blood, mismatched related donors) may compete 
with au toBMT. The prospects o f enhancing autologous antitumor responses to 
decrease post-autoBMT relapse have not been impressive; i n one randomized study 
of adult A L L patients undergoing a u t o B M T with unpurged marrow, administration 
of interleukin-2 (IL-2) did not improve E F S or decrease the relapse rate. 

New avenues for au toBMT in A L L include methods to improve cytoreduction 
before marrow collection and autoBMT, thus attaining a state of minimal residual 
disease (improved ex vivo purge). Encouraging novel biotherapeutic agents being 
evaluated in this setting include immunotoxin conjugates, e.g., those including the 
pokeweed antiviral protein (PAP) . More recently, a novel conjugate of the tyrosine 
kinase inhibitor genistein with anti-CD19 monoclonal antibody has been developed 
to provide targeted therapy directed against a molecular cellular pathway. This agent 
is currently under study for its a n t i - A L L activities in both in v ivo and ex vivo settings. 

CHRONIC MYELOGENOUS LEUKEMIA (CML) 

The role of autologous stem cell transplantation for C M L is not established. 
F rom the presentations at this Symposium, interest for autotransplants in C M L i n 
Europe is substantially greater than in North America . The ability of a-interferon 
a - IFN) to prolong survival and hematologic remissions i n C M L further justifies the 
need for randomized trials to evaluate survival, E F S and quality of life after stem 
cell autotransplants versus a - I F N for newly-diagnosed C M L , as proposed by the 
Genova group. A s with a u t o B M T for A M L and A L L , relapse is the major problem 
of autologous stem cell transplants for C M L . Therefore, proceeding to transplant in 
a state of minimal residual disease and evaluation of post-transplant modalities to 
further decrease or eradicate C M L are important principles to consider in 
autografting for C M L . 

The use of P B S C T for C M L is gaining favor. Investigators concur that earlier 
procurement o f P B S C products in the chronic phase of the disease is preferable, 
and that the best yields and purity of Ph-negative P B S C s are obtained in early (days 
1-3) apheresis products. The effect of previous a - I F N treatment on yields of cells 
at apheresis is not clear. Similar results have been reported using either G - C S F 
alone or combination chemotherapy ( ICE, min i - ICE) may be used to mobilize 
P B P C s for collection in C M L . Even with cytoreduction and pretreatment with a -
I F N , 67% of the Phi-negative P B P C products may still be BC/?-ABL-posi t ive . 
Preclinical studies with the tyrosine kinase inhibitor genistein suggest the potential 
use of this agent for negative pharmacological selection of flC#-AZ?L-positive 
C M L cells i n the context o f ex v ivo purging. 

F i n a l l y , post-transplant immunomodulat ion or administration of other 
biological response modifiers to eradicate residual leukemia is especially worthy of 
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exploration in autotransplants for C M L . The high relapse rate observed after T cel l -
depleted related a l l o B M T supports the strong allogeneic graft-versus-leukemia 
effect in C M L , and preclinical studies suggest potential mechanisms by which 
leukemic cells demonstrate "immune escape" after B M T . Investigators have 
recommended the use of both a - I F N and IL-2 after P B S C T for C M L to try to effect 
further cytoreduction. Roquinimex (linomide), which enhances function of natural 
ki l ler cells, T cells and macrophages, has been administered to C M L patients given 
au toBMT with Ph-positive unpurged marrow. The cytogenetic responses i n 
roquinimex recipients were often prolonged, especially after a u t o B M T in first 
chronic phase. The appearance i n some patients o f c l in ical and histopathological 
manifestations similar to acute graft-versus-host ( G V H ) disease raises questions 
whether this agent actually induces an immunological autologous G V H reaction 
with concurrent a n t i - C M L activity. These or other post-transplant strategies, 
combined with optimum pre-transplant cytoreduction, may favorably influence 
E F S after autografting for C M L . 





