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PREFACE 

In just over two days, the Tenth International Symposium on Blood and Marrow 
Transplantation provided an outstanding and extraordinarily dynamic overview of the 
field, including new and exciting treatment modalities specifically targeted on tumor 
inhibition. The enthusiasm for the developing field of new strategies, such as tyrosine 
kinase inhibition, specific receptor blockers, and radiolabelled antibodies, was evident 
in the Symposium, and we hope that these Proceedings reflect our excitement. 

During the Symposium, Dr. Rainer Storb was honored as the fourth recipient of 
the van Bekkum Stem Cell Award, in recognition of his outstanding contributions to 
the field. 

These Proceedings are dedicated to our colleague and beloved friend, Dr. 
George Santos, who contributed so much to medicine. 

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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THE VAN BEKKUM STEM CELL AWARD 

Rainer Storb is the fourth recipient of this award that is bestowed on 
individuals who have made major contributions for a prolonged period of time to 
the field of hematopoietic stem cells and transplantation. 
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George W. Santos 
1928-2001 

The Proceedings of the Tenth International Symposium on Autologous Blood and 
Marrow Transplantation, held in Dallas, Texas, July 2000, is dedicated to George 
Santos, MD, who died January 21, 2001, after a brave battle with cancer. We knew 
him for over three decades as a great professor and a very fine human being. 

After George's graduation from MIT and a relatively short career in the U.S. Navy, 
it was medicine that became his intellectual and emotional focus. With his background 
in physics, it was no surprise that he chose a path in medicine where he could com
bine research and clinical medicine to bring the latest developments in the laborato
ry to the patient, and that hematopoiesis and transplantation of hematopoietic cells 
became his field in the sixties. On the basis of his research, he established the bone 
marrow transplant program in Johns Hopkins in the early seventies, and George and 
his team became key players in the development of bone marrow transplantation. His 
and his team's contributions, such as the world-renowned busulphan/cyclophos-
phamide conditioning regimen and the introduction of cyclosporine as prophylaxis 
of GVHD after transplantation, were milestones in the field of bone marrow trans
plantation. 

George was one of the founders of the International Society of Experimental 
Hematology, and we will never forget the founding meeting held in one of the theaters 
in the middle of Paris in 1970 with Don Thomas, George Marthe, Derk van Bekkum, 
Rainer Storb, and thirty others. His heart was already set on how to prevent GVHD. 
He initiated many experimental programs in rodents; and, therefore, it was no surprise 
that it was George and his team who were first to recognize and develop the 
cyclosporine approach. 
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George attended the first five meetings of the ABMT symposia beginning in 1984. 
The contributions from him and his team were outstanding, especially the AML study 
in second remission with 4-HC purged marrow presented for the first time in 1986 at 
the third ABMT symposium. 

When he retired in 1995, the bone marrow transplant unit in Johns Hopkins was 
among the leading programs in the world. He mentored many of the leaders in the field 
and on retiring he passed the torch to Dr. Rick Jones, who is keeping his legacy alive 
by continuing and renewing the program. His patients loved him because of his com
passion and his positive and innovative thinking. 

To his many friends and colleagues he will be remembered most for his generos
ity, his integrity, his persisting intellectual curiosity, and his extraordinary ability to 
translate laboratory findings to the clinic. He was a wise counselor and good friend to 
all his colleagues in the field he helped to create. 

Thank you for what you did for medicine. It was a great journey! 

Karel Dicke and Armand Keating 
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ABSTRACT 

Hematopoietic cells have the potential for providing clinical benefit in a variety 
of clinical settings. These include cells for support of patients undergoing high-
dose chemotherapy, as a target for replacement gene therapy, and as a source of 
cells for immunotherapy, to name just a few. The limitation to many of these 
applications has been the total absolute number of defined populations of cells. 
Therefore, many investigators have explored methods to culture hematopoietic 
cells in vitro. A major question remains: which cell populations are responsible for 
rapid engraftment of neutrophils and platelets? Some reports have suggested that 
stem cells provide both short- and long-term engraftment. Alternatively, mature 
progenitors or late-stage cells are responsible for rapid engraftment, and stem cells 
are required for durable long-term engraftment. Clinical studies are currently in 
progress that explore the use of ex vivo expanded cells, and some of the data from 
these studies suggest that mature cells are responsible for rapid engraftment. 

INTRODUCTION 

Ex vivo expansion of hematopoietic cells has been proposed for a number of 
clinical applications, including (1) supplementing stem cell grafts with more 
mature precursors to shorten or potentially prevent chemotherapy-induced 
pancytopenia; (2) obtaining a sufficient number of cells from a single marrow 
aspirate or apheresis procedure, thus reducing the need for large-scale harvesting 
of marrow or multiple leukaphereses; (3) generating sufficient cells from a single 
umbilical cord blood harvest to reconstitute an adult following high-dose 
chemotherapy; (4) purging stem cell products of contaminating tumor cells; and 
(5) increasing the number of target stem cells for gene therapy. Therefore, it is 
important to consider the clinical application when discussing ex vivo expansion 
approaches and to define culture conditions that are relevant to the particular cell 
type being expanded. 

3 
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Historically, the different hematopoietic compartments have been thought to 
contribute to different aspects of blood cell production. Stem cells provide long-
term engraftment, progenitor cells provide intermediate engraftment and may 
contribute to short-term engraftment, and mature cells provide short-term 
engraftment.12 However, recent publications have claimed that stem cells alone are 
able to provide short-term, intermediate, and long-term engraftment. This would 
suggest that purified stem cells do it all! But how can this be? The literature teaches 
us that stem cells give rise to multipotential progenitor cells that further differ
entiate to generate committed progenitor cells and ultimately mature cells. The 
doubling time of a stem cell has been reported to be 16-20 hours. Furthermore, in 
vitro assays of committed progenitor cells demonstrate that committed progenitor 
cells under optimal in vitro conditions require at least 7 days to produce mature 
neutrophils. So how can a stem cell differentiate into progenitor cells and then to 
mature cells in 7 to 10 days? Obviously, this would require redefining many 
parameters that have been described in detail in many previous reports. The simple 
solution is that mature progenitor cells or mature cells are the cells that produce 
rapid hematopoietic engraftment, and therefore the previous dogmas still hold true. 

SELF-RENEWAL OF STEM CELLS 

The focus of many groups has been to expand stem cells; however, to date no 
data have been published demonstrating significant expansion of stem cells. It is 
possible that under the culture conditions employed, stimulation of division of 
stem cells results in differentiation of the progeny cells compared to the parental 
cell and leads ultimately to maturation of the progeny cells. Several investigators 
have used in vitro assays such as the long-term culture-initiating cell assay,3 the 
cobblestone area-forming cell assay,4 and the high proliferative potential colony-
forming cell (HPP-CFC) assay5 as surrogate assays for stem cells. These assays 
measure a heterogeneous population of cells within a stem cell compartment. If 
true self-renewal of stem cells were capable in vitro, it would be possible to 
generate increased numbers of stem cells so that they could be further renewed 
and give rise to more stem cells. Some studies have shown an initial expansion of 
stem cell numbers based on the in vitro assays; however, repeated culture of these 
cells does not result in the generation of more stem cells, demonstrating the 
commitment of these cells and thus failing in the strict definition of self-renewal. 
Thus, one must be careful in interpreting data on self-renewal, as it is possible to 
generate increased numbers of cells that may have properties still within the stem 
cell compartment, but this process is associated with commitment and does not 
represent self-renewal. 
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THE GENERATION-AGE HYPOTHESIS 

It has been proposed by several studies6-7 that the proliferative potential of a 
stem cell is inversely related to its generation-age within the stem cell population, 
whereas its cycling rate is directly related to its generation-age. A cell that has 
undergone few generations since its origin would thus be regarded as a young 
(more primitive) stem cell that has a higher proliferative capacity and cycles more 
slowly than an older (less primitive) stem cell that has undergone more 
generations.8,9 

Alternatively, it has been proposed that stem cells have limited self-renewal 
capacity and that a sufficient number of stem cells are laid down during embryo-
genesis. These stem cells are maintained in a quiescent state until they are required 
for mature cell production. The proliferative capacity of the stem cells (up to 50 cell 
divisions) provides for the blood cell requirements for the normal life span of a 
human. Stress on the production of blood cells, such as multiple cycles of 
chemotherapy, may lead to exhaustion of the stem cell reserve. Clearly, there are 
many questions about the properties of human stem cells that remain to be 
answered that will provide important information on how to expand the numbers 
of stem cells for future clinical applications. 

DO STEM CELLS CONTRIBUTE TO SHORT-TERM ENGRAFTMENT? 

Studies by Baum et al. 1 0 described human stem cells as CD34+Thy-1+Lin~ 
phenotype. Following from these reports, several clinical studies were performed 
to evaluate the potential of these cells to support patients receiving high-dose 
chemotherapy. Two of these studies were recently published11,12 and claimed that 
CD34+Thy-1+Lin_ cells were capable of providing rapid engraftment of neutrophils 
and platelets. However, the data presented in those articles raise some questions 
about the validity of these claims. In the publication by Michallet et al.," data are 
presented that 48.7% of the CD34+ cells are Thy-1+. In other words, half of the 
CD34+ cells are stem cells. This is much higher than would be expected for stem 
cell content and contrasts with other reports defining primitive cell populations as 
CD34+CD38" and CD34+HLA-DR~, which represent less than 10% of the CD34+ 

population.13 In addition, the levels of CD34+Thy-1+ cells required for rapid 
engraftment are in the range of 1X106 cells/kg. At these levels, it is more likely that 
significant numbers of progenitor cells are present, which are most likely 
responsible for the rapid engraftment. It can be concluded from these studies that 
CD34+Thy-1+ cells contain stem cells; however, not all CD34+Thy-1+ cells are 
stem cells. 
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EXPANSION OF HEMATOPOIETIC CELLS BY GROWTH FACTORS 

The first demonstration of the use of growth factors to generate increased 
numbers of specific cell populations was performed by Bradley et al. 1 4 in the early 
1980s using crude conditioned medium (CM) as a source of hematopoietic growth 
factors (HGFs). In these studies, it was shown that incubation of postfluorouracil 
bone marrow cells in WEHI-3 CM for 7 days resulted in a 60-fold increase of 
primitive progenitor cells (13-day spleen colony-forming units [CFU-S13]) and a 
53-fold increase in committed progenitor cells (granulocyte-macrophage colony-
forming cells [GM-CFC]). In subsequent studies from this group, it was shown 
that preincubation with HGFs (also using crude CM) could expand primitive 
murine progenitor cells (HPP-CFC) and cells with in vivo marrow repopulating 
ability.1 5 1 6 Using a similar culture system of human bone marrow cells in Teflon 
bottles, it was shown in 1988 that the combination of recombinant human 
granulocyte-macrophage colony-stimulating factor (rhGM-CSF) plus 
recombinant human interleukin-3 (rhIL-3) could generate a 7-fold increase in 
committed progenitor cells (GM-CFC). 1 7 In 1991, Bernstein et al. 1 8 showed that 
incubation of single CD34+Lin~ cells in the combination of IL-3, granulocyte 
colony-stimulating factor (G-CSF), and stem cell factor (SCF) gave rise to a 
10-fold increase of colonies in vitro. 

The use of ex vivo expansion to generate mature neutrophil precursors was 
proposed in 1992 by Haylock et al. 1 9 These authors demonstrated that the 
combination of IL-1, IL-3, IL-6, GM-CSF, and SCF could generate a 1324-fold 
increase in nucleated cells and a 66-fold increase in GM-CFC. The cells produced 
under these conditions were predominantly neutrophil precursors. The culture 
conditions used were static and used CD34+ cells as the starting population. Several 
investigators have demonstrated the requirement for CD34 selection of the starting 
cells for optimal expansion.19-22 Subsequent studies were performed on a clinical 
scale using optimal culture conditions in Teflon bags with fully defined media 
appropriate for clinical applications.23 This work used the growth factor cocktail 
comprising SCF, G-CSF, and megakaryocyte growth and development factor 
(MGDF). 2 3 Other cocktails of growth factors are effective in expanding CD34+ 

cells; however, the availability of clinical-grade growth factors has been limited 
due to commercial considerations. 

The in vivo potential of ex vivo expanded cells was first reported in murine 
studies by Muench et al. 2 4 This study demonstrated that bone marrow cells 
expanded in SCF plus IL-1 engrafted lethally irradiated mice and were capable of 
sustaining long-term hematopoiesis in these animals. In addition, the bone marrow 
from these engrafted mice could repopulate secondary recipients. The authors 
concluded that the expansion of mouse bone marrow cells did not adversely effect 
the proliferative capacity and lineage potential of the stem cell compartment.24 
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PRECLINICAL STUDIES OF EX VIVO EXPANDED CELLS IN BABOONS 

Recent studies in normal baboons have demonstrated the potential clinical 
benefit of ex vivo expanded cells. Andrews et al. 2 5 harvested peripheral blood 
progenitor cells (PBPCs) from G-CSF-mobilized normal baboons and expanded 
the CD34+ cells for 10 days in SCF, G-CSF, and MGDF. After the culture period, 
the cells were washed and infused into the baboons after lethal irradiation. The fold 
expansion obtained was low compared with human CD34+ cells and probably due 
to species variations of the growth factors and cell behavior in culture conditions 
developed for expansion of human cells. GM-CFC were expanded 7- to 8-fold. 

Group IV, transplanted with expanded CD34+ cells and given posttransplant 
G-CSF and MGDF, had a significantly shorter duration of neutropenia and signifi
cantly higher white blood cell count and polymorphonuclear cell nadirs compared 
with animals in the other groups. In fact, 2 of the 3 animals had no days with 
neutrophils <500//<L, a clinical end point used for neutrophil engraftment. In these 
studies, in vitro expansion did not influence platelet recovery, despite the use of 
MGDF in both cultures and after transplantation. Further studies will be needed to 
determine the culture conditions that will enhance platelet recovery of PBPCs. 

An important point highlighted by these studies is the requirement for growth 
factors after the transplantation of the ex vivo expanded cells.25 The animals in 
group II received expanded cells without growth factors posttransplant and had no 
significant improvement in engraftment compared with control animals. The 
animals in group IV that received expanded cells and growth factors posttransplant 
had faster recovery of neutrophils. We know that the culture of hematopoietic cells 
in vitro requires growth factors for survival and proliferation, and if we remove the 
growth factors, the cells go into an apoptotic state and die. It is possible that the 
transplantation of expanded cells in the absence of growth factor treatment of the 
recipients results in apoptosis of the expanded cells after infusion. 

EX VIVO EXPANDED PBPCs ENHANCE NEUTROPHIL RECOVERY 
IN BREAST CANCER PATIENTS 

At the University of Colorado, we have treated patients (n = 21) with high-risk 
stage II, III, or IV breast cancer using ex vivo expanded PBPCs. 2 6 2 7 All patients 
were mobilized with rhG-CSF (filgrastim; Amgen) 10 ^g/kg per day for 9 days and 
underwent leukapheresis on days 5 through 9. Following mobilization, all patients 
received high-dose chemotherapy. A group of historical control patients were 
identified with similar stage of disease, prior therapy, and high-dose chemotherapy 
regimens. 

Leukapheresis products (LPs) were harvested on days 5 through 9, with CD34+ 

cell selection performed on the first 4 LP. The fifth LP was frozen unselected as a 
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backup product. CD34+ selection was performed using the Isolex 300i (Nexell, 
Irvine, CA). After selection, each product was frozen in liquid nitrogen. On day 
-10 of treatment, 2 LP were thawed and placed into ex vivo expansion culture. The 
cells were diluted in defined medium (DM) (Amgen) supplemented with 
100 ng/mL each of rhSCF, rhMGDF, and rhG-CSF to 20,000 cells/mL in 800 mL 
of media and transferred into Teflon bags (American Fluoroceal). The bags were 
incubated at 37°C for 10 days in a 5% C 0 2 incubator. On day 0 of treatment, the 
cultures were harvested using a cell washer (Cobe) and the media and growth 
factors removed with washing. 

Following ex vivo expansion of the CD34-selected cells, patients in cohort 1 
(n = 10) were reinfused with expanded cells on day 0 followed by the unexpanded 
CD34+ cells. Patients in cohort 2 (ft = 11) received only ex vivo expanded cells, and 
the unexpanded CD34+ cells were maintained frozen in liquid nitrogen as a backup 
source of hematopoietic cells. The expanded PBPC autografts resulted in more 
rapid median time to engraftment of neutrophils (P=.Q2 for both cohort 1 and 2 vs. 
the historical group) with a number of patients engrafting between days 4 and 6, 
compared with the earliest time of engraftment of day 7 in our historical controls 
(n = 100). Analysis of the engraftment data of study and control patients by 
chemotherapy regimen demonstrated that the conditioning regimen did not 
influence the time to neutrophil engraftment. Similar improved rates of neutrophil 
engraftment have been reported by Reiffers et al. 2 8 using the same conditions 
employed in this study to culture the autologous PBPC fractions of myeloma 
patients. The patients in cohort 2 were transplanted with only expanded cells, and 
the patients are now >18 months posttransplant, with each patient maintaining a 
durable graft. These patients will be monitored long term to determine if the 
expansion of the cells compromises the long-term engrafting cells in these 
products. No effect on platelet recovery has been observed. 

To date, the major predictor of time to engraftment for patients receiving 
nonexpanded PBPCs has been the number of CD34+ cells/kg transplanted. Several 
studies using nonexpanded products have demonstrated that there is a correlation 
of the time to engraftment to the number of CD34 cells/kg infused up to a threshold 
level, above which even a 10-fold higher dose of CD34+ cells does not result in 
faster recovery.29 For neutrophil recovery, doses of CD34+ cells/kg from 2 to 
2.5 X106 up to 20 X106 CD34+ cells/kg result in recovery of neutrophils at day 7 at 
the earliest.30 We therefore evaluated the numbers of CD34+ cells/kg from the 
expanded products reinfused in this study and a median of 3.8X106 CD34+ cells/kg 
and 6.6X106 CD34+ cells/kg were transplanted for cohorts 1 and 2, respectively. 
The total number of CD34+ cells infused (expanded plus unexpanded products) for 
cohort 1 was a median of 8.5 X106 CD34+ cells/kg. No significant correlation was 
obtained between the time to absolute neutrophil count (ANC) >500//<L and the 
dose of total CD34+ cells/kg infused (r2 = 0.24). Similarly, the dose of expanded 
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CD34+ cells/kg infused showed little correlation to the time to neutrophil 
engraftment (r2 = 0.24). However, comparison of the expanded total nucleated 
cells (TNCs)/kg to time to ANC recovery resulted in a highly significant 
correlation (r2 = 0.79). All patients who received a minimum of 40X106 TNCs/kg 
engrafted neutrophils in 8 days or less. Patients who received <40X106 TNCs/kg 
all had slower neutrophil recovery (9 to 16 days). This level of TNC is lower than 
the minimal cell numbers recommended for unmanipulated bone marrow 
transplantation (2X108 MNCs/kg) and suggests that the expanded cell products 
contain a higher frequency of cells capable of providing rapid neutrophil 
engraftment. Alternatively, ex vivo culture regenerates these cells which are killed 
during the freezing of bone marrow (BM) or PBPCs used for autologous transplan
tation. These cells may be committed mature neutrophil precursors, which may be 
killed during freezing along with mature neutrophils. It will be of interest to 
evaluate the engraftment potential of ex vivo expanded allogeneic PBPC products 
where a direct comparison could be made to BM or PBPC that has not been 
cryopreserved. 

EX VIVO EXPANSION OF CORD BLOOD CELLS 

Bone marrow transplantation (BMT) from HLA-matched related and unrelated 
donors has been successfully used to treat patients with hematologic malignancies. 
The major limitation to BMT is the availability of a suitable donor. The National 
Marrow Donor Program (NMDP) has identified a pool of 2 million potential 
donors, and as of December 1995, had facilitated ~4000 unrelated donor BM 
transplants. However, the availability of unrelated donor BM is still limited due to 
(1) the length of time for the donor search process (range, 1 month to 6 years),31 

(2) donor availability at the time of request, and (3) limited availability of donors 
in certain racial and ethnic populations. Because of these reasons, <40% of patients 
who could benefit from BMT have a suitable donor identified, and of those who 
do, <40% receive a transplant. Over the past 10 years, cord blood has been 
clinically investigated as an alternative source of hematopoietic tissue for 
allogeneic transplantation of patients lacking an HLA-matched marrow donor.32 

The first transplant using cord blood was performed by Gluckman et al. in 1989.33 

The ease of collection and potential availability to groups that are underrepre-
sented in the NMDP Registry are advantages of cord blood compared with BM. 
Also, it has been proposed that cord blood contains fewer T cells and/or more naive 
T cells than BM and may permit a greater degree of mismatch with less graft-vs.-
host disease (GVHD). 3 4 The total number of cells in cord blood is low compared 
with BM or PBPC harvests; because of this, the vast majority of cord blood 
recipients have been children with an average weight of 20 kg. The progression-
free survival rates reported thus far are comparable to the results achieved with 
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allogeneic BM transplantation, with a suggestion of decreased GVHD. 3 5 However, 
the time to neutrophil and platelet engraftment in cord blood recipients has been 
delayed compared with that of BM recipients. 

Kurtzberg et al. 3 6 reported on 25 patients who received unrelated donor cord 
blood transplants. Twenty-three of the 25 transplant patients had evidence of donor 
engraftment, achieving an ANC >500/̂ L at a median of 22 days (range, 14-37 
days) and platelet engraftment at a median of 56 days (range, 35-89 days). The 
overall event-free survival rate was 48% at a median follow-up of 12.5 months. In 
another report by Wagner et al.,3 7 18 patients with malignant and nonmalignant 
diseases received unrelated cord blood transplants. All patients demonstrated donor 
engraftment with an ANC >500///L at a median of 24 days (range, 16-53 days) and 
platelet engraftment at a median of 54 days (range, 39-130 days). The probability 
of survival was 65% at a median follow-up of 6 months. 

CORD BLOOD NUCLEATED CELL DOSE CORRELATES 
WITH NEUTROPHIL ENGRAFTMENT 

Gluckman et al. 3 5 have reported on the importance of the nucleated cell dose of 
the cord blood products transplanted. Higher nucleated cell dose was reported to 
have a positive impact on neutrophil engraftment, and one of the factors that 
predicted for better survival included a nucleated cell dose >3.7X107/kg. These 
results have led to the recommendation of transplanting cord blood units only 
where the nucleated cell dose is >3.7X 107/kg. Obviously, this limits the number of 
patients who have an appropriate-sized graft, and therefore, the majority of cord 
blood transplants to date have been primarily in small pediatric patients. 

CLINICAL STUDIES UTILIZING EX VIVO EXPANDED CORD BLOOD CELLS 

At the University of Colorado BMT Program we have transplanted cancer 
patients (chronic myeloid leukemia, n = 3; chronic lymphoblastic leukemia, n - 3; 
non-Hodgkin's lymphoma, n = 4; acute lymphoblastic leukemia, n = 5; acute 
myeloid leukemia, n = 1; Hodgkin's disease, n = 1; breast cancer, n = 2) with ex 
vivo expanded cord blood. Patients who were appropriate candidates for high-dose 
chemotherapy requiring cellular support were eligible.38 The cord blood products 
were frozen as a single product (n = 11), in aliquots of 2X50% (n = 2), or in 40% 
and 60% aliquots (n = 6).The cord blood products frozen in a single product were 
thawed on day 0 and 60% reinfused unmanipulated; the remaining 40% were 
CD34-selected and placed into ex vivo expansion culture. The other cord blood 
products were thawed at different times with a 50% or 40% aliquot thawed on day 
-10 for expansion culture and the remaining aliquot thawed on day 0 and reinfused 
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without manipulation. All fractions for expansion were CD34-selected using the 
Nexell Isolex 300i, and the CD34-selected cells were placed into a single Teflon 
bag (American Fluoroceal) containing 800 mL DM (Amgen) with 100 ng/mL each 
of rhSCF, rhG-CSF, and rhMGDF. The bags were incubated for 10 days in a 5% 
C 0 2 incubator, after which time the cells were harvested, washed, and reinfused. 
Following transplantation, all patients received GVHD prophylaxis consisting of 
(1) cyclosporine 5 mg/kg intravenously (IV) 12 h starting day 2 and high-dose 
steroids (n = 8) or (2) cyclosporine 5 mg/kg IV 12 h starting day 2 and moderate-
dose steroids (n = 11). 

All patients achieved neutrophil engraftment and platelet engraftment, with 
median times of 25 days (range, 15 to 35 days) and 58 days (range, 27-91 days), 
respectively. Considering the low numbers of cells infused per kilogram in these 
patients, the time to neutrophil engraftment was faster than in previous reports of 
patients with weights >45 kg.3 5 

Cytospins of the expanded cord blood cells demonstrated an immature 
phenotype with very few mature neutrophil cells visible. In contrast, expanded 
PBPCs contained mature segmented neutrophils and bands. We hypothesized that 
extended culture of cord blood cells would result in further maturation of cord 
blood cells and provide a product more similar to ex vivo expanded PBPCs. This 
expanded cord blood product may decrease the time to neutrophil engraftment 
when transplanted into patients. However, as the present expansion conditions used 
10 days of culture without refeeding, extending the culture period under the current 
conditions resulted in decreased viability and overall expansion due to exhaustion 
of growth factors and media components, as demonstrated comparing 14 days in 
culture without refeeding to the 2-step conditions. Therefore, we evaluated the use 
of a 2-step culture approach designed to limit the cell manipulation required. 
CD34+ cells were cultured in 50 mL DM plus SCF, G-CSF, and MGDF for 7 days. 
Following this incubation, the cells were transferred to 1-liter bags with DM plus 
the same growth factors and incubated for a further 7 days. A 4- to 5-fold increase 
in expansion of cord blood nucleated cells resulted with the 2-step culture 
conditions compared to the 10-day 1-step conditions. In addition, increased 
expansion of both committed and primitive progenitor cells was obtained with the 
2-step conditions. Of particular note was the increased expansion of CD34+ cells, 
with a median 29-fold increase in total CD34+ cells after 14-day culture in the 
2-step conditions. In the clinical studies performed to date, the median expansion 
of CD34+ cells was only 5-fold.26 These data suggest that the 2-step culture 
conditions may be more effective in expanding CD34+ cells than the 1-step 
cultures. We are currently modifying our clinical protocol to incorporate the culture 
conditions for clinical application. 
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CONCLUSIONS 

The studies outlined above demonstrate the potential clinical utility of ex vivo 
expanded cells. The optimal growth factor cocktails for expansion of different cell 
types is yet to be determined. Several studies show a very significant effect on 
neutrophil engraftment; however, it is still unclear what cells are responsible for this 
more rapid recovery. Studies are needed to determine how to evaluate expanded 
products to define the cell type that leads to more rapid neutrophil engraftment. 
Also, culture conditions still need to be identified that will allow for the expansion 
of a megakaryocytic/platelet precursor that will provide more rapid platelet 
engraftment. In summary, there are exciting clinical results that suggest expanded 
cells have a major application in cellular support for high-dose chemotherapy. 
Further clinical studies are needed to better define what cells are required and what 
culture conditions will enable suitable expansion of these cell types. 
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The identification of tumor-associated antigens (TAA) has provided new 
opportunities for the treatment of patients with malignant disease. For the potential 
treatment of breast and ovarian cancer, however, only a few T-cell epitopes have 
been identified, including those derived from the HER-2/neu protooncogene and 
the epithelial mucin MUC1. HER-2/neu is overexpressed in 20-30% of patients 
with breast and ovarian cancer and correlates with a poor prognosis. Two HLA-A2 
binding peptides (E75 and GP2) derived from the HER-2/neu protein have been 
identified, and in vitro studies in our laboratory using these peptides for CTL 
induction demonstrated that these epitopes efficiently elicit antigen-specific T-cell 
responses against a variety of solid tumors, including renal cell and colon 
carcinoma, when loaded on dentritic cells (DCs). In contrast to the restricted 
expression of HER-2/neu, the MUC1 protein is overexpressed on more than 90% 
of breast and ovarian cancer and is therefore a suitable candidate for broadly 
applicable vaccine therapies. Mucins are transmembrane type I glycoproteins with 
a unique extracellular domain consisting mostly of 20 to 60 tandem repeats 
(variable number of tandem repeats [VNTR]). We recently identified 2 novel 9-mer 
peptides, M l . l and Ml.2, with a high binding probability to HLA-A2; the M l . l 
peptide is derived from the VNTR domain of the MUC1 protein, and the Ml.2 
peptide is located in the leader sequence. Cytotoxic T lymphocytes (CTL) induced 
with these peptides efficiently lysed target cells pulsed with the cognate peptide or 
tumor cells naturally expressing MUC1 in a major histocompatibility complex 
(MHC)-restricted and antigen-specific manner. 

Dendritic cells are the most potent antigen-presenting cells, with the unique 
ability to initiate and maintain primary immune responses when pulsed with 
antigens. They originate from the bone marrow, and their precursors migrate via 
the bloodstream to almost all organs, where they can be found in an immature state 
characterized by a high rate of antigen uptake. Upon stimulation with bacterial 
products, cytokines, or CD40 ligation, DCs undergo characteristic modulations of 
the phenotype, antigen-presenting function, and ability to migrate to the secondary 
lymphoid organs. These mature DCs express high levels of costimulatory and 
MHC molecules and are regarded as the initiators of primary immune responses. In 

15 



16 Chapter 1 : Graft Engineering 

vitro, DCs can develop from peripheral blood CD14+ monocytes when grown in 
the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) and 
interleukin (IL)-4. These cells have the characteristics of immature DCs and can be 
further induced to mature by inflammatory stimuli such as tumor necrosis factor 
(TNF)-a, IL-1, lipopolysaccharide (LPS), or CD40 ligation. 

Vaccinations using DCs pulsed with TAA were shown to be effective for 
patients with B-cell lymphoma and malignant melanoma for which spontaneous 
remissions due to immunologic reactions as well as responses to immunotherapy-
based treatments were reported. In contrast, no clinical and immunological 
responses have been reported in less immunogenic tumors such as breast and 
ovarian cancer. Therefore, we analyzed the feasibility and efficacy of HER-2/neu-
or MUC1 peptide-pulsed DC vaccinations in patients with metastatic breast and 
ovarian cancer refractory to previous treatment including several chemotherapies, 
radiation, and hormone therapies. DCs were generated from peripheral blood 
monocytes in serum-free medium using GM-CSF, IL-4, and TNF-ot. After 7 days 
of culture, DCs were pulsed with the antigenic peptides and injected subcuta-
neously (Figure 1). Ten patients were included in this pilot study. Each patient 
received approximately 6X106 DCs per vaccination (range, 2 to 17X106 DCs). 

In the present study, we show for the first time that a vaccination approach using 
HLA-A2-restricted HER-2/neu- or MUC1 peptide-pulsed DCs can safely be 
applied in patients with advanced metastatic breast and ovarian cancer. No side 
effects were observed in these patients—particularly, no clinically relevant anemia— 
although we have shown recently that normal erythroid bone marrow progenitor and 
precursor cells coexpress MUC1 molecules. However, most of the more mature 
erythroid progenitor cells are MHC class I-negative and are therefore not targets for 
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Figure 1. Pilot study with HER-2/neu or MUC1 peptide-pulsed dendritic cells (DCs). 
PD, progressive disease. 
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MUC-1 peptide-specific CTLs. In addition, no autoimmune phenomena were 
observed in our study patients upon vaccination with these self peptides. 

In 5 of 10 patients, peptide-specific CTLs could be detected in the peripheral 
blood after 3 vaccinations using both intracellular interferon (IFN)-7 staining and 
standard 51Cr-release assays. The major CTL response in vivo was induced with the 
HER-2/neu-derived E75 and the MUC1-derived M 1.2 peptide, suggesting that 
these peptides might be immunodominant. In addition, in 1 patient vaccinated with 
the MUC1-derived peptides, CEA- and MAGE-3 peptide-specific T-cell responses 
were detected after several vaccinations. In a second patient immunized with the 
HER-2/neu peptides, MUC1-specific T lymphocytes were induced after 7 
immunizations, suggesting that antigen spreading in vivo might occur after 
successful immunization with a single tumor antigen. One possible explanation for 
this phenomenon is that the destruction of the tumor cells by the in vivo-induced 
peptide-specific T-cells leads to the induction of other tumor antigen-specific 
CTLs as a result of tumor cell uptake and processing by APCs, such as DCs or 
macrophages that were demonstrated to be involved in the cross-priming 
phenomenon. 

In summary, we have shown here that vaccination therapy using DCs pulsed 
with HER-2/neu- or MUC-l-derived peptides can be effective in patients with 
advanced metastatic breast and ovarian cancer. Immunological responses were 
induced in patients with advanced diseases that had been pretreated by multiple 
cycles of chemotherapy including high-dose chemotherapy and autologous stem 
cell transplantation, indicating that peptide-pulsed DC vaccinations could also be 
successfully applied after intensive or even high-dose chemotherapy to eliminate 
minimal residual disease. Furthermore, this study may be relevant to the design of 
future clinical studies for the treatment of a variety of other tumors expressing 
HER-2/neu or MUC1, including renal cell carcinoma, non-small cell lung cancer, 
and colon and pancreatic carcinoma. 
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ABSTRACT 

Ex vivo processing of autologous cells for hematopoietic rescue poses 
numerous challenges to physicians, scientists, and technologists. These challenges 
include choosing the source of the graft, monitoring tumor involvement, 
determining whether to purge tumor cells from the graft and what purging method 
to use, quantitating purging efficacy, evaluating hematopoietic potential in vitro, 
utilizing cryopreservation techniques and posttransplant immunotherapy, and 
complying with an evolving strategy on how to regulate these technologies. 

Although the addition of growth factors to chemotherapy regimens has 
improved the reproducibility of blood progenitor cell mobilization kinetics, it is 
clear that it is generally more difficult to harvest cells from patients than from 
normal donors. There are data to suggest that comobilization of tumor cells may 
occur, which becomes of increasing concern in poor mobilizers, in whom large 
numbers of aphereses must be used to achieve a target CD34+ cell dose. 

The impact of purging on clinical outcome is still disputed, although emerging 
data show a trend toward benefit. Techniques have generally moved from negative 
selection to a combination of enrichment of CD34+ cells and tumor-directed 
negative selection. This can add $5000 to $15,000 to the cost of processing, at a 
time when managed health care is "unwilling to underwrite research" and has 
capitated transplantation costs. Molecular purging approaches are now appearing, 
but are unlikely to be less costly. 

Central to evaluating the use of purging is accurate quantitation of tumor 
involvement. Substantial progress has been made in this area with the use of high-
sensitivity immunocytochemical and molecular biology techniques. These should 
allow us to study, in a more quantitative fashion, the relationship between graft 
contamination, purging efficacy, and clinical outcome. Evaluation of engraftment 
potential in vitro and cryopreservation techniques have been under-studied, 
although they could radically improve or simplify autograft processing. 

Resurgence of interest in immunotherapy posttransplant in allograft recipients 
is based largely on the minimal residual disease model. If tumor cells found within 
grafts are inherently more metastatic, their contribution to relapse posttransplant 
may be out of proportion to their numbers. This would reinforce the need to purge 
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autografts and, potentially, combine purging with posttransplant immunotherapy 
using "ex vivo educated" autologous or allogeneic cytotoxic cells. Finally, 
processing laboratories are now expected to operate according to good manufac
turing practices (GMP), and good tissue practices (GTP) are on the horizon. This 
involves rigorous documentation, validation of procedures, competency and 
proficiency testing, filing of applications with the US Food and Drug 
Administration (FDA), extensive quality assurance and quality control, etc, all at 
added cost. The field of cellular and gene therapy is also under particularly close 
scrutiny at the present time. The challenge will be to develop these technologies in 
a scientific, cost-effective manner that recognizes their experimental nature, poses 
no unnecessary risk to patients, and meets regulatory expectations. 

AUTOLOGOUS GRAFT MANIPULATION 

Introduction 

The use of autologous grafts was originally proposed as the potentially perfect 
solution to finding a source of hematopoietic progenitor cells for patients who 
lacked an HLA-matched sibling donor. The proponents of this approach cited the 
universal availability of these cells and removal of the barriers of graft rejection 
and graft-vs.-host disease that had plagued allogeneic transplantation. 

As is true for many developments in medicine, however, these advantages were 
achieved at a cost, in that the use of autologous grafts brought its own particular set 
of issues and problems. Although access to transplantation was extended dramat
ically, there were still certain patients from whom autologous cells could not be 
collected, because of prior pelvic irradiation, necrosis, or metastatic disease. A few 
of these individuals can now be harvested using apheresis techniques, but the 
quality of these harvests may be less than optimal. 

Graft Quality 

In autologous recipients, engraftment problems shifted from graft rejection, 
seen in allogeneic recipients, to failure to engraft. Autologous recipients who 
received apparently adequate numbers of nucleated marrow cells showed either 
complete failure to engraft or a small engraftment that was not sustained. This has 
been attributed again to the quality of harvests obtained from autologous donors. 
These patients have often received extensive therapy for their disease, using agents 
that are myelosuppressive. The traditional measure of an adequate marrow graft, 
namely nucleated cells infused per kilogram body weight, did not take into account 
the functional capacity of these cells or their composition. As our understanding of 
these parameters has increased, it is clear that engraftment is a complex process, 
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involving multiple cells of different lineages. The discovery of the CD34 antigen 
provided an additional measure of adequacy, but also illustrated that patients may 
receive large doses of these cells and still not achieve stable engraftment. This has 
prompted studies into the identity of so-called accessory cell populations that may 
facilitate and sustain engraftment, eg, stromal cells. The theory is that in autologous 
recipients who fail to engraft, these populations may be damaged or eradicated by 
prior therapy, and insufficient numbers are infused in the graft to compensate. This 
concern was reinforced when transplants were performed using CD34-selected 
progenitor cells, since it was not clear whether accessory cells would be removed 
by the selection procedure. To date, the engraftment times of selected and non-
selected grafts are generally similar, although an extensive survey in comparable 
groups of patients has yet to be reported. 

Tumor Contamination 

Whereas hematopoietic progenitor cell quantity and quality were, and remain, 
an issue in autologous transplants, the major area for controversy was the potential 
for reinfusing tumor cells with autologous grafts. It was feared that many 
autologous harvests would contain occult viable tumor, and that this could act as a 
source for relapse of disease posttransplant. Camps arose on both sides of the 
debate, making plausible arguments for and against ex vivo purging of tumor cells 
from autografts. Opponents of purging predominantly argued that the number of 
cells likely to be reinfused in a graft that was free of tumor by conventional 
histology was clinically irrelevant, compared with the number of cells in the 
recipient that may escape high-dose therapy. They believed that the time, effort, 
and cost devoted to developing purging technologies would not result in any 
measurable clinical benefit to the patient. In addition, they believed that ex vivo 
manipulation of the cells for purging could pose a significant risk, in both the 
potential to contaminate the graft and the ability of the cells to engraft the recipient. 
Purging proponents countered that it did not make sense to infuse tumor knowingly 
into a patient if there was an effective means of removing it from the graft. They 
believed that this could even be considered unethical. Unfortunately, this debate 
raged in the absence of almost any hard data to support either side. 

The generation of information to assess the value of ex vivo purging has been a 
long and tortuous task, one that is still not complete. It has revealed the complexity 
of the problem and made us return to the basics of how we tackle such issues. It 
was clear relatively early on in the debate that there were methods available for 
removing tumor cells from complex cell mixtures. However, the model systems 
and quantitation methods used were often less than rigorous. Laboratory model 
systems were often chosen to optimize the chances of success, rather than reflect 
clinical reality. For example, cultured cells expressing large amounts of the tumor-
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associated target molecule were seeded into blood or marrow substitutes at levels 
that were well beyond those that would normally be considered for purging. 
Quantitation methods were usually not validated, and the sensitivities of the 
techniques were not cited. As a result, investigators bandied around log-depletion 
values for specific procedures that were difficult to compare and whose clinical 
relevance was questionable. 

Tumor Detection Technology 

This confused situation was to be partially resolved by the involvement of 
experts in tumor detection.1 Over the last few years, we have seen a renewed 
emphasis on the development of techniques to detect tumor for diagnosis and 
staging. Gradually, a consensus has been reached on which reagents should be used 
and how to score positive events. These methods have also been applied to 
validation of purging methods and have established new expectations as to how to 
monitor tumor involvement. Currently, immunocytochemical techniques 
predominate. In the right hands, these have reported sensitivities of as high as 1 
tumor cell in >100,000 cells. Automation of readout also allows very large 
numbers of cells to be scanned, resulting in more representative results. Molecular 
approaches promise to extend the range of sensitivity, once quantitation becomes 
more reliable, and the incidence of false positives and false negatives can be 
satisfactorily reduced. 

The availability of reliable, quantitative, and sensitive tumor detection assays was 
an essential prerequisite if it was ever to be possible to determine the efficacy of any 
purging method, and if the clinical value of purging was to be determined. In the 
interim, there was an ongoing debate with the regulatory agencies on how to design 
purging trials. Traditional randomized designs would have required very large 
numbers of patients on the purge and no-purge arms, with extensive follow-up, to 
achieve statistical significance. It became clear that this would be prohibitively 
expensive and time-consuming and may not even be possible for some diseases. 

The Purging Debate 

Data from gene-marking studies, in which marked tumor cells were infused in 
autologous grafts and detected at sites of relapse, supported the role of purging. 
Laboratory data demonstrated that purging techniques could remove tumor to the 
detection limits of relatively sensitive detection assays. Clinical data were also 
reported showing an advantage to lymphoma patients who received effectively vs. 
noneffectively purged grafts. Taken together, this information may have provided 
a sufficient degree of assurance to the regulatory agencies to allow them to abandon 
the traditional requirement for a randomized study design. European trials on 
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lymphoma purging are ongoing, however, and preliminary data suggest a marginal, 
non-statistically significant benefit in the purging arm. 

In terms of purging methodology, technologies have generally moved from the 
use of chemotherapeutic agents and antibodies and complement toward physical 
separation techniques employing combined approaches. Some of this has been 
encouraged by pending regulatory requirements that discourage the use of animal 
sera, etc. Molecular methods are already in pilot studies and will probably become 
the method of choice for diseases in which there is a suitable molecular target. For 
the remainder, it seems likely that there will be a move toward including a positive 
selection step, in which tumor is depleted by default during the enrichment of 
CD34+ hematopoietic progenitors. The present methods for CD34 selection are 
inadequate to provide the very high purities required to achieve substantial tumor 
depletion. Usually, positive selection results in 1 to 2.5 logs of tumor removal. This 
can be improved by combining selection with a tumor-directed depletion 
technique. Immunomagnetic methods currently predominate for positive selection, 
and FDA-approved devices are now available. This technology can be modified to 
include a simultaneous or follow-up tumor-purging step, resulting in grafts that are 
essentially tumor-free by immunocytochemical detection techniques or polymerase 
chain reaction. 

Bone Marrow vs. Peripheral Blood 

A challenge to the graft manipulation laboratory has been the move away from 
bone marrow and toward peripheral blood progenitor cells (PBPCs) collected by 
apheresis. It is clear that this change is permanent and brings significant advantages 
in terms of speed of engraftment, decreased hospital stay, etc. For autologous 
donors, the practice has been to mobilize PBPCs by a combination of 
chemotherapy and recombinant growth factors. This approach is less predictable 
than use of growth factors alone, and certain patients may fail to mobilize at all. For 
poor mobilizers, the laboratory is faced with having to process multiple apheresis 
products collected over several days. If these are to be purged, the decision has to 
be made whether to pool the collections to save cost. Initially, it was believed that 
PBPC collections would contain fewer tumor cells than marrow harvests, and as a 
proportion of the cells collected this may be true in many cases. This benefit is 
counteracted, however, by the fact that many more cells are collected, particularly 
from autologous donors, to attain the target CD34+ cell dose, and that the 
mobilization regimens may also drive tumor cells into the peripheral circulation. 
The laboratory is then faced with the decision as to how such collections should be 
manipulated to provide an optimal graft at manageable cost. Once again, the 
availability of sensitive and quantitative assays for tumor detection is critical for 
making these types of decisions. 
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Progenitor Cell Assays 

A missing component in autologous graft evaluation, however, is still a reliable 
measure of engraftment potential. The move away from nucleated cell dose to 
CD34+ cells has helped, especially now that some of the variability in the assay 
system has been resolved. Every center, however, has cases in which CD34 doses 
did not predict engraftment kinetics, and the assay provides no measure of the 
functional activity of the cells. In addition, it is clear that the CD34+ population 
does not represent the true pluripotent stem cell, which some believe may be 
CD34~. For routine clinical patient management, it may be irrelevant to try to 
measure true stem cell numbers, when what is sought is an in vitro marker for 
engraftment time, but even then, CD34+ cells provide only a partial answer. In vitro 
colony-forming assays do provide an indication of functional activity of progenitor 
cells; however, they have prolonged read-out times, which makes them of limited 
value in many cases. Routine colony assays measure lineage-committed 
progenitors, which are not an absolute prerequisite for engraftment. We are, 
therefore, still somewhat handicapped in determining how graft manipulation and 
storage may potentially compromise normal hematopoietic potential. When 
dealing with autologous grafts from pretreated donors, this information could be of 
tremendous value. 

Cryopreservation 

A much-neglected feature that distinguishes autograft manipulation from 
allogeneic graft processing is cryopreservation. It is standard practice to freeze 
autologous grafts after processing so that they can be stored while the patient 
receives high-dose conditioning therapy. The standard technique is to suspend the 
cells in a tissue culture medium containing 10% vol/vol dimethylsulfoxide 
(DMSO) and to reduce the temperature in a controlled manner with eutectic point 
compensation, using a programmable freezing device. For storage, the cells are 
transferred to liquid nitrogen, usually in the vapor phase to minimize the potential 
for cross-contamination by infectious organisms. The only real development in 
recent years in this technology has been to use a mixture of 5% DMSO and 
hydroxyethyl starch as the freezing medium and to transfer the cells directly to a 
-80°C freezer for storage. It is evident that both techniques adequately preserve the 
hematopoietic potential of cells, but it is not clear whether they are truly optimal. 
There have been isolated reports that cryopreservation may have the potential to 
destroy leukemic cells selectively, thereby providing a form of purging. We have 
also tended to neglect quality measurements of the thawed products, relying on 
simple dye exclusion assays to assess the viability of products coming out of 
storage. This has been in part because infusions are usually performed at some 
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distance from the laboratory, and thawed cells may sit for some time at ambient 
temperature in the presence of cryoprotectants before they can be tested. We are 
likely to see encouragement from regulatory agencies to improve this area and to 
generate more comprehensive data on the effects of long-term storage under 
varying conditions, thawing, holding, and transporting cellular products before 
infusion. 

Minimal Residual Disease and Immunotherapy 

It is true to say that some of the heat has gone out of the purging debate, as 
improved tumor detection assays have provided a framework within which we 
should be able to reach a conclusion on the value of tumor purging for certain 
diseases. This has been aided by the finding, in allogeneic graft recipients, that 
minimal residual disease can be effectively treated by immunotherapy. This 
stemmed from observations of decreased relapse of chronic myeloid leukemia in 
patients who developed graft-vs.-host disease, progressed to the infusion of donor 
leukocytes posttransplant both therapeutically and prophylactically, and has now 
spawned a major effort to grow tumor-directed immune effector cells. These 
developments have supported the concept that immunotherapy is most effective in 
the context of minimal residual disease. In the case of autologous transplant 
recipients, this concept would be favored by reducing tumor burden in the graft by 
purging. One could also argue that these particular tumor cells may be potentially 
more tumorigenic, since they have already metastasized to the marrow, and gene-
marking experiments have shown that they can home to sites of disease relapse. 
Their potential to restore disease, therefore, may be disproportionate to their 
numbers, compared with tumor cells found in association with the primary. It 
remains to be seen whether effective immunotherapy can be developed for 
autologous graft recipients by using targeted autologous effectors or modified 
allogeneic cells. 

Economic Concerns 

In the United States, two developments have had a tremendous impact on how 
transplantation is performed. The first is managed health care. Managed care has 
caused us to try to reduce costs and introduce savings at every stage of the 
procedure, including the laboratory. Third-party payers are unwilling to underwrite 
the cost of anything they perceive as research, and this, for the majority, includes 
autologous tumor purging. In addition, the cost of the entire transplant may be 
capitated, making it possible to include extensive manipulation if deemed 
necessary, but only if the cost can be recovered within the cap or covered through 
other means. The debate as to when a procedure transitions from research to 
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standard of care within rapidly moving fields, such as transplantation and cellular 
therapy, will continue for the foreseeable future. 