SUMMARY OF LYMPHOMA AND MULTIPLE 
MYELOMA SESSIONS 

Arnold 5. Freedman 

In recent randomized trials, high-dose ( H D ) therapy and autologous bone 

marrow transplantation (au toBMT) has been shown to prolong disease-free 

survival (DFS) and overall survival (OS) i n these diseases. A subset of patients 

wi th multiple myeloma, relapsed aggressive non-Hodgkin 's lymphoma ( N H L ) 

with sensitive disease, and patients wi th high-risk and high-intermediate risk 

diffuse aggressive lymphomas clearly benefit from H D therapy. The data 

presented at this meeting have added further information which w i l l l ike ly further 

impact on the treatment of these diseases. This summary w i l l focus i n a disease-

specific fashion on two issues: what we know presently and what directions need 

to be taken. 

NON-HODGKIN'S LYMPHOMA 

Indolent lymphomas 
A major question raised in the meeting concerned the current results of H D 

therapy. In several series (Bierman, Haas, G o r k i , Freedman) the D F S is consis
tently about 40% at 5 years with an O S of 70%. What remains unclear is whether 
a u t o B M T in first remission w i l l y ie ld better results than i n subsequent remission. 

The second issue is whether ex vivo marrow treatment affects outcome. In the 
studies from Dana-Farber, the detection of minimal residual disease after bone 
marrow purging and consistently i n the marrow fol lowing a u t o B M T predict for 
relapse. In an analogous fashion, the number of C F U - G E M M in the marrow after 
mafosphamide purging is inversely related to the risk of relapse of lymphoma 
(Gorin). For future studies, it remains unclear precisely what role H D therapy has 
in indolent lymphomas (and chronic lymphocytic leukemia). Similar ly, the issue as 
to whether there is any benefit for stem cell purging is unclear, although the C U P 
trial (Schouten) may help with insights into these two issues. 

Aggressive lymphomas 
The studies presented at this meeting focused on the identification of patients 

who might benefit from H D therapy and whether the earlier use of this approach is 
appropriate. In lymphoblastic lymphoma, patients i n first C R have D F S of over 
70% (Santini). In the diffuse aggressive lymphomas conflicting data was presented. 
The results o f the G E L A trial (Haioun) demonstrated that patients with high and 
high-intermediate risk lymphoma in first C R have improved D F S and overall 
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survival when consolidated with au toBMT, when compared with continued 
combination chemotherapy. In contrast, Porcel l ini et al . showed no benefit for 
au toBMT. However, patient selection and the length of follow-up differ in these 
two studies. Addit ional support for a u t o B M T in first C R or P R was presented by 
Gor in , where superior results were seen when compared with second or greater 
remission. It remains uncertain in lymphoblastic lymphoma as to whether H D 
therapy adds to conventional treatment, and a randomized trial (Santini) is being 
undertaken to address the question. There is still a great need to improve the results 
for h igh and high-intermediate r isk patients wi th aggressive lymphomas. 
Addi t ional prognostic studies that employ biologic markers of aggressive disease 
and therapy beyond a u t o B M T w i l l l ikely impact in the treatment of these patients. 

HODGKIN'S DISEASE 

The role of H D therapy in early Hodgkin ' s disease patients and who are i n fact 
high-risk patients was the major focus of the studies presented. Al though 
"unfavorable" patients have a better D F S with early H D therapy (Carella), the 
I B M T R data showed no difference in time to relapse or on O S in early 
transplanted patients. It st i l l remains unclear who are high-risk patients at 
diagnosis. The International Index identified hemoglobin, albumin and stage as 
being important prognostic factors; however, no poor prognostic subgroup of 
patients could be identified with certainty. Important directions were presented to 
move the field beyond C B V as the H D recipe of choice in Hodgkin ' s disease. 
Double transplants, radioimmunoconjugates and more selective use of H D 
therapy may we l l have an impact. T o better util ize this approach, factors that 
predict for unfavorable outcome at diagnosis and at relapse need to be identified. 