Regulation 

The second development is impending regulation of the field of cellular and 
gene therapy. The FDA has indicated its intent to regulate this area for several 
years2,3 and has published a number of proposed approaches. Although there have 
been changes, there are a number of common themes. The first is that cell 
processing should be performed under current good manufacturing practices 
(cGMP).4 These are a series of regulations initially developed for manufacturers of 
pharmaceuticals and more recently extended into the blood-banking industry. They 
cover facilities, training, documentation, quality assurance and controls, labeling, 
etc, but essentially provide a method for control of the manufacturing process and 
traceability of the manufactured component from the start to its eventual 
disposition. 

Implementation of cGMP, particularly in an academic environment unused to 
considering itself to be a product manufacturer, has caused some consternation. 
Much of this has focused on the design of the facility. Institutions have been 
concerned that they must build expensive clean rooms to process cells for 
transplantation. This has not, at this time, been a requirement of cGMP as applied 
to this area, although some organizations have anticipated it as a future require
ment, particularly for the manufacture of extensively manipulated or genetically 
modified products. At this stage, the emphasis of the agency has been more on 
ensuring that there are systems in place for thorough documentation, validation of 
procedures, quality assurance/quality control, tracking of reagents and materials 
used in manufacturing, etc. It has been recognized that hematopoietic progenitor 
cell (HPC) processing and manipulation does not fit the traditional drug manufac
turing format and that this fit is liable to become worse as newer cellular therapies 
are developed. The FDA, therefore, has proposed a new system to be named 
current good tissue practices (cGTP) that would be specifically designed for the 
field. The exact contents of cGTP were not available at the time of publication. 

In addition to cGMP, the FDA has indicated that it will impose regulations that 
are based on the perceived risks posed by the procedure to the donor and the 
recipient. Included among factors that are considered when assessing risk are the 
potential for transmission of infectious agents,3 how closely related the donor and 
recipient are, and the degree to which cells will be manipulated ex vivo. The 
regulations cover PBPCs and umbilical cord blood cells, but not bone marrow. 
Under the proposal, autologous cells would be less stringently regulated than those 
from allogeneic sources, and investigational new drug (IND) applications or 
investigational device exemptions (IDEs) would be required only if the product 



Gee 27 

was extensively manipulated ex vivo. Extensive manipulation would include 
procedures such as genetic modification, ex vivo culture, and purging/selection 
with nonapproved reagents or devices. These regulations have yet to be finalized, 
and investigators are encouraged to contact the Center for Biological Evaluation 
and Research to determine whether an IND or IDE is required for a particular 
procedure. 

Commercial Concerns 

This raises another difficult issue, that of access to new technologies. As 
regulation of this area has increased, it has become almost impossible for academic 
institutions to shoulder the cost of bringing a new therapy from the laboratory into 
early clinical trials. Stringent testing requirements and production controls for 
biologicals mean that most centers will look to a commercial organization to assist 
with the process. Funding from the biotechnology industry has made possible some 
of the procedures that are now in use in the area of cellular therapies. At present, 
however, this is still a relatively small market, and we have seen many companies 
fall by the wayside or be driven from business by legal action. This makes it 
increasingly difficult to pilot any new form of therapy that is not of direct interest 
to a company or that requires products from competing companies. The 
diminishing number of commercial players also restricts the availability of 
technologies, and those that survive may not be optimal for use in every 
application. There is no doubt that the problem has been exacerbated by regulatory 
requirements designed primarily to ensure patient safety. The struggle will be to 
recognize that there will always be a risk-benefit ratio for experimental therapies, 
and attempts to eliminate all risk will ultimately make it virtually impossible for 
investigators to develop procedures that are not of direct interest to commercial 
entities. In return, the investigator has an obligation to ensure that every reasonable 
step is taken to protect the patient from unnecessary risk. 

Representation 

Recent incidents in gene therapy in the United States have alarmed the public 
and regulatory agencies and have resulted in imposition of more extensive testing 
and reporting requirements. The rationale, scientific value, and potential for 
improving safety that can be achieved by these can be debated; however, it is likely 
that cellular therapies will also be viewed with increasing scrutiny. As profes
sionals, we need to support any effort that truly will ensure that patients are offered 
safe and potentially effective therapies; however, we also must recognize that these 
procedures inherently carry an associated risk by the very fact that they are experi
mental. It is the responsibility of the field and its professional organizations to 
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represent the potential risks and benefits in an accurate manner and to assist in 
developing regulations that protect the patient appropriately. This must, however, 
be achieved in a manner that does not fossilize the potential for a therapy to reach 
its full potential. 

One way that this has been addressed in the transplant community has been by 
the development and publication of Standards for Hematopoietic Progenitor Cell 
Collection, Processing and Transplantation by the Foundation for the 
Accreditation of Hematopoietic Cell Therapy (FAHCT).5 These standards cover all 
aspects of therapeutic HPC use and are implemented through a voluntary 
inspection and accreditation process. Similar standards are being implemented in 
Europe through a joint program between the International Society for 
Hematotherapy and Graft Engineering and the European Group for Blood and 
Marrow Transplantation.6 Organizations such as these have an invaluable role in 
interacting with regulatory agencies to develop laws appropriate for therapies that 
are in rapid evolution. Failure to provide such input will probably result in 
implementation of draconian regulations that may be questionable both scientif
ically and in their potential to provide added safety to the patient. In addition, the 
added cost of complying with such requirements is likely to be beyond the reach of 
most academic organizations, which have historically been the cradle for the most 
important developments in medicine. 

CONCLUSIONS 

Autologous graft manipulation presents a number of unique challenges to the 
cell processing laboratory. These include the quality of the HPC product, the 
change in source from marrow to mobilized peripheral blood, and the use of 
cryopreservation. The predominant debate on whether grafts should be purged has 
somewhat abated as sensitive and accurate techniques have evolved for tracking 
tumor incidence in both the graft and the patient. Purging can be seen as one more 
tool to achieve minimal residual disease posttransplant, with the hope that immuno
therapy may then provide an additional means for cure. The challenge will be to 
develop these new strategies in an increasingly regulated environment where 
commercial considerations may ultimately determine whether a new approach ever 
leaves the laboratory bench. 
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ABSTRACT 

Between February 1996 and March 2000, using chemotherapy and granulocyte 
colony-stimulating factor (G-CSF) for mobilization, we performed 302 peripheral 
stem cell collections (PSCCs) on 147 solid tumor patients and 83 PSCCs on 30 
hematologic patients. Our goal was to collect 2 transplants of 4-5 X106 CD34+ 

cells/kg per transplant. Based on our experience harvesting bone marrow, we 
collected cells from patients before therapy with fludarabine, BCNU, melphalan, or 
mitomycin and either before or at least 1 year after radiation therapy. We mobilized 
patients using standard induction chemotherapy appropriate for their disease 
(rather than intensive-dose cyclophosphamide), followed by 5 ̂ g/kg G-CSF daily 
throughout apheresis. 

Standard-volume procedures, 10-14 L, were carried out on either a Fenwal 
CS3000 (Baxter) or Cobe Spectra (Gambro BCT). Large-volume leukapheresis 
(LVL), 15-20 L, was performed using the Spectra because it is capable of 
processing 100-120 mL/min and accommodates >150 mL product volume. L V L 
produced superior results in solid tumor patients. 

Liters Blood Volumes CD34+ Cells Total CD34+ 

Procedure n Processed Processed IjiL Blood Cells Xltflkg 

Large volume 222 19 ± 1 4.7 ±0.6 48 ±39 4.0 ±3.1 
Standard volume 80 11 ± 1 2.7 ± 0.4 40 ±35 2.4 ± 2.2 
P <.001 .392 .023 

The impact in hematologic patients was not statistically significant; however, 
analysis of a subset of patients with >20 CD34+ cells//*L in the blood did reveal an 
advantage for LVL. 

30 
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Liters Blood Volumes CD34+ Cells Total CD34+ 

Procedure n Processed Processed IjiL Blood Cells Xltflkg 

Large volume 25 20 ± 1 4.1 ±0.8 73 ±51 6.0 ± 3.4 
Standard volume 15 12 ± 1 2.3 ±0.3 60 ±32 2.7 ± 1.1 
P <001 .460 .007 

In 28 consecutive patients, we identified additional mobilization of CD34+ cells 
at between 15 and 20 L of processed blood. 

Apheresis Product, L 
Patient's Circulation 5 10 15 20 

Mean number of CD34+cells, X106 81 34 98 92 193 

Patient management during L V L included a blood warmer and calcium 
gluconate, plus potassium chloride and magnesium sulfate spiked into the return 
line as needed. Only 1 of 287 patients undergoing LVL experienced side effects 
requiring medical intervention. L V L can be performed safely and result in the 
collection of 3-4X106 CD34+ cells/kg in a single procedure. 

INTRODUCTION 

Peripheral blood, after mobilization with chemotherapy and/or growth factors, 
has become the primary source of CD34+ progenitor cells for autologous transplant 
support following intensive-dose chemotherapy.1 Although a minimal threshold 
has not been established, it has been suggested that 2-5 X106 CD34+ cells/kg will 
provide rapid and sustained multilineage engraftment.2,3 The number of apheresis 
procedures to obtain adequate CD34+ cells for transplant is influenced by the 
patient's disease state, previous treatment history, mobilization regimen, and 
timing and efficiency of collection.4,5 The level of circulating CD34+ cells can 
predict the progenitor content in the final apheresis product,6,7 thereby providing a 
measurable parameter to identify the best time to commence collection. Large-
volume leukapheresis, defined as processing 3 or more blood volumes, can 
increase the efficiency of collection, resulting in fewer procedures and more 
patients achieving their threshold number of CD34+ cells for transplant.8,9 

Performing fewer leukaphereses not only conserves tangible resources but also 
reduces the risks to the patient during collection and at transplant through the 
infusion of smaller volumes of cells and less dimethylsulfoxide. 

PATIENTS AND METHODS 

Using a 10- to 14-liter standard-volume leukapheresis (SVL) or L V L of 
15-20 L, 385 leukapheresis procedures were performed on 177 consecutive 
patients (Table 1). 
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Table 1. Leukapheresis Procedures 
Number of 
Patients 

Number of 
Procedures 

Solid tumor patients 147 302 
Breast cancer 140 
Ovarian cancer 7 
10-14 L processed 80 
15-20 L processed 222 

Hematologic patients 30 83 
Non-Hodgkin's lymphoma 17 
Multiple myeloma 11 
Chronic lymphocytic leukemia 2 
10-14 L processed 18 
15-20 L processed 65 

Total 177 385 

Patients either had no history of radiation therapy or had completed radiation 
therapy more than 12 months before. Patients had no detectable brain metastases at 
the time of collection and no history of chemotherapy involving BCNU, 
mitomycin, melphalan, or fludarabine. All patients met the eligibility criteria for 
their disease-specific high-dose chemotherapy and transplant protocol and gave 

Table 2. Mobilization Chemotherapy 
Indication 
and Regimen Total Chemotherapy Drug Doses 

Breast cancer 
FAC 500 mg/m2 fluorouracil, 50 mg/m2 adriamycin, 

500 mg/m2 cyclophosphamide 
CAVe 500 mg/m2 cyclophosphamide, 50 mg/m2 adriamycin, 

80 mg/m2 VP-16 
CAT 500 mg/m2 cyclophosphamide, 50 mg/m2 adriamycin, 

175 mg/m2 paclitaxel 
Ovarian cancer 

CTX/CDDP 2 g/m2 cyclophosphamide, 90 mg/m2 cisplatin 
Lymphoma 

CHOP 800 mg/m2 cyclophosphamide, 50 mg/m2 adriamycin, 
2 mg vincristine 

DHAP 160 mg dexamethasone, 300 mg/m2 cytosine arabinoside, 
90 mg/m2 cisplatin 

Multiple myeloma 
CVAD 1 g/m2 cyclophosphamide, 1.6 mg vincristine, 32 mg/m2 adriamycin 
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Table 3. Timing of Apheresis From Start of Mobilization Chemotherapy* 
Number of Days Median CD34+ Cells 

Regimen for Apheresis XlCP/Procedure (Range) 

FAC 12-16 110 (62̂ 161) 
CAVe 12-16 319(162-738) 
CAT 12-15 124 (56-1054) 
CTX/CDDP 13-17 100 (55-553) 
CHOP 15-18 319(162-738) 
DHAP 15-18 243 (171-314) 
CVAD 14-17 109 (68-521) 

*For definitions of regimens, see Table 2. 

written informed consent for treatment, including the mobilization and collection 
of their peripheral blood stem cells (PBSCs). 

Mobilization was accomplished using standard-dose induction chemotherapy 
appropriate for the diagnosis (Table 2) followed by G-CSF (Neupogen; Amgen, 
Thousand Oaks, CA) 5 ^g/kg subcutaneously every day beginning 48 hours after 
chemotherapy and continuing until apheresis was completed. 

Mobilization patterns for a specific disease and treatment regimen were so 
consistent, we were able to identify "windows of opportunity" for leukapheresis 
that were invaluable for planning the start of chemotherapy and scheduling 
instrument time (Table 3). 

Leukapheresis procedures were performed on an outpatient basis using the Fenwal 
CS3000 (Baxter) or Cobe Spectra (BCT Gambro) instruments. The ratio of acid-
citrate-dextrose (ACD) to blood was held constant throughout the procedure at 1:18 
without any additional systemic anticoagulation, eg, heparin. Performance differences 
between the 2 instruments were related to the maximum processing speed, 85 mL/min 
for the Fenwal and 120 mL/min for the Cobe. Large-volume procedures, 18-20 L, 
took 2.8 hours on the Cobe compared with 3.9 hours on the Fenwal. 

Diuretics and systemic anticoagulants were stopped 48-72 hours before the first 
anticipated procedure. Complete blood counts were performed on a daily basis with 
transfusion support to maintain hemoglobin >9.5 g/dL and platelets >40,000///L. Serum 
electrolytes were monitored daily throughout apheresis. Intravenous electrolytes, 30-60 
mEq KC1 and 14-28 mEq MgS04, were given during the leukapheresis through the 
return line to maintain the levels of potassium and magnesium above 3.0 and 1.5 mEq/L, 
respectively. Serum calcium was maintained at 10.0 mEq/L or higher with continuous 
intravenous calcium gluconate, 9.6 mEq, through the return Une. The return line was run 
through a blood warmer set at 37°C. Breakthrough symptoms, consisting mainly of 
peripheral tingling, numbness, and chills, were handled with oral calcium supplements. 
Persistent or worsening symptoms required slower and/or shortened procedures. 
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PBSCs were identified in the blood and apheresis products using flow 
cytometry following the Milan-Mulhouse protocol. Briefly, samples were labeled 
with 20 ]A, of an anti-CD34 phycoerythrin-conjugated monoclonal antibody 
(HPCA-2; Becton Dickinson, Mountain View, CA). Red cells were lysed, samples 
were washed once, and 7.5 X104 cells were acquired on a FACSort flow cytometer 
(Becton Dickinson). Analysis of CD34 expression vs. side scatter was performed 
using Cellquest and Paint-a-Gate software. Events with low side scatter and CD34 
fluorescence in the third to fourth decade were considered positive. 

RESULTS 

As illustrated in Table 4, there was no difference in the number of peripheral 
CD34+ cells in either the solid tumor or hematologic patients undergoing SVL vs. 
LVL. The number of blood volumes processed was increased from approximately 3 
to 5 for the predominantly female solid tumor patients and from 2 to 4 for the 
predominantly male hematologic patients. This resulted in a significantly higher 
level of CD34+ progenitors in the final apheresis product of the solid tumor patients, 
2.4 X106 vs. 4.0 X106 CD34+ cells/kg. Patients with hematologic malignancies also 
had somewhat higher numbers of CD34+ cells in the final product; however, the 
difference did not reach statistical significance, possibly because of the nature of 
their disease and the relatively small number of patients in the SVL group. 

Considering the difficulty inherent in mobilizing hematologic patients, we 
examined the outcome for patients who achieved >20 CD34+ cells/^L peripheral 
blood and were considered to be good mobilizers. Increasing the number of blood 
volumes processed significantly improved the CD34+ content of the final apheresis 
product from a mean of 2.7X106 to 6.0X106 CD34+ cells/kg (Table 5), thereby 
permitting the collection of enough CD34+ progenitors for multiple transplants 
from a single apheresis. 

Table 4. Impact of Large-Volume Apheresis: All Procedures 
Liters Blood Volumes CD34+ Cells Total CD34+ 

Procedure n Processed Processed l]iL Blood Cells Xl&/kg 
Solid tumor patients 

Standard volume 80 11 ± 1 2.7 ± 0.4 40 ±35 2.4 ± 2.2 
Large volume 222 19 ± 1 4.7 ± 0.6 48 ±39 4.0 ±3.1 
P <.001 .392 .023 

Hematologic patients 
Standard volume 18 12± 1 2.2 ± 0.3 51 ±31 2.4 ± 1.1 
Large volume 65 20 ± 1 3.9 ±0.6 35 ±31 3.0 ± 2.4 
P <.001 .203 .359 
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Table 5. Impact of Large-Volume Apheresis on Hematologic Patients 

>20 CD34+ cells/¡^L Blood 
Liters Blood Volumes CD34+ Cells Total CD34+ 

Procedure n Processed Processed l]iL Blood Cells Xltflkg 

Standard volume 15 12 ± 1 2.3 ±0.3 60 ±32 2.7 ± 1.1 
Large volume 25 20 ± 1 4.1 ±0.8 73 ±51 6.0 ± 3.4 
P 0.460 0.007 

The question remains if there is a benefit to applying this approach in poor-
mobilizing patients. A substantial number of procedures (Table 6) in both groups 
of patients were performed on individuals who mobilized considerably less than 20 
CD34+ cells/^L blood. In spite of the less-than-optimal number of circulating 
CD34+ cells, it was possible to collect 1.1 X106 CD34+ cells/kg per procedure, 
thereby making it possible to harvest a transplant of >3X 106 CD34+ cells/kg in 3 
procedures. Solid tumor patients considered to be poor mobilizers had a mean of 
0.6X 106 CD34+ cells/kg per procedure with standard-volume apheresis, a value 
significantly lower than 1.1X106 CD34+/kg (P=.002). 

In an attempt to understand mobilization kinetics during LVL, we analyzed 
samples from the product bag of 28 consecutive patients at defined time points 
during the procedure (Figure 1). The mean total number of peripheral CD34+ cells 
was just under 100X106 before starting the collection. After processing 10 L of 
blood, virtually the entire circulating progenitor population was identified in the 
product bag, with no further accumulation between 10 and 15 L of total processing 
volume. Continued collection past 15 L produced an additional mobilization of 
progenitors, permitting the harvest of more CD34+ cells than was originally 
demonstrated in the patient's circulation.41011 

Regardless of the number of blood volumes processed, commencement of 
apheresis is ideally based on the level of circulating CD34+ progenitors.6,7 However, 
many facilities must rely on the white blood cell count (WBC) as a surrogate signal 
and begin collecting the day (or the day after) the WBC reaches 1000 or 10,000/̂ L. 
We retrospectively examined each patient's first harvest as it related to the day of 
chemotherapy, the number of circulating CD34+ cells/^L, and their WBC (Table 7). 

Table 6. Impact of Large-Volume Apheresis on Poor-Mobilizing Patients 

<20 CD34* cells/jiL Blood 
Liters Blood Volumes CD34+ Cells Total CD34+ 

Patient n Processed Processed IfiL Blood Cells Xltflkg 

Hematologic 40 20 ± 1 3.8 ±0.5 11 ±4.0 1.1 ±0.4 
Solid tumor 86 19 ± 1 4.9 ± 0.5 10 ± 4.2 1.1 ±0.5 



36 Chapter I: Graft Engineering 
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Liters of B lood Processed 

Figure 1. Number ofCD34+ cells collected as a function of liters of blood processed. 

Poor mobilizers, <20 CD34+//<L blood, in both groups of patients typically took 
2 weeks from the start of chemotherapy to begin apheresis and had WBCs substan
tially higher than 1000 or 10,000///L on the first day of collection. A pattern of 
higher WBC at 2 weeks into therapy or recovery faster than 14 days was noted in 
solid tumor patients who had higher numbers of circulating progenitors. This was 
not as evident in the hematologic group, with no apparent difference between 
patients with <20 and 20-50 CD34+ cells/^L blood. Strong mobilizers among the 
hematologic patients still began collection on day 15, but their WBC was 2.5-3 
times higher. 

DISCUSSION 

Consistent, successful mobilization and collection of peripheral progenitor cells 
is dependent on a number of factors relating to the nature of the patient's disease, 
previous treatment history, priming regimen, timing of collection, and method and 
efficiency of leukapheresis within the context of patient safety. 

Early identification of candidates for high-dose therapy and transplant 
facilitates progenitor collection before large-field radiotherapy and/or treatment 
with stem cell-toxic agents such as BCNU and fludarabine. Adequate mobilization 
is intimately linked to a balance between the amount of cytoreductive therapy used 
to reduce tumor load and risk of graft contamination and the amount of damage 
incurred by the hematopoietic stem cell compartment. At our facility, standard 
induction chemotherapy with growth factor support is not only effective for 
mobilizing adequate numbers of progenitors, it also avoids the morbidity so often 
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Table 7. White Blood Cell Count on Day 1 of Collection* 

CD34+ Cells!]iL Blood 
<20 20-50 51-100 >100 

Solid tumor patients 
WBC, XIO^L 18.4 ±8.4 22.6 ± 10.5 23.0 ± 10.7 32.0 ± 10.0 
Day of chemotherapy 14 14 13 12 

Hematologic patients 
WBC, X103/^L 17.1 ±7.9 15.5 ± 6.0 No data 44.1 ±5.8 
Day of chemotherapy 15 15 15 

*WBC, white blood cell count. 

associated with intensive regimens such as 4 g/m2 cyclophosphamide. The impact 
may manifest not only in the quantity but also in the quality of stem cells harvested. 

Collecting the maximum number of progenitors in the minimal number of 
procedures depends on the timing and efficiency of apheresis. Optimal timing of 
the first procedure is most effectively determined by measuring the circulating 
progenitor pool, and the efficiency of collection can be improved by taking 
advantage of the additional mobilization that occurs during large-volume apheresis. 
Knudsen et al.5 identified a cut-off value of 20 X103 CD34+ cells/mL, above which 
81% of their standard 10-L leukapheresis procedures yielded at least 106 CD34+ 

cells/kg. The question was raised whether harvesting should be performed when 
patients are below this value. By applying L V L at our facility, both solid tumor and 
hematologic patients who mobilized an average of only 10-11X103 CD34+ cells//<L 
had final products containing a mean of 1.1 X106 CD34+ cells/kg. Hematologic 
patients capable of mobilizing more than 20X103 CD34+ cells///L also benefited 
from large-volume procedures, as demonstrated by their final product, which 
contained an average of 6X106 CD34+ cells/kg after 20-L procedures compared with 
only 2.7 X106 CD34+ cells/kg after 12-L collections. The benefit for solid tumor 
patients who are good mobilizers was not as clear: 5.8X106 CD34+ cells/kg after 19-
L collections compared with 4.3 X106 CD34+ cells/kg after 11-L collections. 

It is important to define the total transplant dose needed and correlate this with 
the circulating stem cell pool to determine whether standard- or large-volume 
leukapheresis will achieve the desired end point. Large-volume apheresis should 
not be universally applied, because it is a procedure wrought with physiologic 
stresses during a time when the patient is trying to recover from the insult of 
chemotherapy. Patients are typically challenged with 1.5-2.0 L of fluid, half of 
which is anticoagulant, during a large-volume procedure, thereby requiring more 
rigorous management of electrolytes, hemoglobin, and platelets. Only 1 of the 177 
patients in this report experienced side effects requiring physician intervention. 
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At Arlington Cancer Center, our goal is 8-10X106 CD34+ cells/kg, which histor
ically took 4-5 standard-volume procedures to accomplish. With the introduction of 
large-volume apheresis, this goal can be achieved in only 2 procedures. 
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ABSTRACT 

Every year in Europe, nearly 2500 patients receive high-dose chemotherapy for 
breast carcinoma. The majority of patients in recent years have been treated for 
high-risk operable breast disease. The European Group for Blood and Marrow 
Transplantation (EBMT) Breast Cancer Registry includes >6000 patients; from 
such a large database, some observations emerge. 

The maximum age for an autotransplant for breast cancer has been increasing in 
the recent past, and the toxic death rate has declined to <1% for adjuvant patients. 
From the EBMT Registry analysis, patients with metastatic disease in complete 
remission at the time of graft experience a 3-year disease-free survival of nearly 
30%, which compares favorably with standard chemotherapy data, even though we 
are still waiting for mature data from randomized trials in this cohort. High-risk 
operable breast cancer patients show a disease-free survival of ~50% at 4 years, and 
the same results also apply to the population with the worst prognosis (with >20 
positive axillary nodes). Several ongoing phase 3 randomized trials are under way 
in Europe in metastatic as well as high-risk patients, and they will be producing 
data on >1500 patients a few years from now. 

INTRODUCTION 

In the past few years, high-dose chemotherapy for breast carcinoma patients has 
been widely used in Europe. According to the most recent survey taken by the 
EBMT, 1 >2500 patients were treated in 1997, with a slight reduction in 1999 to the 
extent of ~10%-15%. The vast majority of patients received peripheral blood 
progenitor cells (PBPCs), and autologous bone marrow transplantation (autoBMT) 
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has been nearly universally abandoned as a source of hematopoietic stem cell rescue. 
The survey allows us just to make demographic observations; to evaluate results on 
big numbers, the only possible way is to look at registries. In 1984, the EBMT Solid 
Tumors Working Party set up a registry including patients from Europe as well as 
some non-European countries. By March 2000,6572 breast cancer patients had been 
registered.2 The aim of this article is to present the EBMT database as well as some 
results; a detailed analysis of the major ongoing randomized studies is also presented. 

THE EBMT DATABASE 

As mentioned in the introduction, 6572 patients with breast carcinoma were 
registered by March 2000 (only 26 are male). The mean age at transplantation is 
45 ± 8 years; median, 45 years (range, 18-70 years). The majority of registered 
patients were treated for metastatic disease (2889 patients receiving 3482 grafts), 
whereas 2046 had high-dose adjuvant therapy (2289 grafts). Eight-hundred forty-
six patients were treated for inflammatory breast cancer (1072 grafts). As shown in 
Figure 1, there was a constant increase in the number of patients treated with high-
risk operable breast carcinoma. 

NUMBER OF PATIENTS PER YEAR: 
ADJUVANT vs. METASTATIC 

• A d j u v a n t 

m M e t a s t a t i c 

* not definitive data 
100 200 300 400 500 600 700 

Figure 1. Proportion of patients treated for metastatic or adjuvant disease in the European 
Group for Blood and Marrow Transplantation Registry database. 
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TOXIC DEATHS: 
METASTATIC vs. ADJUVANT PATIENTS 

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 

Figure 2. Toxic death rate for patients with breast cancer. Source: European Group for 
Blood and Marrow database. 

Interestingly, 32% of patients were >50 years old and 3% >60 years old at the 
time of graft among those treated in 1997-1998, whereas in the period 1992-1999 
only 16% and 1% of the treated patients were older than 50 and 60 years of age, 
respectively. As mentioned before, 95% of the patients received PBPC support, 
whereas the use of autoBMT was extremely rare. In Europe, the combination of 
autoBMT plus PBPCs was employed only anecdotally because the shift toward 
peripheral cells was immediate around 1995.2 

Toxic Death Rate 

In the majority of articles published in the 1980s, the mortality rate for high-
dose chemotherapy was 10%—15% and higher, whereas in recent reports it has 
declined dramatically to 0%-2%. The regimen employed plays an important role 
in outcome, as do disease status and performance status.34 In the EBMT database, 
the toxic death rate for metastatic breast cancer is ~2%, whereas for the adjuvant 
setting it is 0.9% (Figure 2). These figures compare favorably with some issued in 
recent trials not employing BCNU at high doses. 
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METASTATIC BREAST CARCINOMA 
Status at graft: CR1 vs. Others 

Months From Graft 

Figure 3. Disease-free survival for patients with metastatic breast cancer. Source: European 
Groupfor Blood and Marrow database. CR, complete remission; PFS, progression-free survival. 

Metastatic Disease 

Despite the fact that patients with metastatic disease are nowadays less likely to 
undergo autografting compared with high-risk operable breast cancer patients in 
Europe, metastatic disease is still widely accepted as a possible setting for high-
dose treatment. The "ASCO 1999 effect" (ie, the PBT-1 trial presentation5 that was 
incorrectly considered by several medical oncologists worldwide to be the last 
word on autografting for metastatic breast cancer) has not yet shown its effects in 
Europe; however, in the next 2 years, we are going to observe a steep decline in the 
number of patients treated for advanced disease. From the EBMT breast cancer 
registry, 428 patients with an adequate follow-up (ie, treated until December 31, 
1996) receiving high-dose chemotherapy and hematopoietic stem cell rescue in 
first remission show a highly significant progression-free survival (PFS) compared 
with those treated in other disease status (stable disease, partial remission, 
progression) (Figure 3); median PFS is 49 months vs. only 11 months. If we look 
at the data published by the Autologous Blood and Marrow Transplant Registry 
(ABMTR), a similar curve has been presented6; moreover, from one of the largest 
databases of patients treated with FAC (fluorouracil, adriamycin, and cyclophos-
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phamide) standard chemotherapy (M.D. Anderson Cancer Center),7 the proportion 
of patients in complete remission achieving a long-term disease-free progression 
was nearly reduced to half. But of course, apples cannot be compared with oranges, 
and the final word has to come out of phase 3 randomized studies. Unfortunately, 
the PBT-1 trial, because of the small sample, was unable to show any difference 
between STAMP V (cyclophosphamide, thiotepa, and carboplatin) and prolonged 
CMF (cyclophosphamide, methotrexate, and fluorouracil) in patients in complete 
remission.5 

Inflammatory Breast Carcinoma 

The EBMT Registry includes the largest series of patients treated with high-
dose chemotherapy for inflammatory breast carcinoma. Median age for 846 
patients is 44 years (range, 22-65 years), with a mean age of 44 ± 9 years. The vast 
majority received a single graft, whereas 144 patients underwent double grafts, and 
36, 3 or more grafts, for a total of 1072 autotransplants. Disease-free survival is 
~40% at 3 years (Figure 4), and toxic death rate is 1%. In this rare disease, the role 
of high-dose or intensified treatments is still very controversial, and it will be 

INFLAMMATORY BREAST CARCINOMA 
771 évaluable patients 

Median progression-free survival 42 months 
Median follow-up 20 months 

CM co * 
« H CM 

Months from graft 

Figure 4. Progression-free survival for patients with inflammatory breast cancer. Source: 
European Group for Blood and Marrow database. 
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EBMT 99 - BREAST CARCINOMA 

Adjuvant breast carcinoma 

el 

Months from graft 

Figure 5. Progression-free survival for 1274 patients with operable high-risk breast cancer. 
Source: European Group for Blood and Marrow database. 

difficult, if not impossible, to set up randomized studies. Recently, the Pegase 02 
study was published on behalf of a French collaborative group with EBMT 
support.8 Four courses are administered, the first 2 including doxorubicin and 
cyclophosphamide, and the second 2, the same drugs plus fluorouracil. Pathologic 
complete remission rate on the breast is high (32%), 3-year disease-free survival 
rate is 45%, and overall survival is 70%. 

Adjuvant Therapy 

As mentioned above, high-risk operable breast carcinoma has become the 
favorite setting for high-dose chemotherapy in Europe, overtaking advanced 
disease in the very recent past. The EBMT database includes 2046 patients 
receiving a total of 2289 grafts. Median age is 45 years (range, 18-70 years), with 
a mean of 46 ± 9 years. Ninety-two percent of the patients received a single 
autotransplant; 8% had multiple grafts. The majority of adjuvant patients received 
PBPC transplantation, and only 1% had the combination of autoBMT and PBPC as 
hematopoietic support, slightly lower than in the North American Registry.9 
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Figure 6. Progression-free survival according to number of positive nodes. Source: 
European Group for Blood and Marrow database. 
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Figure 7. High-dose chemotherapy for patients with >20 positive axillary nodes: role of 
postsurgical radiation. Source: European Group for Blood and Marrow database. 
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The complete data set on 1274 patients is available, and median disease-free 
survival is 60 months (Figure 5). When stratifying for number of involved axillary 
nodes (<9 or >9), no differences are present (Figure 6). The data available in the 
literature on the possible benefit (randomized phase 3 studies) of high-dose 
treatment in breast cancer are limited, and no study has an adequate follow-up. At 
the 1999 American Society of Clinical Oncology (ASCO) meeting, 2 major 
studies were presented (the South African study will not be taken into consid
eration because of clinical misconduct). The CALGB/SWOG/NCIC trial4 did not 
show any difference between high-dose (STAMP I) vs. intermediate-dose 
cisplatin, BCNU, and cyclophosphamide, except for a trend in the cohort of 
patients with a 3-year follow-up. The trial will be represented in 2001 with 
adequate follow-up. The Interscandinavian study10 is a very difficult one to 
understand, as patients with no disease and bone-marrow metastases have been 
accrued. The follow-up was too short (2 years) to draw any conclusion, and there 
was some concern about which was really the high-dose arm; moreover, the risk 
of secondary leukemia and myelodysplastic syndrome in the intensified and 
tailored FEC (fluorouracil, epirubicin, cyclophosphamide) arm was not negligible. 
At ASCO 2000, the first cohort of 284 patients of the Dutch National Trial were 
presented11; with a follow-up of 3 years, high-dose chemotherapy (STAMP V 
European version with double dose of carboplatin) was significantly better than 
standard FEC in terms of disease-free and overall survival. We are waiting for the 
final presentation including all patients, which will be available in 2002. No data 
are available in the literature for patients with very high risk of relapse, ie, those 
with axillary burden (>20 positive axillary nodes). The EBMT launched a 
retrospective registry-based analysis to evaluate the PFS for patients bearing such 
a dismal prognosis. 

Seventy-five patients treated until December 1997 have been evaluated, and 
those receiving primary chemotherapy were excluded to avoid possible incorrect 
comparisons—the vast majority received high-dose sequential chemotherapy as 
published by National Cancer Institute in Milan in 1997." Toxic death rate was 
0%, and disease-free survival was 50% at 4 years, suggesting a possible role of 
high-dose chemotherapy in this particular cohort of patients. Figure 7 shows the 
curves for patients with >20 positive nodes receiving postsurgical radiation 
therapy and those who did not receive such treatment. From Figure 7 (even if the 
number of patients is rather limited), the bulk of the axilla seems to be so 
important that the risk of relapse overcomes the benefits of radiation therapy. In 
2000, a retrospective study was launched that includes patients from the 
International Blood and Marrow Transplant Registry (IBMTR) (study BC 99-04), 
so we will shortly have data on nearly 200 patients with >20 positive axillary 
nodes at surgery. 
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ONGOING TRIALS 

Several ongoing studies are underway in Europe in the field of high-dose 
chemotherapy and hematopoietic support for breast cancer patients; some of them 
have just completed their accrual. 

As mentioned, in the Dutch National Study," 885 patients with >4 positive 
axillary nodes have been randomized between the standard FEC regimen for 5 
courses vs. 4 courses of FEC followed by 1 course of modified STAMP V 
(carboplatin 1600 mg/m2). In the first cohort of 284 patients, a clear significant 
benefit for the high-dose arm has been observed in terms of overall and disease-
free survival (see Rodenhuis et al. in this volume for detailed results). 

In 1999 at ASCO, a small randomized study was presented by Dr. Lotz on 
behalf of the Pegase group (Pegase 04 study).12 Patients with advanced disease 
chemosensitive to first-line therapy were randomized between CMA (high-dose 
cyclophosphamide, mitoxantrone, and melphalan) and the same chemotherapy in 
standard doses. The median PFS rates were 15.7 and 26.9 months in the standard 
and intensive groups (P=.04), whereas overall survival was not statistically 
different, even though patients in the high-dose arm experienced a nearly double 
survival from randomization. The study (and all the others from the Pegase Group) 
is undergoing a self-requested audit before being published. 

In Italy in August 1998, a phase 3 randomized study (386 patients) was closed 
that compared standard therapy (which in Italy is epirubicin followed by CMF) 
with high-dose sequential chemotherapy (basically the same schedule as published 
by Gianni,13 but with the incorporation of 2 doses of epirubicin and the exclusion 
of cisplatin). The first evaluation was to be performed in late 2000. 

The Anglo-Celtic study has just stopped its accrual, with 600 patients with 4̂ 
positive axillary nodes randomized. The standard arm consists of adriamycin for 4 
courses followed by CMF; the experimental arm is adriamycin as in the standard 
arm followed by cyclophosphamide for PBPC collection and cyclophosphamide 
and thiotepa at high doses. At the present time, no data are available. Another trial, 
Pegase 01, was closed in December 1998 with 314 randomized patients: standard 
FEC with high-dose epirubicin (100 mg/m2) was compared with FEC followed by 
cyclophosphamide, mitoxantrone, and melphalan in patients with >8 positive 
lymph nodes. 

In July 2000, several trials were ongoing, and below we discuss the major or 
more mature ones. In 1997, the EBMT Solid Tumors Working Party launched in 
collaboration with the European Breast Dose Intensity Study (EBDIS) Group a 
study called EDBIS1/EBMT in patients with naive metastatic disease. The standard 
arm consists of adriamycin and docetaxel followed by CMF vs. adriamycin and 
docetaxel and subsequently a tandem transplant with VIC (etoposide, ifosfamide, 
and carboplatin) and then cyclophosphamide and thiotepa. One hundred patients 
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have been randomized. A similar study ongoing in Germany (GEBDIS study) is 
nearly superimposable to the EBDIS/EBMT study in terms of employed regimens 
and end points. Another similar study in Italy, on behalf of the Italian Group for 
Blood and Marrow Transplantation (GITMO), compares epirubicin and docetaxel 
vs. the same combination followed by a tandem course of ICE (ifosfamide, 
carboplatin, and etoposide) and thiotepa/melphalan at high doses (the study started 
in February 2000). 

A multi-institutional German study is comparing 1 course of STAMP V vs. 2 
courses of the same regimen in patients responding to standard up-front 
chemotherapy; >200 patients have been accrued so far. 

In the scenario of high-dose therapy for operable breast cancer, several studies 
are approaching the final accrual. A trial on behalf of the International Breast 
Cancer Study Group (IBCSG 15-95) has accrued nearly 300 patients; it compares 
an anthracycline-based chemotherapy with an intensified therapy consisting of 
epirubicin 200 mg/m2 and cyclophosphamide 4 g/m2 for 3 courses, each of them 
supported with PBPCs. Entry criteria request >8 positive nodes or >5 in case of T3 
or negative receptor status. 

In Germany, a multi-institutional study is comparing standard chemotherapy 
(epirubicin followed by CMF [EC]) vs. EC followed by high doses of 
mitoxantrone, thiotepa, and cyclophosphamide. Three hundred forty patients have 
already been included, and the trial was to be completed by the end of 2000 with 
400 cases. 

All these major studies and several others not reported here will allow the 
scientific community to have data on homogeneous large groups of patients in the 
years to come, to try to answer the still unanswered question: is more better? 
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ABSTRACT 

The use of high-dose chemotherapy and peripheral blood stem cell transplant 
for the treatment of patients with metastatic breast cancer remains an area of active 
controversy. We have developed a novel high-dose chemotherapy regimen 
consisting of thiotepa, mitoxantrone, and paclitaxel (TNT) in an attempt to define 
a regimen with increased antitumor activity. We have previously defined the 
maximum tolerated doses of this regimen to be thiotepa 720 mg/m2, mitoxantrone 
48 mg/m2, and paclitaxel 360 mg/m2. Stem cell reinfusion follows 7 days after 
completion of the high-dose regimen. All patients received peripheral blood stem 
cells harvested following mobilization with 2 cycles of cyclophosphamide 
100 mg/kg and paclitaxel 250 mg/m2 administered with granulocyte colony-
stimulating factor (G-CSF). We have treated a total of 32 patients with chemosen
sitive metastatic breast cancer, median age 45 years (range, 31-56 years), on this 
regimen. Chemosensitivity before transplant was as follows: 9 patients were 
transplanted in complete remission, 12 patients were in partial remission, and 11 
patients had bone as their only site of metastasis. There were no treatment-related 
deaths. Grade 3 or 4 mucositis and enteritis were the most frequent treatment-
related toxicities, occurring in 86% and 66% of the patients, respectively. The 
median time to engraftment of neutrophils >500///L was day 11 (range, 9-17 days) 
and platelets to >20,000, day 18 (range, 9-106 days). All patients who were 
transplanted in complete remission remained in complete remission; 25% of the 
patients transplanted in partial remission and 36% of the patients transplanted with 
bone-only disease had further responses to high-dose therapy; the remainder of the 
patients had stable disease or progressed after transplant. Overall and event-free 
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survival rates at 24 months were 56% ± 10% and 25% ± 8%, respectively. No 
significant differences in overall or event-free survival were seen among the 
various groups based on chemosensitivity. We conclude that TNT is active in 
patients with metastatic breast cancer. Attempts to decrease treatment-related 
toxicities are needed to improve the suitability of this regimen for administration in 
the outpatient setting. 

INTRODUCTION 

The use of high-dose chemotherapy and hematopoietic stem cell transplant in 
the treatment of patients with metastatic breast cancer remains an area of active 
controversy. To date, there have been 5 randomized clinical trials comparing high-
dose therapy to standard therapy in patients with metastatic breast cancer.1-5 All of 
these clinical trials suffer from statistical concerns, and most include small 
numbers of patients, limiting definitive conclusions. Among all of these 
randomized clinical trials, a total of only 502 patients have completed therapy and 
had their outcomes reported. Additionally, the first of these published clinical trials 
to demonstrate an advantage for high-dose therapy was reported by investigators 
from South Africa in 1995, and the results of this study will require further scrutiny 
to determine their validity, given the problems associated with a later study 
reported by one of these investigators.1 On balance, no firm conclusions 
concerning the role of high-dose therapy in the treatment of metastatic breast 
cancer can be drawn based on the data from these randomized trials. 

Unfortunately, among the limited number of chemotherapeutic agents available 
for dose escalation due to known toxicity profiles, few are extremely active against 
breast cancer in standard doses. We have previously conducted a phase 1 trial 
evaluating the combination of thiotepa, mitoxantrone, and paclitaxel (TNT) 
followed by autologous stem cell reinfusion in patients with refractory metastatic 
breast cancer.6 These agents were chosen because of their activity in breast cancer 
and their lack of overlapping nonhematologic toxicities in standard doses. The 
dose-limiting toxicity of TNT was found to be cardiomyopathy, necessitating a 
decrease in the total dose of mitoxantrone. Additionally, in patients receiving prior 
therapy with taxanes, grade 3 or 4 central nervous system toxicity was noted and 
found, in some instances, to be irreversible. A subsequent decrease in the total dose 
of thiotepa resulted in improvement of this toxicity with no long-term sequelae. 
The maximum tolerated doses were determined to be thiotepa 720 mg/m2, 
mitoxantrone 48 mg/m2, and paclitaxel 360 mg/m2. 

Because of the promising activity of this regimen in patients with refractory 
metastatic breast cancer, a phase 2 trial evaluating TNT in patients with chemosen-
sitive metastatic breast cancer was undertaken. In this report, we present the results 
of the phase 2 trial in patients with metastatic breast responsive to anthracyclines 
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or taxanes or patients rendered disease-free by surgery or radiation therapy. 
Treatment-related toxicities, response rates, and overall and progression-free 
survival rates are included. 

PATIENTS AND METHODS 

Patients 

From April 1997 through December 1998, we treated 32 patients with 
chemosensitive metastatic breast cancer on a phase 2 clinical trial of high-dose 
TNT followed by autologous peripheral blood stem cell reinfusion. All patients 
gave written informed consent for the study that was approved and reviewed 
annually by the Institutional Review Board of the University of South Florida. 

Patients with biopsy-proven metastatic breast cancer were eligible if they were 
up to 65 years of age with an adequate performance status, defined as a Karnofsky 
score of >80% or an Eastern Cooperative Oncology Group performance status of 
<2. All patients were required to have adequate organ function, including a cardiac 
ejection fraction of >50% measured by nuclear medicine scanning or 2-dimen-
sional echocardiography, adequate pulmonary function with a diffusion capacity of 
>60%, adequate renal function with a measured creatinine clearance of 
>60 mL/min, and liver function tests of <2.5 times the upper limit of normal. 
Patients with brain metastases were excluded. Additionally, patients were required 
to demonstrate at least a partial response, defined as a >50% decrease in 
measurable disease, to an anthracycline- or taxane-containing regimen. In the case 
of patients with bone-only disease, patients were required to have no progression 
of disease on nuclear medicine bone scans after an anthracycline- or taxane-
containing regimen. Patients with metastatic breast cancer rendered free of disease 
with surgery or radiation therapy were also included. They were considered to be 
inevaluable for responsiveness to anthracyclines, taxanes, or high-dose therapy. 

Treatment Regimen 

Before receiving high-dose therapy, all patients received 2 cycles of cyclophos
phamide (50 mg/kg per day for 2 days) and paclitaxel (125 mg/m2/day for 2 days) 
with a goal to further reduce tumor burden as well as mobilize peripheral blood 
stem cells. Following the completion of each course of chemotherapy, patients 
were treated with G-CSF at a dose of 5 /<g/kg per day (generally rounded to 300 or 
480 /<g/day) starting 24 hours after completion of chemotherapy and continuing 
until evidence of hematopoietic recovery. Stem cells were harvested following the 
second cycle of chemotherapy at the time of hematopoietic recovery to a targeted 
minimum of 2X106 CD34+ cells/kg. Patients with evidence of progressive disease 
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following completion of 2 cycles of cyclophosphamide and paclitaxel were 
considered ineligible for high-dose therapy. 

TNT was administered in the following manner. Mitoxantrone was 
administered over 1 hour at 16 mg/m2 on days -9, -8, and -7 to a total dose of 
48 mg/m2. Thiotepa was administered over 2 hours at 240 mg/m2 on days -9, -8, 
and -7 to a total dose of 720 mg/m2. Paclitaxel was administered as a 21-hour 
continuous infusion at 120 mg/m2 on days -9, -8, and -7 to a total dose of 
360 mg/m2. Stem cell reinfusion occurred on day 0. 

All patients received antimicrobial prophylaxis with fluconazole and a 
quinolone antibiotic beginning on day -2 and continuing through first neutropenic 
fever or until evidence of engraftment. At the time of first neutropenic fever, 
patients received antibiotics according to the clinical situation. All patients that 
were herpes simplex virus-seropositive received prophylactic acyclovir. All 
patients received G-CSF administered at 5 ^g/kg per day beginning on day 7 and 
continuing until absolute neutrophil count was >1000/̂ L for 3 days. 

Statistical Considerations 

Overall survival and event-free survival rates were calculated using Kaplan-
Meier methods. An event was defined as progression of disease or death due to 
therapy or any other cause. Differences in overall and event-free survival were 
calculated using the 2-tailed value of probability from the log-rank method. 

RESULTS 

Table 1 illustrates the patients' characteristics. A total of 32 patients were 
treated; all received peripheral blood stem cell transplants. The majority of patients 
(75%) were treated for metastatic breast cancer that recurred after adjuvant therapy. 
All patients received anthracyclines, 50% in the adjuvant setting and the remaining 
50% for the treatment of metastatic disease. All patients received taxanes before 
high-dose therapy. The majority of patients were refractory to anthracyclines and 
responsive to second-line therapy with taxanes. As can be seen in Table 1, of 16 
patients évaluable for chemosensitivity to chemotherapy, only 25% were 
responsive to first-line therapy with anthracycline-based therapy; 75% were 
responsive to second-line chemotherapy with taxane-based therapy. Five of the 32 
patients were not évaluable for response to high-dose therapy because they were 
rendered disease-free following surgery or radiation therapy before high-dose 
therapy. An additional 11 patients had bone-only disease and were not évaluable 
for response to high-dose therapy. 