MULTIPLE MYELOMA 

The recently published French randomized trial demonstrated that high-dose 
therapy leads to improved D F S when compared with conventional-dose therapy. 
The approach of "total therapy" from Universi ty o f Arkansas, with two intensive 
consolidation courses, suggests that one may obtain benefit beyond that seen with 
a single high-dose regimen. The issue of source of stem cells also was discussed 
in the myeloma presentations, including marrow, peripheral blood stem cells and 
allogeneic marrow. Peripheral blood stem cells are significantly less involved 
with malignant cells than marrow (Berenson). Al though the role of contaminating 
malignant cells in the autograft is unknown, C D 3 4 selection (Berenson) provides 
3 to 4 log of depletion of malignant cells. The treatment related mortality was 
quite high (36%) with allogeneic transplantation. Considering the encouraging 
results of adoptive immunotherapy, allogeneic B M T may be appropriate for a 
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subset of patients when applied earlier i n the course of the disease. The questions 
that were raised for the future focused on the role of more than one high-dose 
treatment, whether C D 3 4 enrichment reduces tumor ce l l contamination and i f this 
impacts on outcome of high dose treatment, and finally whether adoptive transfer 
can be expanded to better harness what has been clearly shown to be a graft-
versus-myeloma effect. 

FUTURE DIRECTIONS 

There are four areas where future studies w i l l need to concentrate i n order to 

improve the treatment o f these diseases. These are: patient selection, the 

treatment itself, tumor contamination of the graft and generating a host-versus-

tumor response. 

Patient selection 
For the aggressive N H L s , significant progress has been made in identifying 

patients at presentation and at relapse who may benefit from H D therapy. For the 

indolent lymphomas and Hodgkin 's disease the indices used to date are not 

optimal, and we therefore need to better integrate what is known about these 

diseases biologically and apply them i n prognostic models. Presently, we may be 

both overtreating and undertreating subsets o f patients. 

Therapy 
In these hematologic malignancies, there is a need to be developing new 

ablative regimens. W e have rel ied on cyclophosphamide and total-body 
irradiation for N H L and C B V for Hodgkin ' s disease for a very long time. Perhaps 
in c l in ica l situations where the benefit o f high-dose therapy with C B V or C Y / T B I 
is l imited, certain patients should be offered new ablative regimens. A topic that 
was not discussed but has become an increasingly bigger problem is late 
myelodysplasia and acute myelogenous leukemia post-autotransplant. Once 
again, further studies into ablative regimens may alter this problem, which is 
currently observed in 5-10% of patients. 

Tumor cells in the graft 
Although the contamination of the graft wi th tumor may only partially 

contribute to relapse, the abil i ty to purge is a very strong surrogate marker for 
outcome i n the studies from our institution. The encouraging results o f C D 3 4 
selection fol lowed by negative selection and/or stem ce l l expansion are ideal ly 
suited to help address the problem of the role of tumor cells in the graft. F ina l ly 
randomized trials ( C U P ) may help answer the questions of the role of purging 
in these diseases. 
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Host-versus-tumor response 
This area is perhaps the most exciting direction being undertaken in these 

diseases. Expansion and activation of effector cells with cytokines (IL-2, IL-12 , 
interferon-7) is already being used in cl inical studies. However, to make this work 
optimally, one needs to incorporate specificity into the response. Since tumor cells 
are not wel l "seen" by the host, one has to make the malignant cells more 
immunogenic. This may involve the generation of tumor specific T cells in v ivo 
through vaccination or ex v ivo , followed by expansion and activation in v ivo in 
order to optimize an anti-tumor response. 

In order to improve the outcome of patients wi th these hematologic 
malignancies we need a multimodality approach with improved induction 
treatment, ablative therapy and therapy to eliminate minimal residual disease. 



SUMMARY: SOLID TUMORS 

Roger Herzig 

GENERAL 

Dose-intensive therapy, with and without stem cell rescue, is being used more 
frequendy in patients with solid tumors; however, definitions are changing. There 
currently is a changing definition of dose-intensity; conventional doses are now 
becoming higher, and doses that were considered high are becoming even higher. In 
considering the outcome of trials, the doses must be clearly identified, and further, 
the concept of dose-over-time, i.e., dose-intensity, must be considered. This changing 
and increasing "conventional" dose w i l l affect the definition of what are considered 
"chemosensitive" tumors. W i t h higher standard doses, more "chemosensitive" 
tumors may be identified. The previous observation of chemosensitivity to standard 
doses as a positive predictor o f good results with dose-intensive therapy w i l l have to 
be re-examined. Ultimately, it w i l l depend on where the tumor responses are on the 
dose-response curve. If still in the log-linear portion, the observation may still be 
valid; i f not, the further addition of dose may be unimportant. 