Hematologic toxicity was acceptable. The median time to neutrophil 
engraftment, defined as a neutrophil count of >500//<L, was day 11 (range, 
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Table 1. Patient Characteristics 

N 32 
Age.y 

Median 45 
Range 31-56 

Disease history 
Relapsed after early-stage disease 24 
Metastatic at diagnosis 8 

Estrogen receptor status at diagnosis 
Negative 16 
Positive 11 
Unknown 5 

Prior therapies 
Adjuvant anthracyclines 16 
Anthracyclines for metastatic disease only 16 
Taxanes for metastatic disease 32 

Disease status at transplant 
Response to anthracyclines 

Complete response 0 
Partial response 4 

Response to taxanes 
Complete response 4 
Partial response 8 

No evidence of disease following 5 
surgery or radiation therapy 

Bone-only metastatic disease 11 
Dominant site of metastatic disease 

Viscera 12 
Bone 11 
Lymph nodes/soft tissue 9 

9-17 days). The median time to platelet engraftment, defined as a platelet count of 
>20,000/̂ L, was day 18 (range, 9-106 days). The median length of stay for all 
patients was 23 days (range, 18—41 days). Grade 3 or 4 treatment-related toxicities 
were as follows: mucositis (86%), enteritis (66%), central nervous system toxicity 
manifested as severe confusion (9%), cardiac toxicity (9%), and peripheral 
neuropathy (9%). There was no treatment-related mortality. No other grade 3 or 4 
organ toxicities were noted. 

Response rates were evaluated at 3 months after the completion of high-dose 
therapy. All patients who received high-dose therapy in complete remission 
remained in complete remission after completion of high-dose therapy. Of patients 
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Table 2. Chemosensitivity Status Before High-Dose Therapy and Peripheral Blood Stem 
Cell Transplant (PBSCT) and Outcome After PBSCT* 

Overall Survival Event-Free Survival 
Disease Status Before PBSCT at2y,% at 2 y, % 

Complete remission 29 ±17 13 ± 12 
Partial remission 60 ± 15 33 ± 14 
Bone-only disease 71 ± 16 22 ± 14 

*Data are mean ± SE. 

treated in a partial remission, none were converted to a complete remission, 25% 
had a further response, 33% had stable disease, and 42% progressed. Of patients 
with bone-only disease, 36% had a further response, 55% had stable disease, and 
9% progressed. Overall survival at 24 months was 56% ± 10% (mean ± SE); event-
free survival at 24 months was 24% ± 8%. Overall and event-free survival rates 
based on chemosensitivity before high-dose therapy are illustrated in Table 2. 
Figures 1 and 2 illustrate the Kaplan-Meier survival curves for overall and event-
free survival for all patients. Figures 3 and 4 represent Kaplan-Meier survival 
curves for overall and event-free survival for all patients according to chemosensi
tivity before high-dose therapy. As can be seen, there was no difference in overall 
survival (P=.52) or event-free survival (/>=.38) among any of the groups studied 

18 24 30 

Months After Transplant 

Figure 1. Overall survival for all patients. 
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(complete responders before transplant, partial responders before transplant, and 
patients with bone-only disease). 

DISCUSSION 

This study defines a novel high-dose regimen for the treatment of breast cancer 
that employs chemotherapeutic agents with specific activity for breast cancer in 
standard doses. We demonstrate that TNT is active in patients with chemosensitive 
metastatic breast cancer and that the treatment-related toxicities of the regimen are 
tolerable. 

Although the patients in this study were defined as chemosensitive, it must be 
noted that a minority of the patients with évaluable disease were responsive to first-
line therapy with anthracyclines (25%). The majority of patients (75%) in this trial 
with évaluable disease were sensitive to second-line therapy with taxanes. Thus, 
this group of patients represents a group of more heavily pretreated patients than 
the majority of those enrolled in published randomized clinical trials that compare 
standard-dose therapy to high-dose therapy with stem cell rescue. Therefore, 
comparison of this regimen with other published high-dose regimens is problematic. 
Additionally, a minority of patients in this trial (28%) were transplanted in complete 
remission, another factor known to positively influence the outcome of patients 
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18 24 30 

Months After Transplant 

Figure 3. Overall survival for all patients based on chemosensitivity before high-dose 
therapy. CR, complete remission; PR, partial remission. 

CR (n=9) 
PR (n=12) 
Bone Only (n=11)1 

12 18 24 30 

Months After Transplant 

36 42 48 

Figure 4. Event-free survival for all patients based on chemosensitivity before high-dose 
therapy. CR, complete remission; PR, partial remission. 
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undergoing high-dose therapy in several trials.7 There are no clinically significant 
differences in outcome based on disease status before transplant among the patients 
treated in this trial, due in large part to the limited number of patients enrolled. 

Treatment-related toxicities are tolerable with this regimen. Hematologic 
toxicity is comparable to that seen with other high-dose therapy regimens used in 
the treatment of breast cancer. Mucositis and enteritis currently limit the utility of 
this regimen in the outpatient setting, and further attempts to decrease these side 
effects are needed to improve the acceptance of this regimen in the high-dose 
setting. 

Clinical outcomes for patients with metastatic breast cancer remain 
disappointing. Although the number of therapeutic agents with activity against 
breast cancer continues to increase, data continue to suggest that few patients enjoy 
long-term responses to any of the currently available agents. The patients treated 
on this trial are typical of patients that present with metastatic breast cancer 
following adjuvant therapy, failing adjuvant anthracyclines but responsive to 
salvage therapy with taxanes. Thus, prolonged progression-free survival in this 
group of patients is encouraging. Ultimately, high-dose therapy and autologous 
stem cell transplant represents a viable strategy to decrease overall tumor burden, 
with a long-term goal of employing agents aimed at the eradication of minimal 
residual disease, such as immunotherapies and other biological response modifiers. 
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ABSTRACT 

Neoadjuvant chemotherapy with anthracycline-containing regimens is often 
used in breast cancer to reduce the primary tumor and allow breast conservation. Not 
achieving a complete remission is associated with worse prognosis, especially when 
several lymph nodes are involved. No information has been reported on the best way 
to treat this unfavorable subgroup of patients. Their poor prognosis may justify 
multiple high-dose chemotherapy (HDCT) with peripheral blood stem cell (PBSC) 
support as adjuvant treatment after surgery to overcome tumor cell resistance. 

The purpose of this study was to assess the feasibility and efficacy of multiple 
high-dose ICE (ifosfamide, carboplatin, and etoposide) chemotherapy in patients 
who received an anthracycline-containing regimen as neoadjuvant therapy and who 
still had a large tumor burden at surgery. 

Forty-three patients were considered eligible. Median age was 44 years (range, 
26-60 years). All patients received a median of 4 cycles of anthracycline-
containing chemotherapy as preoperative treatment because of tumor size. Thirty-
two patients (74%) underwent total mastectomy because of insufficient clinical 
response, whereas 9 (21%) had some clinical reduction to allow breast conser
vation but presented at surgery with >5 axillary lymph nodes involved. 

62 
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All patients, after surgery, received 3 additional cycles of high-dose ICE 
(ifosfamide 10 g/m2, carboplatin 1200 mg/m2, and etoposide 1200 mg/m2 over 
4 days) with subsequent PBSC reinfusion and granulocyte colony-stimulating 
factor (G-CSF) support. 

The most relevant toxicity recorded was febrile neutropenia and gastrointestinal 
toxicity. Mild mucositis and transient liver test function modification occurred in 37% 
and 40% of cases, respectively. One toxic death occurred on day 30 after the third 
transplantation because of acute heart failure likely, due to deep vein thrombosis. 

After a median follow-up of 30 months (range, 6-51 months) from diagnosis, 
27 patients were alive and disease free. Relapse occurred in 16 patients. Seven 
patients died, 6 of their disease and 1 of toxicity. Calculated disease-free survival 
and overall survival rates were 52% (95% confidence interval [CI], 36%-75%) and 
83% (95% CI, 71%-96%) at 40 months, respectively. 

Multiple high-dose ICE cycles with multiple PBSC reinfusions in pretreated 
patients seems safe and feasible. HDCT may play a role in the treatment of patients 
with high-risk breast cancer with dire prognosis . Thus, these results provide justifi
cation for a randomized study in this setting comparing multiple high-dose 
non-anthracycline-containing regimens versus a standard postoperative adjuvant 
program. 

INTRODUCTION 

The use of neoadjuvant chemotherapy has become widely used in stage II—III 
breast cancer patients.1-4 The aim of such a treatment modality is to reduce tumor 
size, allowing a more conservative surgery and anticipating a systemic treatment 
achieving an earlier eradication of micrometastases. In 1998, Fisher et al.5 

published the clinical results of a randomized trial comparing adjuvant 
chemotherapy with the same treatment administered before surgery 
(neoadjuvant) in patients with operable breast cancer. One of the most relevant 
conclusions of this study was that in patients treated with neoadjuvant 
chemotherapy, response to therapy correlated with outcome, and such responses 
were independent from other biological baseline characteristics. Thus, clinical 
response to neoadjuvant chemotherapy may be considered an additive 
independent prognostic factor: chemoresistant tumor cells may be suggestive of 
tumor persistence and subsequent relapse.6-8 The use of non-cross-resistant 
drugs, possibly at the maximum dosage allowed, might overcome such chemore-
sistance and improve clinical outcome.9-12 

The high-dose ICE regimen has already been used in metastatic breast cancer 
patients, with good clinical activity13-15; in addition, the repeated submyeloablative 
HDCT seems to achieve similar results to those achieved with a single chemo
therapy course, without additional toxicity. 



64 Chapter 2: Breast Cancer 

The aim of this phase 2 study was to verify the feasibility and the clinical results 
of multiple transplants using a non-cross-resistant, submyeloablative chemo
therapy in high-risk breast cancer patients who did not respond to a neoadjuvant 
anthracycline-containing regimen and who still need further chemotherapy because 
of important tumor persistence after surgery. 

MATERIALS AND METHODS 

Patients aged >18 and <65 years with a good Karnofsky performance status 
(>60%), all with histologically/cytologically proven invasive breast cancer not 
suitable for conservative surgery, were considered for the study. All had to have 
normal renal and liver function, a cardiac ejection fraction >50%, white blood cell 
count (WBC) >3.500X109/L, platelet count >100,000X109/L, and hemoglobin 
>10 g/dL before starting treatment. 

An anthracycline-containing regimen as primary chemotherapy was planned for 
all patients. Patients were clinically reevaluated after 2 and 4 cycles. Those patients 
with a clinical response continued chemotherapy for a maximum of 6 cycles, 
whereas patients showing no change or tumor progression immediately underwent 
surgery. After surgery, 3 additional cycles of high-dose ICE were considered for 
those patients who presented with a pathological tumor size >2 cm and/or >5 
axillary lymph nodes involved. Thus, 43 patients were considered eligible for the 
program (Table 1). 

Human immunodeficiency virus (HIV) positivity and severe chronic disease 
constituted exclusion criteria. Clinical examination, chest X-ray, abdominal 
ultrasound, bone scintigraphy, blood count, and blood chemistry were performed 
before conventional chemotherapy and immediately repeated before starting 
HDCT. Clinical examination, blood count, and blood chemistry evaluations were 
performed before and after each cycle of HDCT. Cardiac function was evaluated 
before each cycle by echocardiography and every year thereafter. 

Follow-up was performed every 3 months during the first 2 years by clinical 
examination, blood count, and blood chemistry evaluation. Chest X-ray and 
abdominal echography were performed every 6 months. Bone scintigraphy was 
performed as clinically indicated. 

CD34+ cells were mobilized using G-CSF alone (5 //g/kg twice per day) for at 
least 5 days. Apheresis was performed when the CD34+ cell count was 20ljiL. 
From day -5 to day -2, patients received carboplatin 300 mg/m2, etoposide (VP-
16) 300 mg/m2, ifosfamide 2500 mg/m2 daily every 28 days. A median of 
2.1 X 106/kg PBSCs were reinfused on day 0. G-CSF was given at the daily dose of 
5 #g/kg from day 5 until hematologic recovery (WBC >10,000/mm3 for 1 day or 
>l,000/mm3 neutrophils for 3 consecutive days). 



Martinelli et al. 65 

Table 1. Patient Characteristics* 

Patients, n 43 
Median age, y (range) 44 (26-60) 
Menopausal status 

Premenopause 31 
Postmenopause 12 

Clinical stage 
First or second therapy 15 
Third or fourth therapy 25 
Transplant 3 

Positive axillary lymph nodes 
0 10 
1 26 
2 2 
Unknown 5 

Median number of neoadjuvant chemotherapy cycles (range) 4 (2-6) 
Chemotherapy schedule 

AC/EC 16 
FAC/FEC 9 
Epirubicin/adriamycin 10 
Epirubicin and taxanes 6 
Other 2 

Surgery 
Mastectomy 32 
Lumpectomy 9 
Bilateral surgery 2 

Pathological stage 
IIA 8 
LIB 16 
III A 13 
IIIB 3 
TxNl 2 
Tis Nl 1 
Bilateral invasive tumor 1 
Median number of positive axillary lymph nodes involved (range) 15 (3-59) 

Receptor status (after surgery) 
ER+/PR+ 19 
ER+/PR" 12 
ER-/PR- 9 
ER/PR+ 3 

*ER, estrogen receptor; FAC, fluorouracil, adriamycin, cyclophosphamide; FEC, fluo-
rouracil, epirubicin, cyclophosphamide; PR, progesterone receptor. 
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Table 2. Hematologic Toxicity* 
Cycle 1 Cycle 2 Cycle 3 

White blood cell and platelet rescue 
Time to WBC >1000/mm3, d 10 (8-12) 11 (9-11) 11 (8-14) 
Time to platelets >10,000/mm3, d 10 (7-12) 11 (0-14) 11(8-21) 

Transfusional support 
Number of red blood cell transfusions 2(0-6) 2(0-6) 2 (0-16) 
Number of platelet transfusions 1(0-8) 1(0-4) 1(0-5) 

*Data are median (range). WBC, white blood cell count. 

During aplasia, patients received prophylactic therapy with ciprofloxacin 
500 mg twice per day, fluconazole 100 mg daily, and acyclovir 200 mg 3 times per 
day. Tamoxifen 20 mg daily started 1 month after the final cycle of chemotherapy 
and continued for 5 years or until relapse. 

Disease-free survival (DFS) and overall survival (OS) were calculated 
according to Kaplan-Meier product-limit survival functions. The progression-free 
survival time is defined as the time from surgery to progression, and the overall 
survival time as the time from diagnosis to death. 

RESULTS 

Forty-three patients were fully évaluable. Toxicity was assessed according 
to National Cancer Institute of Canada Clinical Trials Group (NCIC-CTG) 

Table 3. Nonhematologic Toxicity According to National Cancer Institute of Canada 
Clinical Trials Group Criteria* 

Grade 1-2 Grade 3-4 

Nausea/vomiting 66 1 
Diarrhea 15 1 
Mucositis 36 0 
Constipation 19 0 
Abdominal pain 24 1 
Renal (creatinine) 2 0 
Hepatic (enzymes) 40 1 
Hypotension 19 1 
Metabolic (hypocalemia) 33 1 
Fever of unknown origin — 39 
Infection 0 1 

*Data are %. 
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criteria. Median number of hospital inpatient days was 19 (range, 16-27), 17 
(range, 11-27), and 17 (range, 14-46) for the first, second, and third cycle, 
respectively. 

The median number of days to achieve >1000/mm3 WBC was 11; for 
>10,000/mm3 platelets, it was 11. No differences were observed on subsequent 
cycles. Patients received a median of 2 packed red blood cell infusions and 1 
platelet concentrate infusion for each cycle (Table 2). 

Main nonhematologic toxicity is shown in Table 3. Febrile neutropenia 
occurred in 48% of cases, all treated with empiric systemic antibiotic therapy with 
complete resolution. Eight episodes of documented clinical infections were 
successfully treated with specific antimicrobial therapy. During the third cycle, 1 
patient developed a severe Candida albicans sepsis, with gastrointestinal and 
pulmonary involvement requiring intensive care from day 8; the patient was 
discharged on day 38. Transient increases in liver enzymes were observed in 40% 
of cases, most likely because of chemotherapy and dimethylsulfoxide (DMSO) 
reinfusion. Mucositis was generally mild, and no patient required total parenteral 
nutrition. Severe nausea/vomiting was observed in <1% of cases. 

At a median follow-up of 30 months (range, 6-51 months) from diagnosis, 27 
patients were alive and disease free. Relapse occurred in 16 patients; 3 patients had 
locoregional relapse, and 13 developed metastatic disease. Death occurred in 7 
patients, 6 of their disease; 1 patient died on day 30 after the third transplantation 
because of acute heart failure, probably related to deep vein thrombosis. 

Calculated DFS and OS rates were 52% (95% CI, 36%-75%) and 83% (95% 
CI, 71%-96%), respectively, at 40 months (Figure 1). 

DISCUSSION 

Neoadjuvant chemotherapy regimens may induce only a 10%—15% 
pathological complete remission rate. Thus, the majority of patients present at 
surgery with tumor persistence and axillary lymph node involvement. The 
prognosis for this subgroup is very poor, and ~80% may relapse within 2 
years.5'16-18 For this reason, pathological complete response to primary chemo
therapy is considered the most favorable prognostic factor, independent of other 
tumor characteristics. Primary or induced resistance may lead to tumor cell 
persistence after primary chemotherapy and explain subsequent relapse. 

The treatment of choice for these patients remains unclear. Our study suggests 
the possible role of triple HDCT with PBSC rescue for those patients who need 
further therapy after neoadjuvant chemotherapy and surgery. It is difficult to 
compare the OS and DFS (83% and 52%, respectively) observed in our study with 
the data from the literature, because of a lack of clinical studies on patients with 
similar characteristics. 



68 Chapter 2: Breast Cancer 

1 '°-

0. 

1 
to 

I I I I I 1-

disease free survival 
overall survival 

10 
1  

20 

Time (months) 

-•-•+-»-+ h-+ 

— r~ 
30 40 

Figure 1. Calculated disease-free survival (DFS) and overall survival (OS) of 52% (95% 
confidence interval, 36%-75%) and 83% (95% confidence interval, 71%--96%) at 40months, 
respectively. 

The addition of conventional chemotherapy seems ineffective in overcoming 
chemoresistances, which are probably the cause of tumor persistence after anthra-
cycline-containing treatments.19 Other drugs such as taxanes may be an alternative 
option because of demonstrated clinical activity after the failure of anthracycline-
containing regimens. However, despite high response rates, their efficacy in 
improving overall survival remains ill-defined; their use in the adjuvant setting is 
under investigation.20-22 

The role of HDCT in the adjuvant setting is also unclear. Conflicting results have 
been reported.23'24 Two published studies failed to demonstrated a clear benefit,25,26 

whereas preliminary results of another trial seem to indicate a possible improvement in 
DFS for patients who present with poor prognostic factors.27 In addition, multiple 
HDCT may represent a new strategy for high-risk breast cancer patients,28 and this 
interesting modality is actually under investigation in the adjuvant setting.2930 

In conclusion, the results of our study with multiple high-dose ICE chemo
therapy and the relatively low toxicity observed in our patients indicate that this 
approach is suitable for patients who did not reach a pathological complete 
remission after neoadjuvant chemotherapy. The magnitude of the benefit from this 
treatment will be determined by randomized trials. 
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High-Dose Chemotherapy in Breast Cancer: 

Current Status of Ongoing German Trials 
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BACKGROUND 

Early trials of high-dose chemotherapy followed by autologous bone marrow 
transplantation suggested that this approach might have a major impact on the 
course of disease in breast cancer patients.1 Despite the expansion of high-dose 
chemotherapy (HDCT) to breast cancer, few randomized studies comparing high-
dose chemotherapy with standard chemotherapy have been performed to date. Two 
small randomized studies, with 81 and 78 patients, have been performed by M.D. 
Anderson2 and by a Dutch group.3 Neither trial observed a difference in overall or 
disease-free survival between high-dose and standard-dose chemotherapy. 
However, due to the small number of patients included, the statistical power of 
these studies was relatively low. At the American Society of Clinical Oncology 
(ASCO) meeting in 1999, 3 further studies were presented. One trial by Bezwoda 
from South Africa has been excluded because of severe irregularities. 

In the Scandinavian trial, patients received either high-dose chemotherapy or 
accelerated-dose (tailored) anthracyline-containing standard chemotherapy (Table 1). 
This trial failed to show a survival benefit for high-dose chemotherapy, but patients 
in the standard arm did not receive a truly standard protocol—they received higher 
cumulative doses of alkylating agents and suffered a higher incidence of secondary 
leukemia.4 In the Intergroup trial, high-risk stage II/III patients received FAC 
(fluorouracil, adriamycin, and cyclophosphamide) followed by HDCT (STAMP-1) 
or a intermediate dose of cyclophosphamide, carmustine, and cisplatin. After a 
short follow-up of 37 months, no difference in overall survival was observed, but 
the event-free survival was 68% in the HDCT group and 64% in the control arm. 
The higher relapse rate of the standard arm was counterbalanced by the high 
mortality (7%) of the high-dose regimen, probably due to BCNU-induced 
pulmonary toxicity.5 A third Dutch study presented at the ASCO meeting in 2000 
included >800 patients (with >4 involved lymph nodes), and an interim analysis of 
the first 284 was presented.6 In this trial, after 4 cycles of FEC (fluorouracil, 
epirubicin, and cyclophosphamide) induction chemotherapy, patients were 
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randomized to receive another FEC cycle or HDCT (STAMP V [cyclophos
phamide, thiotepa, and carboplatin]) followed by autologous stem cell support. At 
3 years, event-free survival was 77% in HDCT and 62% in the control group 
(P=.009). The overall survival showed a 10% difference in favor of HDCT. The 
final analysis of all 885 patients will be presented in 2002. 

In metastatic disease, a study from South Africa showed a survival benefit for 
HDCT, 7 whereas in a small French study, HDCT was superior only in terms of time 
to progression compared with standard therapy (Table 2).8 The Philadelphia 
Intergroup reported no difference in overall survival between patients with 
complete remission (CR)/partial remission (PR) after induction chemotherapy 
followed by 1 cycle of HDCT (STAMP V) and those patients with PR/CR after 
induction chemotherapy followed by up to 24 cycles CMF conventional therapy.9 

There is still a need for longer follow-up and further studies to determine the true 
value of high-dose chemotherapy in breast cancer. Here we report on current 
German activities in randomized HDCT studies for breast cancer patients (Table 3). 

GERMAN ADJUVANT HIGH-DOSE CHEMOTHERAPY TRIAL 

Currently, there are 2 large ongoing trials investigating the role of high-dose 
chemotherapy in adjuvant high-risk breast cancer (>9 involved lymph nodes). The 
trial of the German Adjuvant Breast Cancer Study Group (GABG-4/EH93) 
compares induction consisting of 4 cycles epirubicin (90 mg/m2) and cyclophos
phamide (600 mg/m2) then HDCT (CTM: cyclophosphamide 6000 mg/m2, thiotepa 
600 mg/m2, and mitoxantrone 40 mg/m2) followed by peripheral blood stem cell 
support with 3 cycles of standard-dose of CMF (cyclophosphamide, methotrexate, 
and fluorouracil). Blood stem cells are mobilized with granulocyte colony-
stimulating factor.10 The CTM high-dose protocol has been shown to be an 

Table 1. Randomized High-Dose Chemotherapy Adjuvant Studies in Breast Cancer* 

Study Reference n 
TRM, % 3-y EFS, % 3-y OS, % 

Study Reference n HDCT Standard HDCT Standard HDCT Standard 
CALGB 4 783 1A 0 71 64 79 79 
Scandinavian 4 525 0.7 0 68 62 79 76 
Dutch I 3 81 0 0 70 65 82 75 
Dutch II 6 284 1 0 77 62t 89 79+ 
M.D. Anderson 2 78 2.5 0 48 55 60 68 

*CALGB, Cancer and Leukemia Group B; EFS, event-free survival; HDCT, high-dose 
chemotherapy; OS, overall survival; TRM, treatment-related mortality. ^Statistically sig
nificant difference. 
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Table 2. Randomized High-Dose Chemotherapy Studies in Metastatic Breast Cancer* 

Study Reference n 
TRM, % 3-y EFS, % 3-y OS, % 

Study Reference n HDCT Standard HDCT Standard HDCT Standard 

Philadelphia 9 184 1 0 6 12 32 38 
South Africa 1 90 0 0 18 4t 18 4t 
French 8 61 0 0 49 21 55 28 

*EFS, event-free survival; HDCT, high-dose chemotherapy; OS, overall survival; TRM, 
treatment-related mortality. fStatistically significant difference. 

effective conditioning regimen with less toxicity.11 Up to the summer of 2000, 310 
patients had been randomized, with an expected accrual of 320 patients. The study 
was to be closed in the autumn of 2000, and the first results will be presented in 
mid-2001. An interim analysis showed a manageable toxicity and a treatment-
related mortality of <2%.12 The impact of tumor cell contamination of the bone 
marrow and the apheresis product will be presented at the final analysis.13 Further 
purging strategies are focusing on immunological elimination of tumor cells from 
leukapheresis products with bispecific monoclonal antibodies. 

A second study from the Westdeutsche Study Group (WSG) enrolls patients 
with >10 involved lymph nodes. After 2 cycles of dose-intensified epirubicin 
(90 mg/m2) and cyclophosphamide (600 mg/m2) with a 14-day interval, patients 
were randomized to 2 cycles of high-dose chemotherapy consisting of epirubicin 
(90 mg/m2), cyclophosphamide (3000 mg/m2), and thiotepa (440 mg/m2) or to 
standard therapy consisting of 4 cycles of epirubicin/cyclophosphamide followed 
by 3 cycles of CMF. To date, 335 patients are randomized, and an accrual of 400 
was expected at the end of 2000. No treatment-related mortality has been observed 
in this study. 

GERMAN HIGH-DOSE CHEMOTHERAPY TRIAL 
IN METASTATIC BREAST CANCER 

To investigate the question whether 2 cycles of HDCT are better than 1, the 
Hamburg group (GABG) and WSG conducted a randomized trial for patients with 
metastatic breast cancer and PR or CR after 6 cycles of induction chemotherapy. 
These patients will be randomized to either 1 or 2 cycles of HDCT according the 
STAMP V protocol. Two hundred patients have been randomized, with an 
expected accrual of 320. A second study by the GEBDIS (German Breast Cancer 
Dose Intensity Study) randomizes patients with metastatic breast cancer after 
3 cycles of induction chemotherapy to tandem HDCT (ICE [ifosfamide, 
carboplatin, and etoposide] and cyclophosphamide/thiotepa) or 3 further cycles of 
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Table 3. Ongoing German Adjuvant High-Dose Chemotherapy Trials in Breast Cancer* 
Study Patients Needed Induction Randomization Results 
GABG-4/EH93 310t 320 4X EC HDCT(CTM) vs. 3X CMF 2001 
WSG 335f 400 2X EC 2X HDCT (ECT) vs. 2001 

4X EC^3X CMF 
Hamburg/WSG 180$ 320 Max. 6X 1X HDCT (STAMP V) vs. 2002 

standard 2X HDCT (STAMP V) 
GEBDIS 160$ 320 3X ADM/ 2X HDCT (ICE + 2002 

docetaxel cyclophosphamide/thiotepa) 
vs. 3X ADM/docetaxel 

Berlin 79$ 400 None 2X HDCT (CNV) vs. 2001§ 
6X ADM/docetaxel  

*ADM, adriamycin; CMF, cyclophosphamide, methotrexate, fluorouracil; CNV, cyclophos
phamide, mitoxantrone, vincristine; CTM, cyclophosphamide, thiotepa, mitoxantrone; EC, 
epirubicin, cyclophosphamide; ECT, cisplatin, epirubicin, raltitrexed; GABG-4, German 
Adjuvant Breast Cancer Study Group; GEBDIS, German Breast Cancer Dose Intensity 
Study; HDCT, high-dose chemotherapy; ICE, ifosfamide, carboplatin, etoposide; STAMP 
V, cyclophosphamide, thiotepa, and carboplatin; WSG, Westdeutsche Study Group. 
fEnrolled; ^randomized; §interim. 

standard chemotherapy consisting of adriamycin and docetaxel. One hundred sixty 
patients have been randomized, and 320 are planned.14 Two treatment-related 
deaths were observed (<2%). A third study from Berlin compares up-front tandem 
high-dose chemotherapy (CNV [cyclophosphamide, mitoxantrone, and 
vincristine]) according to the Bezwoda scheme with 6 cycles of standard 
chemotherapy consisting of adriamycin and paclitaxel. Seventy-nine of planned 
400 patients have been randomized. 

Despite the decreasing accrual of patients since the 1999 ASCO meeting, the 
German randomized trial will be completed within the next year and should help 
address the question of the true value of high-dose chemotherapy in breast cancer. 
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INTRODUCTION 

The prognosis of metastatic breast cancer with conventional chemotherapy is 
poor; median survival of 19 months and <5% 5-year survival have been reported.12 

The use of higher doses of chemotherapy has increased response rates; survival, 
however, has hardly been influenced.3 Since the mid-1980s, several intensive-dose 
chemotherapy protocols with hematopoietic stem cell rescue have been initiated; 
5-year disease-free survival rates of 20% were reported, whereas the median 
survival did not change significantly.4 In those series, the relapse rate was up to 
80%, with the majority of relapses occurring within 2 years after high-dose therapy. 
We initiated, 7 years ago, a program in metastatic disease of aggressive standard-
dose chemotherapy of 3 different non-cross-resistant chemotherapy protocols 
followed by intensive chemotherapy consisting of 3 different protocols over a 
period of 2 years. The results of 100 patients are presented. 

MATERIALS AND METHODS 

Informed consent of Institutional Review Board-approved protocols was 
obtained. One hundred patients with metastatic breast cancer were treated with 
standard-dose chemotherapy consisting of 3 consecutive non-cross-resistant 
protocols: 3 to 6 courses of CAVe (cyclophosphamide, adriamycin, and VP-16), 3 to 
6 courses of adriamycin/vinblastine (Velban), and 2 to 4 courses of FuMEP 
(fluorouracil, mitomycin, VP-16, and cisplatin [Platinol]) with a median duration of 
12 months. After that, 2 schémas of treatment were used. Schema A consisted of a 
2-year intensive program with CVP (cyclophosphamide [Cytoxan] 2 g/m2, VP-16 
600 mg/m2, and cisplatin 90 mg/m2) alternated with TIP (paclitaxel [Taxol] 
300 mg/m2, ifosfamide 7.5 g/m2, and cisplatin 90 mg/m2) with a 5-week interval 
between the first 2 courses, followed by a 2- to 3-month interval for 2 years. The last 
course was followed by MTB (mitoxantrone 30 mg/m2, thiotepa 300 mg/m2, and 
BCNU 300 mg/m2) with bone marrow support. Later, schema B was initiated and 
consisted of 1 course of CVP and TIP followed by 1 course of MTB with peripheral 
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blood stem cell support; the interval between courses was 5-6 weeks. After that, a 
2-year maintenance chemotherapy program was used consisting of standard-dose 
chemotherapy. The interval between courses was 6-8 weeks. In schema A, bone 
marrow support was used at the end of the program because hematopoietic recovery 
was relatively slow and often incomplete. In contrast, with the availability of 
mobilized peripheral blood cells, after which hematopoietic recovery was fast and 
complete, patients could tolerate further chemotherapy; therefore, the MTB protocol 
was used earlier and followed by maintenance chemotherapy. Because the number 
of patients is small, results of schemas A and B are combined. The program is done 
on an outpatient basis; when the white blood cell count (WBC) was <2000/mm3, 
prophylactic intravenous antibiotics were started and continued until the count was 
>2000/mm3. Less than 10% of the courses were complicated by infections necessi
tating hospital admission. Collection of bone marrow and peripheral blood stem 
cells, storage of cells, and infusion of cells have been reported elsewhere.5,67 The 
total treatment program of stage IV breast cancer has been documented in Table 1. 

Responses were measured by progression-free survival estimates. Also, overall 
survival was determined as response to treatment, because progression of disease 
was determined as early as possible by using the cytokeratin assay measuring small 
numbers of breast cancer cells in the marrow and peripheral blood8 as well as by 
changes in tumor markers in the serum without radiographic changes. 

RESULTS 

Patients were divided into 3 groups according to tumor load and response to 
aggressive standard-dose chemotherapy, as outlined in Table 2. 

Patients in category A respond to chemotherapy with minimal residual disease, 
category B patients respond to chemotherapy but still have measurable disease 
after treatment, and category C patients have progression of disease during and 
after standard-dose chemotherapy. Progression-free survival (PFS) of 21 patients in 
category A is shown in Figure 1. The median PFS is 34 months; 10 of 21 patients 
relapsed; the overall survival of these 10 patients is shown in Figure 2. It appears 
that their survival is not different from the overall survival of the entire category A 
patient population, 90%, with a median follow-up of 3 years (Figure 3). This is in 
contrast to the survival rate of the category B population (Figure 4): a median 

Table 1. Total Treatment Program of Stage IV Breast Cancer in Arlington Cancer Center 

• Multiple doses of 2 or more aggressive, non-cross-resistant, normal-dose regimens 
• Involved-field radiation and/or surgery 
• High-dose therapy 
« Posttransplant therapy for 2 years  
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Table 2. Stage IV Patient Groups According to Tumor Load and Response to Aggressive 
Standard-Dose Chemotherapy 
Category Patients 

A Minimal residual disease 
B Chemotherapy-responsive but with measurable residual disease 
C Progression of disease after aggressive standard-dose chemotherapy 

survival of 30 months. Thirteen of the 36 patients in category B are alive, of whom 
5 are alive >5 years. The survival results of category A, B, and C patients have been 
plotted in Figure 5. Note the difference in survival, the longest in category A and 
the shortest in category C, with a median survival of 12 months. 

DISCUSSION 

It is clear from the results that patients with disease completely responding to 
standard-dose chemotherapy do better than patients with a partial response and those 
with progression of disease. This is consistent with results and the concept published by 
Philip et al.9 The overall survival of the 100 patients is 42 months, which is superior to 
the median survival of 19 months of metastatic breast cancer patients in the Cancer and 
Leukemia Group B (CALGB) study as published by Mick et al.2 Patient selection 
cannot be excluded as a factor and may account for the favorable results. Our program 
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Figure 1. Stage IV breast cancer, category A. FU, follow-up; PFS, progression-free 
survival. 
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Figure 2. Stage IV breast cancer, category A. Overall survival of relapsed patients. FU, 
follow-up. 

is totally outpatient based and therefore patient-friendly and cost-effective. The 
frequency of infectious episodes that necessitate hospitalization is <10%. The program 
with 3 courses of high-dose followed by maintenance (schema B) is more patient-
friendly than schema A, in which intensive chemotherapy regimens, CVP and TIP, are 
alternated for 2 years. The maintenance program does not interfere with day-to-day life, 
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Figure 3. Stage IV Breast Cancer, category A. Overall survival. FU, follow-up. 
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Figure 4. Stage IV breast cancer, category B. Overall survival. FU, follow-up. 

which is not the case in schema A; the CVP and TIP protocols are aggressive, cause 
severe neutropenia, and tie the patients to Arlington for 3-week periods. The difference 
in hematopoietic recovery between bone marrow and peripheral blood stem cells is 
striking: 2-3 times more stem cells could be harvested from the peripheral blood; not 
only was hematopoietic recovery hastened, but also the recovery was complete in that 
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Figure 5. Stage IV breast cancer, categories (Cat) A, B, and C. Difference in survival after 
high-dose therapy. 
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WBCs as well as platelet counts normalized. These patients tolerated maintenance 
chemotherapy very well, without major neutropenia or thrombocytopenia. 

We have incorporated the use of herceptin in the maintenance program in schema B. 
It is difficult in our treatment design to establish the role of herceptin as a single agent, 
rather than the efficacy of a combination of this drug with single-agent chemotherapy. 

Key to prevention of major progression in patients is treatment of minimal 
disease. This is possible with the help of sensitive detection methods such as the 
cytokeratin assay as well as serological tumor markers. With these methods, small 
numbers of tumor cells can be detected without significant changes on computed 
tomography scans, magnetic resonance imaging, or bone scan. 
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The treatment of stage IIB (>9 positive lymph nodes), IHA, and IIIB breast 
cancer with conventional-dose chemotherapy, surgery, and irradiation has resulted 
in a 45% disease-free survival (DFS) at 5 years.1 The reason that 55% of patients 
relapse is most likely the failure to eliminate all of the microscopic tumor burden, 
which may contain drug-resistant clones of breast cancer. Recently, Blumenschein 
et al.2 studied a non-cross-resistant combination of drugs following treatment of 
stage IIB, IIIA, and IIIB breast cancer. After or before mastectomy, the patients 
received 6 courses of a doxorubicin combination, followed by irradiation, and then 
a cyclophosphamide (Cytoxan)/methotrexate/fluorouracil/dexamethasone plus 
cisplatin combination (McCFUD). This resulted in a 62% DFS rate at 7 years.2 The 
late relapses observed provided a reason to initiate a study to add high-dose 
chemotherapy to this treatment regimen. We were encouraged by the 74% 4-year 
DFS rate in poor-prognosis breast cancer published by Peters et al.3 We report here 
the results of 40 patients treated with high-dose chemotherapy in conjunction with 
the Blumenschein treatment regimen. 

METHODS 

Forty patients diagnosed with stage IIB (>9 positive lymph nodes), IIIA, and 
IIIB breast cancer were entered in the study for 1992-1999 as approved by the 
Arlington Cancer Center Institutional Review Board. Patient characteristics are 
depicted in Table 1. 

Generally, stage IIB and IIIA patients were seen after mastectomy and started 
on chemotherapy. Stage IIIB patients were started on chemotherapy and had 
mastectomy after receiving 2 or 3 courses of induction chemotherapy. The initial 
program consisted of CAVe (cyclophosphamide 500 mg/m2 intravenously [IV] on 
day 1, VP-16 80 mg/m2 IV on days 1, 2, and 3, and adriamycin 50 mg/m2 

continuous infusion over 72 hours). After 6 courses of CAVe, the patients received 
radiation therapy to the chest wall and peripheral lymphatics; they then started on 
McCFUD therapy for 3 courses. McCFUD consisted of methotrexate 120 mg/m2, 
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Table 1. Adjuvant Patient Characteristics* 

Number of patients 40 
Median age, y 46 
ER/PR+ 26 (2 unknown) 
Her-2/neu+ 7/20 (20 unknown) 
Tumor status Stage II >10 LN + 

Stage IIIA, IIIB 

*ER, estrogen receptor; LN, lymph node; PR, progesterone receptor. 

decadron 10 mg IV every 6 hours X 8 doses, fluorouracil 1000 mg/m2 IV over 
1 hour 6 hours after methotrexate, cisplatin 60 mg/m2 on day 2, leucovorin 15 mg 
po every 6 hours X 8 doses starting 24 hours after methotrexate, and cyclophos
phamide 300 mg/m2 continuous infusion from day 3 to day 5. After finishing the 
McCFUD protocol, patients started the high-dose (HD) program. This consisted of 
1 course of CVP (cyclophosphamide, VP-16, and cisplatin) followed 5 weeks later 
by a course of TIP (paclitaxel, ifosfamide, and cisplatin) as depicted in Table 2. 

These regimens are dose-intensive, nonmyeloablative, and growth factor-
dependent but not dependent on stem cell support. 

RESULTS 

Figure 1 presents DFS from diagnosis. The projected 5-year DFS is 70%. 
Thirty-one patients are still disease-free, with a median follow-up of 54 months. 
We studied the effect of Her-2/neu positivity on DFS. Of the 20 patients tested, 7 
were positive, whereas 13 were negative (Table 3). It can be noted in Table 3 that 
only 2 patients who were Her-2/neu-negative relapsed, whereas 4 of the 7 positive 
patients relapsed. A Kaplan-Meier survival estimate of Her-2/neu+ and Her-2/neu~ 
patients is depicted in Figure 2. 

Table 2. The High-Dose Program in Adjuvant Bad-Prognosis Breast Cancer 
Level I Intensity 

CVP 
Cyclophosphamide, g/m2 2-3 
VP-16,mg/m2 600-750 
Cisplatin, mg/m2 90 

TIP 
Paclitaxel, mg/m2 300 
Ifosfamide, g/m2 7.5-9 
Cisplatin, mg/m2 90 
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Figure 1. Disease-free survival (DFS). FU, follow-up; pt, patient. 

DISCUSSION 

The addition of HD to the Blumenschein aggressive normal-dose program does 
not increase the 5-year DFS of 70% but may extend the rate to 8 years. Longer-
term follow-up is needed to confirm this statement. The treatment-related mortality 
is 0%, and quality of life is excellent. Long-term side effects were observed in 1 
patient with hemorrhagic cystitis after ifosfamide. 

Our results confirm the data of Peters et al.3 in that patients treated with an 
intermediate high-dose regimen had a 5-year DFS rate similar to that of patients 
treated with stem cell-dependent doses.4 In the study of Peters et al., however, the 
mortality rate in the stem cell-dependent dose arm was 7%, which may account for 
the lack of difference between the 2 arms. The use of stem cells may introduce 
additional malignant cells from the graft into the recipient. The risk of relapse due 
to infused malignant cells is a realistic danger unless sensitive detection tests 
identify the presence of malignant cells in the apheresis product before infusion. 
Such tests have been developed by us and others.5,6 

Table 3. Influence of Her-2/neu on Disease-Free Survival (DFS) (n = 20)* 
Her-2/neu+ Her-2/neu 

n 1 13 
DFS 3 11 
Relapse 4 2 

*The data confirm results of DeAraujo,7 lower DFS rate in Her-2lneu* patients. 
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Figure 2. Survival according to Her-2/neu status. DFS, disease-free survival; pt, patient. 

Overexpression of Her-2/neu is a bad prognostic factor, and Her-2/neu+ patients 
with breast cancer have a shorter DFS after HD and stem cell support, as reported 
by DeAraujo.7 The introduction of Herceptin as part of the overall treatment plan 
is investigated to limit relapses in patients who have Her-2/neu+ disease. 
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ABSTRACT 

The high-dose chemotherapy regimen CTC incorporates cyclophosphamide 
6 g/m2, thiotepa 480 mg/m2, and carboplatin 1600 mg/m2. CTC is related to the 
frequently used CTCb regimen, but contains twice as much carboplatin and is 
administered in short-term infusions over 4 days rather than as a continuous 
infusion. The regimen has been used extensively in the Netherlands, mainly in 
breast cancer and germ cell cancer. 

CTC has been employed in 2 randomized studies of high-dose chemotherapy in 
breast cancer. The first was a randomized phase 2 single-center study in 81 patients 
that did not show a (relapse-free) survival benefit for the high-dose arm. The 
second trial was a randomized phase 3 study in 885 patients with 4 or more axillary 
lymph node metastases. A preliminary analysis of this study revealed a non
significant trend toward improved recurrence-free survival (P=.057) for the high-
dose regimen. A more definitive analysis is expected in 2002. 

INTRODUCTION 

A variety of high-dose chemotherapy regimens have been used in the treatment 
of solid tumors.1 For breast cancer, the STAMP-I and STAMP-V regimens have 
received most attention. The STAMP-I (or CPB) regimen contains cyclophos
phamide, BCNU, and cisplatin. Its use has been described in several key 
publications by Peters and colleagues, including the study showing that a single 
course of STAMP-I may result in long-term disease-free survival in some patients 
with advanced breast cancer2 and the uncontrolled study of high-dose 
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chemotherapy in primary breast cancer with 10 or more positive axillary lymph 
nodes.3 The CPB regimen has also been used in the large American Intergroup 
Study that evaluated the efficacy of high-dose chemotherapy in primary breast 
cancer.4 The preliminary information from this presentation indicates that CPB 
may reduce the relapse rate in high-risk breast cancer but is also associated with a 
significant treatment-related mortality of 7.4%. 

The other type of high-dose chemotherapy regimen that has been used 
frequently in breast cancer is the STAMP-V (or CTCb) regimen,1 containing 
cyclophosphamide 6 g/m2, thiotepa 500 mg/m2, and carboplatin 800 mg/m2. The 
use of the CTCb regimen has been reported in advanced breast cancer in a recently 
published randomized study.5 This so-called Philadelphia trial compared a late 
intensification strategy with CTCb and continued conventional-dose chemotherapy 
with the CMF (cyclophosphamide, methotrexate, and fluorouracil) regimen. No 
advantage for the high-dose regimen over conventional-dose chemotherapy could 
be demonstrated. CTCb has also been used in a randomized study in high-risk 
primary breast cancer.6 In that trial, CTCb was used as a late intensification after 
4 courses of conventional-dose adjuvant chemotherapy with FEC (fluorouracil, 
epirubicin, and cyclophosphamide). Again, the high-dose regimen was randomized 
against continued conventional-dose therapy, this time with multiple courses of 
intensified FEC. The outcome of this study was reported with a median follow-up 
of only 20 months, and there was no indication that CTCb was superior to conven
tional-dose therapy at this early time point. 

THE CTC REGIMEN 

A high-dose chemotherapy regimen that is similar to the CTCb regimen7 has 
been used in 2 Dutch randomized studies in breast cancer. This regimen, called 
CTC, incorporates cyclophosphamide 6 g/m2, thiotepa 480 mg/m2, and carboplatin 
1600 mg/m2. Thus, the carboplatin dose is twice as high as that in the CTCb 
regimen. In addition, the drugs in the CTC regimen are administered as short-term 
(30- to 60-minute) infusions divided over 4 days, whereas the drugs in the CTCb 
regimen are administered as a continuous intravenous infusion over 4 days. 

It is currently uncertain whether the differences between CTC and CTCb are of 
clinical significance. Recent findings suggest, however, that the way in which 
thiotepa and cyclophosphamide are infused may significantly influence the activation 
of the prodrug, cyclophosphamide. Cyclophosphamide itself is inactive, but must be 
metabolized into its active form, 4-hydroxycycIophosphamide, by a cytochrome 
P450 (CYP450) enzyme. 4-Hydroxycyclophosphamide is in equilibrium with its 
tautomeric form aldophosphamide, which rapidly degrades into the alkylating 
metabolite phosphoramide mustard. This activation route of cyclophosphamide is 
effectively inhibited by thiotepa, which blocks the CYP450 enzyme at very low 
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concentrations.8 As a result, a continuous infusion of thiotepa may lead to sustained 
thiotepa concentrations that continuously inhibit the cyclophosphamide-activating 
enzyme. Pharmacokinetic modeling studies using the NONMEM program suggest 
that this may not importantly alter the area under the curve of the 4-hydroxycy-
clophosphamide concentration but does significantly decrease the 4-hydroxycy-
clophosphamide peak concentrations. Whether these changes lead to decreased 
efficacy, decreased toxicity, or both is at this point unclear. 

The CTC regimen has been used extensively as a high-dose regimen in breast 
cancer and in other solid tumors.9-11 Double and even triple administrations of CTC 
have been investigated as well. 1 2 1 3 After second or third courses of CTC, end-
organ toxicity has been observed that does not occur or is exceedingly rare after a 
single administration. These toxicities include hemorrhagic cystitis (despite the 
administration of mesna), veno-occlusive disease, and hemolytic uremic syndrome. 
The frequency of these toxicities is clearly dose dependent, and 3 subsequent 
administrations of CTC in a dose that has been decreased by one third have been 
shown to be both feasible and effective in advanced breast cancer.14 

THE CTC REGIMEN IN RANDOMIZED STUDIES 
OF HIGH-RISK BREAST CANCER 

In 1998, we published the results of a small randomized study of CTC in 
81 patients.15 All patients had received up-front FEC chemotherapy for breast 
tumors with extensive axillary node metastases, and all had undergone surgery. 
The patients were then randomized to receive either a fourth course of FEC 
followed by radiotherapy and tamoxifen or the same treatment followed by high-
dose chemotherapy with CTC and peripheral blood stem cell transplantation 
between the FEC course and the radiotherapy (Figure 1). The CTC regimen was 
well tolerated, and there were no toxic deaths. With a median follow-up of 
49 months (range, 21-76 months), there was no difference in progression-free or 
overall survival between the groups. 

Although clearly negative, it must be kept in mind that this study was small and 
was powered to detect only a 30% difference in relapse-free survival. Thus, a 
smaller but still clinically important advantage for the high-dose regimen could 
easily have been missed. 