Tumor contamination of the stem cel l product was discussed and presented. 
This problem still is mostiy theoretical, since contamination currently has not been 
clinically or biologically important. W i t h more sensitive methods for detecting 
tumor cells and with improving methods for positive and negative selection of stem 
cells, the answer to the question may be avoided. 

Final ly, a number o f regimens were discussed. In the past, the regimens 
identified toxicity and the maximum tolerated doses. N o w , regimens are multiple 
courses of the same agents or, even more interesting, multiple courses wi th multiple 
agents, taking advantage of the non-crossreactive nature of the alkylating agents. 

BREAST CANCER 

Histor ical ly , the role o f dose-intensive therapy for metastatic disease was 
among the first studied. W i t h promising results, the role of dose-intensive 
therapy for the primary treatment of breast cancer is being examined. In general, 
dose-intensive therapy provides longer disease-free and overa l l su rv iva l 
compared with standard dose therapy. Specif ical ly in metastatic disease, the 
current approaches are standard dose therapy fol lowed by dose-intensive therapy, 
or dose-intensive therapy fol lowed by another dose-intensive therapy. This latter 
approach has used multiple cycles of the same drugs wi th only modest success. 
Mul t ip l e cycles of different drugs probably offers a better approach. The strategy 
for dose-intensive therapy has been somewhat confused by D r . Peter's recent 
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abstract, where after ini t ia l chemotherapy for metastatic breast cancer, patients 
were either observed and then received dose-intensive therapy at recurrence, or 
had dose-intensive therapy as consolidation as part of the ini t ia l treatment. A t the 
present time, the observation fol lowed by dose-intensive therapy provided: better 
strategy, wi th improved overall survival (compared to the dose-intensive therapy 
consolidation). Thus, the strategy for responsive metastatic disease could be 
standard therapy to max imum response, fol lowed by dose-intensive therapy with 
further progression. However, dose-intensive therapy may st i l l offer better ini t ia l 
treatment o f metastatic disease. For inflammatory breast cancer, the studies are 
currently underway. Presently, there does not appear to be an advantage for dose-
intensive therapy, but the use of dose-intensive therapy may be needed as part o f 
the primary therapy, maybe even before surgery. In the adjuvant setting, most 
investigators would advocate the use of dose-intensive therapy for high-risk stage 
II—III breast cancer wi th 10 or more lymph nodes involved. The final analysis 
from the intergroup study is s t i l l pending. A new trial o f women with 4 - 9 nodes 
involved is open. This trial w i l l examine the randomization between standard, but 
high-dose, therapy and a more dose-intensive therapy with stem ce l l rescue as 
consolidation i n the primary adjuvant treatment. Ult imately, other risk factors 
may be considered in selecting patients for dose-intensive therapy in addition to 
nodal status, for example, the overexpression of H E R 2 neu. 

GERM CELL TUMORS 

For refractory and relapsed patients, the use of dose-intensive therapy has been the 
focus, but there is initial salvage therapy that can be curative (vinblastine, 
ifosphamide, cisplatin [VIP]). There has been a subset of patients identified who w i l l 
benefit from dose-intensive therapy: 1) platinum sensitive; 2) not extranodal and 3) 
relapse occurring within two years. Currently, there is a randomized trial within the 
United States that compares conventional therapy for four cycles of chemotherapy 
versus the same conventional therapy for two cycles followed by two cycles of high-
dose therapy. The patients who are included here are the patients with visceral 
metastases, unfavorable markers and mediastinal nonseminomatous disease. In 
Europe, V I P versus VD? with dose-intensive therapy in first relapse is underway. The 
role of dose-intensive cyclophosphamide, ifosphamide or paclitaxel remains unclear. 
After the initial randomized trails are completed, the use of additional agents, for 
example etoposide and carboplatin and/or cyclophosphamide, w i l l be explored. 

OVARIAN CANCER 

Ovarian cancer has always demonstrated a good response to dose-intensive 
therapy. It was the first tumor in which high-dose therapy was tried. Overall , 
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around 15% of the patients w i l l have long-term survival. The best results are in 
patients who are treated in complete remission, who are platinum sensitive, and 
who have been optimally debulked: 25% progression-free survival at two years. In 
ovarian cancer, most o f the drugs, especially the alkylating agents, are active, 
suggesting a sequential approach may be applicable. The cooperative group trials 
have been slow i n initiation and slow in their accrual, in part due to referral patterns 
and the skepticism of the gynecologic oncologists. 

SMALL CELL LUNG CANCER 

There are currendy trials being conducted in patients with small cel l lung 
cancer, but the trials are too early to evaluate. The problems associated in this 
group of patients include the older age of the patients with co-morbid problems and 
frequent marrow and stem cel l contamination with small cel l lung cancer. The 
dose-intensive therapy approach w i l l be most applicable in younger patients with 
l imited disease without significant cardiovascular or other pulmonary problems. 
The Dana Farber group has the largest experience. They have used the combination 
of dose-intensive cyclophosphamide, cisplatin, and carmustine. The high incidence 
o f interstitial pneumonitis with the nitrosourea suggests other drugs i n the 
combination should be considered and may be better tolerated. Applications of 
novel post dose-intensive therapy treatment may be used to improve survival. 

NEUROBLASTOMA 

Neuroblastoma is one of the most sensitive tumors, and one of the earliest 
studied using dose-intensive therapy. Promis ing results, however, have led to 
more questions, namely comparing dose-intensive therapy with consolidation 
with higher standard doses than previously used (again highlighting the problem 
o f our changing definition of "standard dose"). Neuroblastoma, because o f its 
marrow involvement, has been the focus of purging for marrow, wi th a variety of 
methods being explored. W i t h the ability to collect peripheral b lood stem cells i n 
children, and with the use of allogeneic marrow, some of the problems with 
purging may be avoided. Addi t ional questions i n the use of total body irradiation 
are being examined. F ina l ly , tandem or sequential therapy studies are underway. 

BRAIN TUMORS 

Glioblastoma is a sensitive tumor, but long-term improved survival has not been 
demonstrated. Long-term disease-free survival in stage III and I V glioblastoma has 
approached 10%. Whi l e most of the studies have shown an early survival benefit 
for dose-intensive therapy with time, it has not made a substantial difference in 
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overall survival. The treatment of children with medulloblastoma or primitive 

neuro-ectodermal tumors has shown a significant benefit in about one-third of the 

patients. In children with brain tumors, dose-intensive therapy may be a way to 

avoid radiotherapy, providing comparable results wi th less long-term toxicity. 

CONCLUSION 

Dose-intensive therapy has made a significant impact in our therapy successes. 
The more successful treatment of the patients with metastatic disease has prompted 
earlier treatment in high-risk patients, particularly in breast cancer, ovarian cancer 
and germ cell tumors. The future w i l l involve other methods to continue to prolong 
and improve the survival fol lowing dose-intensive therapy. A s the biology of the 
stem cell and supportive care issues are further addressed, the use of dose-intensive 
therapy w i l l continue to move from highly specialized centers to routine 
community practice. 



NEW AVENUES SUMMARY 

Peter J. Quesenberry and Armand Keating 

The New Avenues Session was designed to showcase research areas that are 
l ikely to lead to cl inical advances i n the near future. 

The first presentation by van B e k k u m (Ri jswi jk) on "Bone M a r r o w 
Transplantation i n Autoimmune Diseases" provided a perfect example of a rapidly 
developing new cl inical area. Adjuvant arthritis and chronic remitting experimental 
allergic encephalitis represent animal models of autoimmune disease. In these 
models the fully developed disease responds to treatment with allogeneic or 
autologous bone marrow transplantation. The key appears to be adequate levels of 
cytotoxic therapy which eradicate T lymphocytes. Furthermore, anecdotal 
experience with the treatment of aplastic anemia and leukemia indicates the 
possibility of prolonged complete remissions of rheumatoid arthritis, psoriasis, 
ulcerative colitis, regional enteritis and myasthenia gravis. A debate ensued over 
whether there were enough data available to justify cl inical trials of autologous or 
allogeneic bone marrow transplantation for autoimmune disease—no contest, o f 
course there are—and trials in multiple sclerosis are underway. This w i l l be one of 
the important areas in B M T over the next decade and may even save the fading 
field of rheumatology. D r . Vriesendorp (Houston) presented data on the use of 
radiolabeled immunoglobulins for human solid tumors. Careful distribution studies 
were carried out after intralesional injection i n a nude mouse-human tumor model 
and clearly demonstrated retention in the tumor. This may provide a new treatment 
approach for delivery o f high-dose radiation to isolated tumor foci—its use for 
wider-spread disease would depend on advances in tumor targeting. 