The approach developed in the small randomized phase 2 study was 
subsequently used to design a Dutch national study.16 For this trial, patients 
younger than 56 years, who had undergone either a mastectomy or breast 
conserving surgery for stage II or III breast cancer, and who had no distant 
metastases were eligible if they had at least 4 tumor-positive axillary lymph nodes. 
All Dutch university hospitals, the 2 cancer institutes, and 1 large regional hospital 
participated. The study was funded by the Dutch Health Insurers Council (College 
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Figure 1. Study design of the randomized phase 2 study in patients with primary breast can
cer and extensive axillary node metastases.15 CTC, high-dose cyclophosphamide, thiotepa, 
and carboplatin; FECmC, fluorouracil 500 mg/m2, epirubicin 120 mg/m2, and cyclophos
phamide 500 mg/m2 q 3 weeks; G-CSF, granulocyte colony-stimulating factor; PBPC, periph
eral blood progenitor cell; R, randomization. 

voor Zorgverzekeringen). This arrangement precluded crossing over from the 
conventional treatment arm to the high-dose treatment arm: high-dose chemo
therapy was not available outside clinical studies.17 

The study design is depicted in Figure 2. Patients in the conventional treatment 
arm received 5 courses of FEC, underwent radiation therapy, and were started on 
tamoxifen. Patients in the high-dose arm received identical treatment, except that 
the fifth course of FEC was replaced by high-dose chemotherapy with CTC. In 
these patients, the second FEC course was used to mobilize and harvest stem cells. 
For this purpose, granulocyte colony-stimulating factor (G-CSF) (filgrastim) was 
used following the second FEC course as described.9 

A total of 885 patients were randomized between August 1993 and July 1999. 
Preliminary outcome data have been reported at the 2000 American Society of 
Clinical Oncology meeting in New Orleans.16 With a median follow-up of 35 months, 
the 3-year recurrence-free survival (RFS) for the conventional-dose arm was 65%, 
and that for the high-dose arm was 72%. This apparent benefit for high-dose 
chemotherapy was of borderline significance (2-sided P value, .057, log-rank test). 
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Figure 2. Study design of the Dutch national study of high-dose chemotherapy in high-risk 
breast cancer.16 CTC, high-dose cyclophosphamide, thiotepa, and carboplatin; G-CSF, gran
ulocyte colony-stimulating factor; PBPC, peripheral blood progenitor cell; R, randomization; 
RT, radiotherapy; Tx, transplant. 

At the time of the analysis, however, only half of the events required for a statis
tically reliable analysis had taken place. 

A subgroup analysis of the first 284 patients was planned for the year 2000 
at the request of the sponsor of the study. For this part of the study, a significant 
recurrence-free and overall survival benefit was apparent at a median follow-up 
of 53 months. Because the RFS benefit for the whole patient population is not 
statistically significant at this point in time, the results should be interpreted 
with caution.18 

Consequently, these data certainly do not prove the superiority of high-dose 
chemotherapy over conventional therapy. 

DISCUSSION 

At this time it is clearly impossible to know whether high-dose chemotherapy is 
superior to standard-dose chemotherapy in breast cancer. The randomized studies 
that have been reported in primary breast cancer were either severely 
underpowered1519 or have insufficient follow-up to be analyzed reliably.16-18 

The outcome of the Philadelphia study,5 which focused on advanced breast 
cancer, is a special case; because it was relatively large, it has sufficient follow-up 
and was clearly negative. The results of this study should, however, not be overin-
terpreted. Two specific points deserve particular attention: 
1. Patients in the conventional chemotherapy group received a substantially 

higher (!) cumulative dose of chemotherapy than those randomized to the 
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high-dose group. A median of 8 additional courses of CMF were given to 
patients randomized to the conventional arm of the study. For cyclophos
phamide alone, this amounts to 11.2 g/m2, which is almost twice the dose of 
cyclophosphamide in the CTCb regimen. 

2. Patients were randomized at a maximum of 8 weeks after the last dose of 
conventional chemotherapy. Following these 8 weeks, a bone marrow 
harvest and/or stem cell mobilization and harvest had to take place and the 
patients had to be scheduled for high-dose therapy. As a result, patients 
could have had up to 3 months' delay between their last chemotherapy and 
the actual start of the high-dose therapy. This could very well be detrimental 
to the results of high-dose therapy, since regrowth of tumor must have taken 
place in the chemotherapy-free interval. 

These points of criticism certainly do not invalidate the findings of the 
Philadelphia study, which clearly argue against the previously common practice of 
administering CTCb chemotherapy routinely several months after a response to 
conventional chemotherapy. It is, however, conceivable that any benefit of high-
dose therapy could have been missed as a result of the study design. 

CONCLUSION 

In the adjuvant chemotherapy setting, a fairly large number of randomized 
studies, in both the United States and Europe, have recently completed patient 
accrual or will shortly do so, and many of these will have adequate follow-up by 
2002 or 2003. Studies of adjuvant therapy in high-risk breast cancer require many 
years of follow-up before a definitive analysis can be done. Until that time, a case 
can be made to initiate studies that directly compare the efficacy and toxicities of 
the different high-dose regimens. One such study is already in progress in North 
America, in which the CTCb regimen is compared with a high-dose regimen 
incorporating busulfan, melphalan, and thiotepa. Similar comparative studies 
involving the CTC regimen are being considered in the Netherlands. 
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ABSTRACT 

Nontoxic approaches are needed to improve overall survival (OS) and 
progression-free survival (PFS) for patients with stage Hlb/IV breast cancer 
because conventional and high-dose chemotherapy (HDC) with peripheral blood 
stem cell transplant (PBSCT) has reached limiting toxicities. Patients were given 
multiple infusions of anti-CD3 (OKT3)-activated T cells (ATCs), interleukin 
(IL)-2, and granulocyte-macrophage colony-stimulating factor (GM-CSF) after 
PBSCT. ATCs were produced by activating peripheral blood T cells with OKT3 
and IL-2. Phenotyping showed that ATCs were >95% CD3+, with roughly a 50:50 
mix of CD4+ and CD8+ cells after culture. In the phase 1/2 immunotherapy trial 
(PBSCT and combination immunotherapy [IT]), 23 women with stage Illb/IV 
breast cancer were given multiple infusions (3 doses of 1X1010 3 times per week 
for the first 3 weeks and 2X10 1 0 per week for an additional 6 weeks), totaling up 
to 21X1010 ATCs each. They also received low-dose IL-2 (300,000 U/m2 per day) 
between days 1 and 65 and GM-CSF between days 5 and 21 after PBSCT. Twenty 
patients received HDC, and 3 patients received dose-dense sequential chemo
therapy. GM-CSF was given between 5 and 21 days after PBSCT. The patients 
received (1) carboplatin, cyclophosphamide, and thiotepa or (2) paclitaxel (Taxol), 
carboplatin, and cyclophosphamide followed by PBSCT. There were no treatment-
limiting toxicities. OS was 70% and PFS was 50% after 32 months of follow-up in 
23 patients. In a historical control group of 22 patients, OS was 50% and PFS was 
10% at 32 months. The differences between those who received PBSCT and IT and 
those who received PBSCT are nearly significant (2-tailed P=.09 for OS and PFS). 
In summary, the results from this approach are encouraging and warrant further 
investigation. 
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INTRODUCTION 

Breast cancer patients with >4 positive axillary lymph nodes are at high risk for 
local recurrence and metastasis.1 The risk of recurrence correlates with the number 
of positive axillary lymph nodes.2'3 Roughly half of these patients will develop 
metastatic disease within 18 months.4 Although 60%-70% of patients achieve a 
complete remission after PBSCT and 30% of patients survive disease-free off 
therapy with 3-year follow-up,5'6 long-term PFS remains low. Patients with high-
risk metastatic or recurrent breast cancer are incurable using conventional therapies. 
Because conventional and high-dose chemotherapy regimens with PBSCT have 
reached dose-limiting toxicities, nontoxic immunologic approaches are needed to 
provide additional antitumor effect to improve OS and PFS for such patients. 

Binding of anti-CD3 monoclonal antibody (mAb) to the human T-cell receptor 
triggers proliferation, cytokine secretion, and cytotoxicity.7-10 Anti-CD3 ATCs are 
produced by OKT3 stimulation of peripheral blood mononuclear cells (PBMCs) in 
the presence of low-dose IL-2. ATCs can be expanded from PBMCs from normal 
subjects or patients with malignancy and mediate non-major histocompatibility 
complex (MHC)-restricted cytotoxicity.11-21 Preclinical studies show that ATCs 
mediate non-MHC-restricted cytotoxicity to Daudi cells (lymphocyte-activated 
killer [LAK] targets), K562 cells (natural killer [NK] targets), leukemic blasts,22'23 

neuroblastomas,12 and plasma cells in multiple myeloma.24 Cytokines such as 
interferon (IFN)-7, tumor necrosis factor (TNF)-a, or GM-CSF, which may 
enhance antitumor activity, are produced by ATCs. ATCs exhibit both LAK 
cell-like and NK cell-like cytotoxic activity. They serve as vehicles for targeting 
antibodies or gene therapy products.25 

In preclinical models, ATCs reduced MCA-38-LD liver metastases in C57BL/6 
mice more effectively than the same number of activated NK cells.26 Studies of human 
ATCs injected into SCID mice to treat human HT29 carcinoma tumors showed that 
ATCs could prevent deaths due to tumor.27 ATCs infused at the time of syngeneic 
bone marrow transplant increased the survival of mice with syngeneic lymphoma.28 

A clinical trial using ATCs in renal cell carcinoma and multiple myeloma 
patients has been reported in which peripheral blood lymphocytes (PBLs) activated 
with OKT3 were then infused with IL-2.29 The therapy led to lymphocytosis with 
mild and tolerable toxicities, which were likely due to high-dose IL-2 therapy. A 
second study suggested that infusing the T cells during the white blood cell nadir 
after cyclophosphamide, enriching for CD4+ cells, and using IL-2 may be 
important for obtaining clinical responses.30 The phase 1 clinical trial using anti-
CD3-activated CD4+ cells and IL-2 after 300 or 1000 mg/m2 intravenous cyclo
phosphamide showed promise, with the induction of 1 complete response, 2 partial 
responses, and 8 minor responses in patients with advanced cancers and non-
Hodgkin's lymphoma.31 These studies showed that ATCs can provide antitumor or 
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antilymphoma effects. Finally, donor lymphocyte infusions (DLIs) have been 
shown to provide antileukemia effects in patients who have relapsed after 
allogeneic bone marrow transplant for chronic myelogenous leukemia.3233 

This study presents clinical data on women with stage Ulb/TV breast cancer who were 
given IT consisting of ATCs, IL-2, and GM-CSF after PBSCT. We hypothesized that IT 
would provide the maximal antitumor effect when given after HDC and PBSCT. 

METHODS 

Generation and Expansion of ATCs 

ATCs were produced by activating leukapheresis products containing from 1.5 
to 28.0X 109 PBMCs with OKT3 (20 ng/mL) and culturing the PBMCs in 100 U/mL 
of IL-2 for 14 days. ATCs were harvested, washed, and cryopreserved in liquid 
nitrogen. Fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated 
mAbs (Becton Dickinson, San Jose, CA) were used to detect the expression of CD3, 
CD4, CD8, CD45RO/CD3, CD25, CD56, CD3/CD56, and CD16/CD56. Cytokine 
kits from R&D Systems were used to detect IFN-7, TNF-a, and GM-CSF. 

Clinical Protocol 

This study was conducted at St. Luke's Medical Center in Milwaukee, 
Wisconsin, with a protocol that was approved by the US Food and Drug 
Administration and the St. Luke's Medical Center Human Subjects Committee. 
Informed consent was obtained on consent forms approved by the St. Luke's 
Medical Center Human Subjects Committee. The study was conducted between 
April 5, 1996, and February 1, 1999. The eligibility criteria included (1) women 
with histologically documented metastatic adenocarcinoma of the breast; 
(2) measurable or évaluable recurrent metastatic disease (stage Illb or IV) 
documented by radiograph, computed tomography scan, nuclear medicine scan, or 
physical exam; and (3) refractory disease (lack of response to >2 regimens). 

In the phase 1/2 IT clinical trial, 23 women with stage IIIb/IV breast cancer 
were given multiple infusions of ATCs totaling up to 2 1 X 1 0 1 0 ATCs. The 
treatment schema is shown in Figure 1. Three doses of 1 X 1 0 1 0 3 times per week 
were given for the first 3 weeks and 2X101 0 per week were given for an additional 
6 weeks. Low-dose IL-2 (300,000 U/m2 per day) was given between days 1 and 65, 
and GM-CSF (125 /<g/m2 twice a week) was given between days 5 and 21. Twenty 
patients received PBSCT and IT after HDC, and 3 patients who had relapse after 
PBSCT received dose-dense sequential chemotherapy followed by IT. PBSCs were 
collected by leukapheresis after priming with G-CSF (10 ^g/kg) for 5 days. When 
the target number of PBSCs was reached, pheresis was continued to obtain the 



98 Chapter 2: Breast Cancer 

ATC + IL-2 + GM-CSF Infusions after PBSCT 
for Stage 1Mb or Metastatic Breast Cancer 
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Figure 1. Protocol schema. The schema shows the collection of peripheral blood stem cells 
(PBSCs)for transplantation (PBSCT) and mononuclear cells (PBMCs) for activated T-cell 
(ATC) expansions followed by PBSCT, infusions of ATC, interleukin (IL)-2, and granulocyte-
macrophage colony-stimulating factor (GM-CSF). G-CSF, granulocyte colony-stimulating 
factor; SQ, subcutaneously. 

starting number of T cells (10-15 X109). Seven of 20 patients received paclitaxel 
(300-600 mg/m2), cisplatin (55 mg/m2), and cyclophosphamide (1875 mg/m2) as a 
preparative regimen for PBSCT, and 13 of 20 patients received carboplatin 
(200 mg/m2), cyclophosphamide (1500 mg/m2), and thiotepa (125 mg/m2). Three 
patients received a dose-dense sequential regimen of doxorubicin, paclitaxel, and 
cyclophosphamide before PBSCT and IT. 

RESULTS 

Phenotyping showed that ATCs were >95% CD3+, 50% CD4+, 50% CD8+, and 
<5% CD56+ after 2 weeks of ex vivo expansion. No B cells were detected. The 
ATCs from normal subjects produce IFN-7, TNF-a, and GM-CSF. Expansion of 
patient ATCs ranged from 6.29- to 34.5-fold, with the total ATCs harvested 
ranging from 17.6 to 380 billion. 
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Table 1 summarizes the clinical data including the patient's age, stage, presence 
or absence of disease at the time of PBSCT, survival in days after PBSCT, survival 
free of progression after PBSCT, number of ATCs harvested, fold expansion, and 
toxicities related to ATC infusions. All patients were given at least 4X108 G-
CSF-primed peripheral blood mononuclear cells at the time of PBSCT. All patients 
were engrafted, and there were no delays in engraftment. There were no deaths due 
to regimen-related toxicities or dose-limiting toxicities of IT. The patients received 
continuous-infusion IL-2 or daily subcutaneous IL-2 injections. All patients 
finished the IT portion of the protocol. OS was 70% and PFS was 50% after 32 
months of follow-up in 23 patients (Figures 2 and 3). In an historical control group 
of 22 patients who received PBSCT alone, OS was 50% and PFS was 10% at 32 
months. The difference between those who received PBSCT and IT and those who 
received PBSCT alone is nearly significant, with a 2-tailed P value of .09 for OS 
and PFS. 

In vitro immune function tests show that anti-CD3/anti-CD28-costimulated 
proliferative responses could be detected 3 months after PBSCT, whereas anti-
CD3-stimulated proliferative responses remained depressed. Sequentially pheno-
typing for T cells, B cells, and NK cells using monoclonal antibodies directed at 
CD3, CD4, CD8, and CD56 cells was not revealing. Standard 5 I Cr release assays 
were used to measure the cytotoxic ability of ATCs directed at Daudi cells (LAK 
targets) and K562 cells (NK targets) before the infusions and of PBLs from the 
patients during and after ATC infusions. There was no correlation between the 
presence/absence of cytotoxicity or magnitude of cytotoxicity with clinical 
responses in the patients. 

DISCUSSION 

The clinical results using combination IT and PBSCT after HDC or dose-dense 
sequential chemotherapy for metastatic breast cancer are remarkable. Fifteen of 20 
patients in the PBSCT and IT group had measurable disease at the time of 
transplant. Even though most patients had bulky disease, it is encouraging that 
more patients who had measurable disease did not progress immediately after 
PBSCT. It is important to note that the historical controls were transplanted only 
after they had been treated into remission using 4 cycles of cyclophosphamide, 
adriamycin, and fluorouracil (CAF), whereas those who received PBSCT and IT 
did not always enter remission after 4 cycles of CAF. If all things were equal, the 
group that received PBSCT and IT should have been at a much higher risk for 
relapse or progressive disease. The statistical comparisons with the historical 
control group of 22 patients who received PBSCT after Stamp V (cyclophos
phamide, thiotepa, and carboplatin) conditioning showed that improvements in OS 
and PFS in the PBSCT and IT group were better than in the group that received 
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Figure 2. Survival curves. PBSCT+IT shows the overall survival for 23 patients who 
received peripheral blood stem cell transplantation (PBSCT) followed by combination 
immunotherapy (IT) for stage IHb/IV breast cancer; the PBSCT curve shows 22 patients with 
stage IV breast cancer who received PBSCT after Stamp V (cyclophosphamide, thiotepa, and 
carboplatin) conditioning alone. 

PBSCT alone (near statistical significance, P-.09). This was surprising and quite 
encouraging, because the original study was designed to find a 20% improvement 
in OS or PFS in a group of 60 patients with stage Illb or IV disease. The differences 
between the 2 groups occurred despite the fact that the historical control group was 
treated with adjuvant CAF chemotherapy until they achieved a state of minimal 
residual disease before PBSCT. Therefore, if the study group had less disease at the 
time of transplant, the overall survival and progression-free survival data may have 
been better. 

Data from the 3 patients who received PBSCT and IT after dose-dense 
sequential chemotherapy provide useful clinical information, because the patients 
had relapsed after PBSCT following Stamp V conditioning. These 3 patients 
included in the PBSCT and IT group received stem cell support and IT after 
sequential chemotherapy with adriamycin, paclitaxel, and cyclophosphamide 
(Cytoxan) instead of Stamp V. The dose-dense sequential approach was used 
because a second round of HDC was deemed to be excessively toxic for those who 
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Figure 3. Progression-free survival curves. PBSCT+IT shows the progression-free survival 
for 23 patients with stage IllblIV breast cancer who received peripheral blood stem cell trans
plantation (PBSCT) followed by combination immunotherapy (IT); the PBSCT curve repre
sents 22 patients who received PBSCT after Stamp V (cyclophosphamide, thiotepa, and 
carboplatin) conditioning alone. 

had relapsed within a year after PBSCT. All 3 patients had measurable disease at 
the time of transplant, and 2 of the 3 did not progress during the period of 
observation. 

In vitro immune monitoring data show that anti-CD3 (OKT3)-induced prolif
erative responses remain depressed >3 months after PBSCT, and these responses 
could be corrected or partially corrected in anti-CD3/anti-CD28-costimulated 
cultures in a manner similar to that reported earlier in autologous and allogeneic 
bone marrow transplantation (BMT) recipients.34 Sequentially phenotyping for 
T cells, B cells, and NK cells using monoclonal antibodies directed at CD3, CD4, 
CD8, and CD56 cells was not revealing. Nearly all of the patients had inverted 
CD4/CD8 ratios early after PBSCT. The proportions of CD4 and CD8 cells 
gradually normalized over a period of 6-12 months. Because there was no 
correlation between the proportions of CD4 and CD8 subsets or non-MHC-
restricted cytotoxicity directed at Daudi or K562 targets and clinical responses, 
other factors that were not assessed may be responsible for the clinical responses. 

OS and PFS data obtained from this phase 1/2 clinical trial are encouraging. If 
the trend continues and the data can be confirmed in a larger group of patients, this 
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may be the first demonstration that autologous ex vivo expanded ATCs can produce 
a durable antitumor effect when given after autologous PBSCT. Our earlier studies 
using ATCs without the use of HDC or dose-dense sequential chemotherapy were 
not successful in inducing even partial remissions. These results suggest that IT 
immediately after PBSCT or dose-dense sequential chemotherapy may indeed take 
advantage of the minimal tumor burden that exists after HDC or dose-dense 
chemotherapy to provide an antitumor effect. Longer follow-up and a larger cohort 
of patients would help confirm these encouraging findings. 
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ABSTRACT 

The evidence for use of high-dose chemotherapy (HDCT) and autologous stem 
cell transplantation (autoSCT) for breast cancer still remains inconclusive at best. A 
number of randomized prospective controlled phase 3 trials (RCTs) have been either 
published or presented recently or are under way in North America and Europe. It 
will be crucial to complete the RCTs and obtain the data when all studies reach 
mature status. Only then will level I evidence become available to determine the 
efficacy and effectiveness of HDCT and autoSCT in breast cancer.1 Unfortunately, 
level I evidence (using RCTs) has not been a focus for clinical investigations. More 
than 20,000 patients underwent this treatment worldwide, but only 8 phase 3 studies 
(with participation of far fewer than 1000 patients with metastatic breast cancer and 
little more than 1500 patients with high-risk early breast cancer) have been either 
reported or published. A definite answer is still not available. Therefore, it remains 
extremely important that patients with metastatic and high-risk early breast cancer 
participate in RCTs. In Canada, the National Cancer Institute Clinical Trials Group 
started such a study in 1997: NCI-C CTG MA. 16. The objectives of the study are to 
compare overall survival, response rates, toxicity, and quality of life. Women 16 
years of age and older with responding metastatic breast cancer and no prior 
chemotherapy with an Eastern Cooperative Oncology Group (ECOG) performance 
status of 0-2 are eligible for this study, using either standard-dose chemotherapy 
(SDCT) or HDCT with autoSCT. The calculated sample size (300 randomized 
patients) has the power of 80% to detect a difference of 13% at 2 years for overall 
survival. The patients are randomized after 4 cycles of conventional SDCT to 
receive further SDCT at the discretion of the oncologist and patient or 1 cycle of 
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HDCT. The SDCT is either anthracycline based (for patients not exposed to anthra-
cyclines) or a taxane-based combination (for patients who were given anthracyclines 
in the adjuvant setting). High-dose mitoxantrone (70 mg/m2 intravenously [IV]), 
cyclophosphamide (6000 mg/m2 IV), and carboplatin (1600 mg/m2 IV) are used as 
the HDCT protocol. This treatment was delivered in 4 equal doses over 4 days, 
followed by autoSCT infusion. Patients were stratified according to induction 
chemotherapy (ID), response to ID, metastatic distribution, and receptor status. The 
study is continuing accrual. The median overall survival is not yet reached. Only 
after a full analysis with a sufficient number of events (analysis planned for the end 
of 2000), can conclusions regarding differences between arms be drawn. 

INTRODUCTION 

The use of HDCT and autoSCT for breast cancer has steadily increased over the 
last decade. The Autologous Blood and Marrow Transplantation Registry 
(ABMTR) reported >3000 cases in 1996.2 This increase is due to encouraging 
results from a variety of phase 1 and phase 2 studies, one RCT published in 1995,3 

and a number of retrospective and contemporary analyses.4 At the same time, 
mortality due to the treatment steadily decreased from >15% to 2-3%.2 Toxicity 
also decreased, mainly because of the use of peripheral blood (rather than bone 
marrow) as a source of stem cells, the use of modern supportive care including 
hematopoietic growth factors, and better patient selection. A number of phase 3 
studies were initiated in the early and mid-1990s, but accrual was slow because in 
the United States this promising treatment was offered to patients outside of 
clinical trials long before enough evidence became available to support such 
decisions. European and Canadian institutions demanded more evidence1 to justify 
the rather toxic and potentially dangerous treatment. Results from a number of 
phase 3 trials evaluating HDCT and autoSCT for breast cancer have recently 
become available. These results are summarized below. 

Metastatic Breast Cancer 

A study presented by Lotz et al.5 shows a median time to progression of 15.7 
vs. 26.9 months (F=.04). After 2 years, a lower proportion of patients treated with 
HDCT had relapsed compared with those treated with conventional chemotherapy 
(27% vs. 52%). Overall survival was not significantly different between the 
groups; however, a trend for longer median overall survival (16 vs. 36 months) was 
observed with the intensive regimen. These differences are clinically relevant but 
statistically not significant because the sample size is too low (only 61 patients 
accrued into the study, PEGASE 04) to have the power to detect any statistically 
meaningful difference in survival. 
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Stadtmauer et al.6 recently published a study of 199 patients with metastatic 
breast cancer that has enough power to detect a difference of survival of 20% at 2 
years. The median follow-up was reported to be 37 months. This trial did not show 
any benefit of the alkylator-based HDCT over SDCT in terms of event-free (6 vs. 
10 months) or overall (24 vs. 26 months) survival. 

The study published by Bezwoda et al.3 in 1995 clearly demonstrates the 
advantage of mitoxantrone-based HDCT and autoSCT over the standard treatment, 
as used by the South African authors. Both progression-free and overall survival 
were statistically better, with clinically meaningful advantage. Obviously, this 
study has a few flaws, eg, unusual standard treatment that is not being used in 
North America or Europe, a rather small sample size of 45 patients in each arm, 
and tamoxifen intervention more common in the HDCT arm. 