D r . Stewart (Worcester) presented intriguing data that very high levels o f 
chimerism can be obtained in mice with doses of whole-body irradiation as low as 
50 c G y when 40 mi l l ion marrow cells are infused. 

These data, along with those on engraftment into nonirradiated mice, suggest 
that stem cel l engraftment is dependent not on the creation of marrow space or 
opening of niches, but rather on competition with residual host stem cells. The 
potential of such low dose treatment for gene therapy or the creation of allogeneic 
chimeras in such diseases as sickle cel l anemia is exciting and should open up new 
areas of cl inical investigation. 

D r . Bodine (Bethesda) presented advances in methods to transfer gene into 
repopulating hematopoietic stem cells. Effective gene transfer i n hematopoietic 
stem cells has been achieved in some, but not a l l murine models, but has been very 
disappointing in primates and humans. Pretreatment of primate hematopoietic cells 
with S C F and G - S C F appears to result in a population of stem cells which can be 
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transduced in vitro and effectively engraft in v ivo . The observation that 10% of 
peripheral blood cells carry the gene marker is very impressive and suggests that 
effective gene therapy w i l l eventually be achieved. 

D r . Jones (Denver) presented a scholarly dissertation on the evaluation of 
high dose chemotherapy with particular emphasis on evaluating nonlinear 
pharmacokinetic effects ( P K ) . Interpatient var iabi l i ty in B C N U P K , the 
relationships of A U C to acute lung injury and the existence of drug interactions 
between B C N U , cisplatin and cyclophosphamide a l l produce variabil i ty in the 
response of breast cancer patients to cyclophosphamide, cisplatin and B C N U . 
Long-term evaluation of treated breast cancer patients suggests a relationship 
between B C N U , A U C and relapse-free survival . If economics and managed care 
al low this type of analysis to be conducted, we should guide our chemotherapy 
i n the future using this approach. 

D r . Sutherland (Toronto) presented data indicating that using a set of guidelines 
for accurate detection of C D 3 4 + cells by four parameter flow cytometry ( C D 4 5 , 
F I T C / C D 3 4 P E staining, side- and forward-light scatter) one C D 3 4 + cel l in 10,000 
could be detected. This is a nice forward step for "blood bank quantitation." 
However, the question of whether the C D 3 4 + number is the best indicator of short-
and long-term engraftment remains under investigation. 

D r . L o n g ( A n n Arbor ) presented data on the role of extracellular matrix-
growth factor "complexes" ion hematopoietic stem ce l l growth, differentiation 
and adherence. C D 3 4 + D R - C D 1 5 " progenitors adhere to recombinant cytokines, 
and there appear to be specific attachment patterns by different progenitors to 
matrix molecules. Thrombospondin in conjunction w i t h c-kit l igand seems to 
provide synergetic modulation of stem ce l l function —a complex research area 
that continues to evolve and is perhaps only a few steps from c l in i ca l 
applicat ion. 

The presentation by Dr . Quesenberry (Worcester) and colleagues focused on 
the relationship of the proliferative status of hematopoietic stem cells (exposed to 
cytokines) and their ability to engraft. Ear ly engraftment (1-3 weeks) appeared 
unaffected, but engraftment at longer time intervals was defective at 48 hours 
post-cytokine exposure. These data indicate that the phenotype of the engrafting 
stem ce l l may in part be ce l l cycle phase-dependent. These observations have 
implications for c l in ical gene therapy and stem cel l "expansion." 
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