Peters et al.7 presented a randomized prospective study of alkylator-based 
HDCT for patients with metastatic breast cancer at the 1996 American Society of 
Clinical Oncology meeting. Although the study found a statistically significant 
difference in outcome between treatment arms, it did not compare standard 
treatment with HDCT but instead compared immediate vs. delayed HDCT and 
autoSCT after reaching complete remission to AFM (doxorubicin, fluorouracil, and 
methotrexate) nonalkylator induction chemotherapy. Interestingly, delayed HDCT 
(providing a treatment-free interval) resulted in superior survival to high-dose 
consolidation immediately after induction chemotherapy. 

One of the abovementioned studies is positive; one is negative, showing only 
minimal differences in outcomes; one shows a positive trend (with statistically 
significant difference for time to progression) but does not have enough power to 
detect any significant differences; and one does not compare HDCT vs. SDCT. In 
spite of these results, the question regarding the use of HDCT and autoSCT in patients 
with metastatic breast cancer remains unanswered and therefore controversial. The 
National Cancer Institute of Canada Clinical Trials Group designed a study, NCI-C 
CTG MA.16,8 to answer the question of whether consolidation treatment with HDCT 
and autoSCT can improve survival. This treatment is being compared with what 
presently in North America and Europe is considered standard treatment for first-line 
therapy of metastatic breast cancer. The study was initially designed to have a power 
of 80% to detect a difference of 20% in overall survival at 2 years. By June 1999, 
approximately 1 year ahead of time, the fully calculated sample size was reached; 
therefore, it was agreed to increase the sample size by an additional 100 patients. A 
smaller, 13% difference in survival at 2 years could then be detected with a power of 
80%. Currently, no other active study in North America has the potential to scientif
ically solve the question of consolidation treatment with HDCT and autoSCT for 
patients with metastatic breast cancer. The extended NCIC-CTG MA. 16 does have the 
potential to answer this highly important clinical question. 
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HDCT and AutoSCT as Adjuvant Treatment 

Results from 4 different randomized prospective phase 3 studies in patients with 
high-risk stage II breast cancer (usually 1̂0 axillary lymph nodes involved with 
metastatic disease) have been presented or published. 

Peters et al.9 presented data on 783 randomized patients, treated with 4 cycles of 
CAF (cyclophosphamide, doxorubicin, and fluorouracil) followed by 1 cycle of 
CDDP (cisplatin)/cyclophosphamide/BCNU using either high doses and autologous 
stem cell rescue or doses that require only granulocyte colony-stimulating factor 
(G-CSF) support. At 3 years, the differences in event-free and overall survival were 
statistically not different (68% vs. 64% and 78 vs. 80%, respectively). In this patient 
population, clinical studies require a much longer follow-up time. As an example, 
results of studies that eventually proved the effectiveness of HDCT and autoSCT in 
multiple myeloma or non-Hodgkin's lymphoma initially were negative at 2- to 3-year 
follow-up. In the adjuvant setting, many studies in patients with breast cancer often 
have shown positive results only after 5 or more years of observation time. The study 
of Peters et al.7 is too early to deliver final results. Very high incidence of treatment-
related deaths (7.5%) in the high-dose arm were observed in the first year. Recently, 
Peters et al.9 reported an evaluation of the first 341 patients who were followed up 
for at least 3 years. Although a statistically significant difference could not be 
detected, the event-free survival at 3 years identified a difference of 12% in favor of 
the HDCT arm. The number of relapses was 126 in the intermediate-therapy arm vs. 
85 in the HDCT arm.10 

Bergh et al.,11 representing the Scandinavian Breast Cancer Study Group, reported 
on their trial of 525 patients in the same patient population as that of Peters et al. They 
compared directly 3 cycles of FEC (fluorouracil, epirubicin, and cyclophosphamide) 
followed by 1 cycle of high-dose CTCb (cyclophosphamide, thiotepa, and 
carboplatin) and autoSCT to a so-called standard arm, consisting of 9 cycles of 
"tailored FEC" supported by G-CSF. At 20 months, they reported 78 relapses in the 
tailored FEC and 50 relapses in the HDCT arm (differences not significant). At the 
same time, 40 deaths have been observed in each arm. In the nontransplant arm, a few 
patients developed secondary acute leukemia and myelodysplasias. This very 
balanced study is obviously comparing 2 different dose-intensified regimens rather 
than 1 HDCT and autoSCT to conventional/standard treatments. The total dose as 
well as the dose intensity is higher in the FEC arm than in the transplantation arm. 
The observation of secondary hematologic malignancies in the standard arm is 
worrisome. Follow-up is again too short to draw final conclusions. 

Rodenhuis et al. 1 2 published a study comparing 4 cycles of FEC at a standard 
dose to 1 cycle of FEC plus 1 cycle of CTCb followed by autoSCT. The patients 
all had apex of the axilla lymph nodes positive for involvement with breast cancer. 
In another study, Rodenhuis et al.1 3 reported that 885 patients with high-risk breast 



110 Chapter 2: Breast Cancer 

cancer were randomized to receive or not receive HDCT and autoSCT and are 
évaluable: 72% of patients on the HDCT arm remain free of recurrence vs. 65% on 
the standard arm (P=.057). At 3 years, the overall survival is 84% and 80%, respec
tively (not significant). The follow-up for the study remains short, but the interim 
analysis of the first 284 patients (which was required by the Dutch regulatory body) 
identified a statistically significant improvement of overall survival (/><.039).13 

Hortobagyi et al. 1 4 studied 78 patients with high-risk breast cancer (as defined 
by either >10 lymph nodes positive after resectable breast cancer or >4 lymph 
nodes positive after neoadjuvant chemotherapy). All patients received 8 cycles of 
FAC (fluorouracil, doxorubicin, and cyclophosphamide), and 50% were 
randomized to receive 2 cycles of HDCT (using VP-16, cyclophosphamide, and 
cisplatin) followed by autoSCT. The 4-year disease-free survival was 52% vs. 51% 
(by actual treatment received; f=.84), and overall survival was 64% vs. 63% (by 
actual treatment received; P=.66), which is statistically not different between the 
groups. The authors concluded that because of the modest sample size this trial has 
a limited statistical power; however, the data suggest that HDCT with autoSCT as 
consolidation after 8 cycles of adjuvant chemotherapy is unlikely to produce major 
improvements over FAC alone. 

Bezwoda15 presented a study randomizing 154 patients with stage II breast 
cancer involving >10 lymph nodes. Patients who received chemotherapy with 
autoSCT fared significantly better than those in the control arm. However, 
according to the article by Horton,16 this study was reevaluated, and the presented 
data could not be confirmed. The study may have indeed have been carried out in 
a fraudulent manner. Thus, this should be considered when referring to the data and 
conclusions of the article. 

In the adjuvant setting, more and better-designed studies are necessary to clearly 
show whether HDCT and autoSCT is superior treatment to standard chemotherapy 
in patients with high-risk stage II breast cancer. 

CONCLUSIONS 

To date, no definite answers are available to the initial question, whether HDCT 
and autoSCT can improve quantity or quality of life. Paramount requirements to 
answer this question successfully include completing the available prospective, 
randomized phase 3 studies; using HDCT earlier in the course of treatment; 
applying drugs that are active in breast cancer; comparing the experimental 
treatment to true standard therapy; and using appropriate sample size to detect 
clinically meaningful and statistically significant differences. Within the next few 
years, a number of European17 and 2 Canadian818 studies that are currently 
accruing patients will contribute toward the important information regarding the 
role of HDCT and autoSCT for breast cancer. 
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ABSTRACT 

We are evaluating high-dose dense chemotherapy (HDDCT) in patients with 
breast cancer using 3 cycles of epirubicin 150 mg/m2 (as a 2-hour infusion) and 
paclitaxel 400 mg/m2 (as a 6-hour infusion) with peripheral blood progenitor cell 
(PBPC) support and filgrastim every 16-19 days. In this ongoing study, we are 
verifying the possibility of collecting large amounts of PBPCs to obtain a sufficient 
number of cells for 3 courses of HDDCT. The threshold fixed in our study 
was >6X10 6 CD34+ cells/kg body weight. Our mobilizing regimen consisted of 
epirubicin 150 mg/m2 given as a 2-hour infusion (day 1) and paclitaxel 175 mg/m2 

as a 3-hour infusion (day 2) plus colony-stimulating factor (CSF) (starting 24 hours 
after paclitaxel). Seventeen patients with stage II-IV breast cancer have been 
evaluated. In 16 patients (95%), adequate numbers of PBPCs were collected from 
a single leukapheresis, whereas 1 patient (5%) required 2 procedures. The majority 
of leukaphereses (59%) were performed on day 11 after epirubicin administration; 
all procedures were conducted on an outpatient basis. The median numbers of 
CD34+, CD34+CD33", and CD34+CD38" cells/kg collected per patient were 
15.4X106, 10.2X106, and 0.5X106, respectively. The mobilizing regimen was 
quite well tolerated: neutropenia grade 4 was recorded in 16 of 17 patients, with a 
median duration of 3 days (range, 1-5 days). Results of 48 HDDCT courses 
showed grade 4 neutropenia for a median of 2 days (range, 0-4 days); no patient 
developed grade 4 thrombocytopenia, but grade 3 anemia was present in 18 courses 
of HDDCT. These preliminary data show that epirubicin and paclitaxel in 
combination with CSF are effective in releasing adequate amounts of PBPCs, 
which can then be safely employed to support multiple courses of HDDCT. 
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114 Chapter 2: Breast Cancer 

INTRODUCTION 

In the last few years, several thousand patients around the world have been 
treated with different types of dose-intensification strategies. This term usually 
refers to an increase in drug dosages. Several different approaches exist, and high-
dose chemotherapy with autologous bone marrow transplantation (nowadays 
substituted with peripheral blood progenitor cells) is one possible strategy that has 
been extensively employed for breast cancer patients. Promising data from phase 2 
studies have not been reproduced to date in controlled phase 3 randomized trials, 
even bearing in mind that some of the studies reported at the 1999 meeting of the 
American Society of Clinical Oncology (ASCO 99) had inadequate follow-up or 
used an unusual standard arm. At present, therefore, there is still much room to 
exploit the role of peak dose, a term that refers to high doses of drugs (generally 
alkylators) delivered once or twice within a 3- to 5-week period. Peak-dose strategy 
has been included in more recent programs, eg, the High-Dose Sequential Chemo
therapy trials launched at the National Cancer Institute in Milan.1 In those trials, 
active drugs are rapidly recycled, some at the maximum tolerated dose (eg, 
cyclophosphamide 7 g/m2) or medium dose (eg, epidoxorubicin 120 mg/m2), with 
the final segment generally comprising peak-dose bialkylators. Mature follow-up 
in patients with 10 or more positive nodes treated in the adjuvant setting shows a 
very impressive 49% disease-free survival. In recent years, after the failure in the 
clinical setting of the so-called Goldie and Coldman hypothesis of alternating 
chemotherapy, new theories have been generated. One of the most promising is the 
dose-dense delivery. With dose-dense delivery, the time intervals are reduced and 
the drug is delivered at ideal dose levels; thus, dose intensification is achieved by 
rapidly recycled treatment, rather than by dramatic dose escalation as is the case for 
peak dose. Some promising results have been published, such as those from the 
Memorial Sloan-Kettering Cancer Center in patients with high-risk breast cancer 
(median positive axillary nodes, 8; range, 4—25) who received sequential dose-
dense therapy with adriamycin, paclitaxel, and cyclophosphamide.2 The median 
intertreatment interval was 14 days (range, 13-36 days), and the median delivered 
dose-intensity was 92% of the planned level.3 At a median follow-up of 48 months 
(range, 3-57 months), the actuarial disease-free survival rate is 78%. Other 
ongoing trials compared ATC (adriamycin followed by paclitaxel and cyclophos
phamide at medium doses) with standard programs.4 High-dose dense therapy is an 
evolution of the dose-dense concept (reduced intervals), but with an increase in 
density of the delivered drugs. This report deals with the phase 2 feasibility study 
conducted at the Department of Oncology and Hematology in Ravenna, Italy. 
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MATERIALS AND METHODS 

Seventeen patients underwent the high-dose dense regimen from February 1999 

until June 2000; treated in the adjuvant setting were 12 with ¿9 positive axillary 

nodes (median, 14; range, 9-24), 4 with advanced disease, and 1 with inflammatory 

breast carcinoma arising in previous quadrantectomy. Median age was 47 years 

(range, 30-60 years). Sites of metastatic disease were lymph nodes in 2 cases and 

pleura in 1. Performance status was 0 (Eastern Cooperative Oncology group 

[ECOG] scale) for all patients. Five cases had estrogen receptor (ER)-negative 

tumors at diagnosis. The mobilizing treatment schedule was epirubicin 150 mg/m2 

in a 2-hour infusion followed the next day by paclitaxel 175 mg/m2 in a 3-hour 

infusion. Twenty-four hours after paclitaxel infusion, patients received 

granulocyte-macrophage colony-stimulating factor (GM-CSF) (molgramostim, 3 

patients) or G-CSF (filgrastim, 11 patients; lenograstim, 3 patients) at the dose of 

5 /<g/kg subcutaneously until the final leukapheresis. The choice for hematopoietic 

growth factor was based on an ongoing randomized protocol at our institution. 

Patients were checked daily with blood counts. When white blood cell count 

(WBC) increased >3000 }iL, CD34+ cells were evaluated, and apheresis started 

when the peripheral circulating CD34+ cells exceeded 40//<L, except for 1 case at 

37.2 CD34+//<L. 

RESULTS 

A total of 18 apheretic procedures were performed in 17 patients. The median 
number of CD34+ cells collected was 15.4Xl06/kg (range, 4.5-31.6Xl06/kg), 
whereas the median number of circulating CD34+ cells/><L at the day of apheresis 
was 267 (range, 37.2-717). The mobilizing regimen was well tolerated: no 
nonhematologic toxicities higher than grade 1 (Common Toxicity Criteria [CTC] 
version 2.0) occurred; neutropenia grade 4 was recorded in 16 of 17 patients, with 
a median duration of 3 days (range, 1-5 days); in 1 case, fever occurred. All 
patients were on ciprofloxacin prophylactic therapy, 500 mg po bid. Aphereses 
were performed a median of 11 days (range, 11-13 days) after the day of epirubicin 
treatment. A few days after the last apheresis (median, 7; range, 4-11 days), 
patients received the first of 3 courses of dose-dense chemotherapy, consisting of 
epirubicin 150 mg/m2 as a 2-hour infusion followed the next day by paclitaxel 
400 mg/m2 as a 3-hour infusion. Thirty minutes before the administration of 
epirubicin, patients received dexrazoxane 1000 mg/m2. Peripheral blood progenitor 
cells were thawed and reinfused 48-72 hours after paclitaxel, and the next day, 
filgrastim 5 //g/kg was added until polymorphonuclear cells (PMNs) 
were >1000/|/L for 3 consecutive days or >10,000//<L (Figure 1). The first 2 
patients were treated as inpatients until hematopoietic recovery; the others were 
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Epirubicin 150mg/m2 

Paclitaxel 175 mg/m2 

G-CSF or GM-CSF 

Leukapheresis (>6X 106/kg) 

Epirubicin 150 mg/m2 

Paclitaxel 400 mg/m2 

PBPC infusion 
G-CSF 5 ĝ/kg 

Figure 1. High-dose dense treatment schedule. G-CSF, granulocyte colony-stimulating 
factor; GM-CSF, granulocyte-macrophage CSF; PBPC, peripheral blood progenitor cell. 

allowed to return home and were checked at the outpatient clinic at our department. 
Blood counts were performed daily to provide continuous monitoring of 
hematologic toxicity. The mandatory criterion for returning home was to have a 
general practitioner participating in the study. 

Seventeen patients received a total of 48 courses of high-dose dense chemo
therapy. Reasons for not receiving the planned 3 courses were the following: 
neurotoxicity grade 3 (after the first high-dose cycle) in 1 patient and surgical 
option in the case of inflammatory disease. 

The intertreatment interval was not fixed ab initio but was suggested to recycle 
at 16-19 days. In our study, the time between first and second course was a median 
of 18 days (range, 17-23 days), and between the second and third was also 18 days 
(range, 16-23 days). 

Hematologic Toxicity of the High-Dose Dense Regimen 

Median dose of reinfused CD34+ cells was 5.lXl0 6/kg (range, 1.5-
10.5 X 106/kg). In terms of neutropenia, no significant differences were observed 
among the 3 courses. Grade 4 neutropenia was recorded in 12 of 17 patients 
during the first cycle (median duration, 2 days; range, 1—4 days), in 12 of 16 
patients during the second (median, 3 days; range, \-A days), and in 10 of 15 
patients in the third (median, 2.5 days; range, 1—4 days). In 5 courses, febrile 
neutropenia developed. No patient had grade 4 thrombocytopenia; grade 3 for a 
maximum of 4 days (range, 1-4 days) was observed in 9 courses, without any 
difference regarding the course (3 for each course). Platelet transfusions were 
never requested. Grade 3 anemia was present in 18 courses, and in all cases, 2 

Day 0 
Day 1 
From day 2 

DayO 
Day 1 
Day 3 or 4 
Day 4 or 5 

q 16-19 days X 3 
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packed red cell (PRC) transfusions were delivered. Grade 2 anemia was registered 
in nearly all other cases. 

Nonhematologic Toxicity of the High-Dose Dense Regimen 

One case of short-lasting (2 days) grade 3 stomatitis was recorded in 1 patient. 
Neurotoxicity was one of our main concerns because the paclitaxel dose intensity 
was high in our study: 155.55 mg/m2 per week for the 3 courses of dose-dense 
therapy or 133.68 mg/m2 per week for the whole program. According to the CTC 
version 2.0, grade 1 neurotoxicity, sensory as well as motor, was recorded in all 
patients and developed after the first course of high-dose dense chemotherapy. 
After the second course, 8 of 16 patients developed grade 2 sensory and/or motor 
toxicity. Six patients showed grade 3 neurotoxicity at the end of the whole program 
for a period ranging from 3 days to 1 month. In no case did neurotoxicity higher 
than grade 1 persist after 30 days. In 1 patient, grade 3 neurotoxicity after the first 
cycle was the cause of withdrawal from the study. All patients who completed 2 or 
3 courses of high-dose dense chemotherapy could return to their activities without 
neurologic sequelae. A follow-up, including electromyography evaluation, is 
ongoing to detect subliminal neurological damage. A prospective evaluation of 
ocular neurotoxicity is ongoing; it was partially presented in a recent letter.5 

DISCUSSION 

No conclusions can yet be drawn with regard to the clinical efficacy of the 
high-dose dense program presented here because of the lack of adequate follow-
up (median, 8 months; range, 1-15 months). No patients with high-risk operable 
breast cancer have relapsed so far. Four patients with advanced disease achieved 
a complete remission, lasting >13 months, 10 months, >8 months, and >6 months. 
In terms of feasibility, the primary end point of the study, the high-dose dense 
schedule is feasible, and neurotoxicity does not seem to be a limiting factor, 
despite the extremely high dose intensity achieved. Anemia was a constant 
toxicity in our experience, and erythropoietin will probably be added to the drug 
list. Future approaches may include a study comparing high-dose dense programs 
with standard chemotherapies in adjuvant, as well as advanced, disease. In the 
future, our group will consider the possibility of conducting a phase 2 study 
employing stem cells obtained by the ex vivo expansion of a minimal aliquot of 
bone marrow. 
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ABSTRACT 

Despite the use of surgery, irradiation, and standard-dose chemotherapy, the 
majority of patients with malignant brain tumors succumb to their disease. Over the 
past 15 years, investigators from several institutions have used high-dose chemo
therapy with autologous stem cell rescue (ASCR) to try to improve survival in these 
patients. One of the earliest studies was a 2-drug regimen using thiotepa and 
etoposide in patients with recurrent brain tumors (Finlay JL, et al. J Clin Oncol 
14:2495-2503, 1996). The overall response rate was 23% in 35 patients with 
radiographically measurable disease who survived at least 28 days after autologous 
bone marrow rescue. Subsequent studies have used several different combinations of 
chemotherapy, including thiotepa/etoposide with and without carboplatin, 
thiotepa/busulfan, thiotepa/cyclophosphamide, and cyclophosphamide/melphalan. 
Responses have been seen in patients with a variety of recurrent brain tumors 
including medulloblastoma, primitive neuroectodermal tumor (PNET), high-grade 
glioma, and central nervous system (CNS) germ cell tumors. Because of these 
encouraging results, high-dose chemotherapy with ASCR has more recently been 
used in young children newly diagnosed with brain tumors to avoid radiation therapy 
with its associated long-term sequelae in very young children. Responses with 
durable event-free survival were seen in children with medulloblastoma, PNET, and 
ependymoma. This approach is presently being examined by cooperative groups. 
There are 2 studies using sequential courses of high-dose chemotherapy with ASCR 
in children newly diagnosed with brain tumors currently under way within the 
Children's Oncology Group (COG). Future studies include examining the use of 
high-dose chemotherapy with ASCR vs. standard-dose therapy in a randomized 
setting and incorporating new agents such as temozolomide as part of the cytore-
ductive regimen. In addition, the use of high-dose chemotherapy with ASCR may be 
combined with other approaches including immunomodulation and gene therapy. 
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INTRODUCTION 

Brain tumors are the second most common malignancy in children and the most 
common solid tumor. They occur with a frequency of 24.5 per million children per 
year.1 In adults, the incidence of CNS tumors per 100,000 population is 6.5 at 35 
years, increasing to 70 by 70 years of age.2 In the past 10 years, the survival rates 
for many malignancies, particularly pediatric tumors, have significantly improved. 
However, the survival of many children and adults with malignant brain tumors 
remains poor. 

Over the past 15 years, investigators from several different institutions have used 
high-dose chemotherapy with autologous stem cell rescue in the treatment of patients 
with malignant brain tumors. The drugs considered to have the best tumoricidal 
activity against brain tumors are alkylating agents such as thiotepa, melphalan, BCNU, 
cyclophosphamide, and the platinum compounds. These drugs are particularly well 
suited for use at high doses with autologous stem cell support because of their steep 
linear-log dose-response curve. In addition, the principal dose-limiting toxicity for 
many of these drugs is bone marrow suppression. These drugs are cell-cycle 
nonspecific and therefore are not schedule dependent. Furthermore, the addition of 
nonalkylating agents, such as etoposide, synergistically enhances tumor kill. 

One of the earliest studies using combination chemotherapy at high doses was 
a 2-drug regimen using thiotepa and etoposide with autologous bone marrow 
rescue in patients with recurrent brain tumors.3 The study was piloted at the 
University of Wisconsin-Madison in 1986 and became a cooperative group study 
in the Children's Cancer Group in 1988. Of 35 patients with radiographically 
measurable disease who survived at least 28 days after autologous bone marrow 
rescue, the overall response rate (complete and partial responses) was 23%. 
Objective responses were seen in 4 of 14 assessable patients with high-grade 
glioma and in 2 of 6 patients with PNET. 

In 1988, a 3-drug regimen using BCNU in addition to thiotepa and etoposide 
was initiated. Although responses were seen, the toxic mortality rate as a result of 
multiorgan system failure was unacceptably high.4 In 1989, a third study using 
carboplatin with thiotepa and etoposide was opened at Memorial Sloan Kettering 
Cancer Center. There have been approximately 70 patients with brain tumors 
recurrent or refractory after irradiation and/or conventional-dose chemotherapy 
treated with this approach. Because of encouraging results seen in patients with 
recurrent brain tumors, this approach has more recently been used in infants and 
young children newly diagnosed with malignant brain tumors in an attempt to limit 
and, if possible, avoid the use of irradiation because of its long-term effects on the 
growth and development of young children. 

Preliminary results of the 3-drug regimen (carboplatin, thiotepa, and etoposide) 
in patients with recurrent brain tumors as well as the use of high-dose 
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chemotherapy with ASCR in infants and young children newly diagnosed with 
malignant brain tumors are presented. In addition, results of studies using high-
dose chemotherapy performed by other investigators are discussed. 

MATERIALS AND METHODS 

Recurrent Malignant Brain Tumors in Children and Young Adults: 
Study of Carboplatin, Thiotepa, and Etoposide 

Patients with high-risk brain tumors that had either recurred or proven resistant 
to conventional chemotherapy and radiation therapy were considered eligible for 
this study. Patients had to have minimal residual disease before undergoing the 
high-dose chemotherapy. This could be achieved with either surgery or standard-
dose chemotherapy. 

Cytoreduction consisted of carboplatin as a 4-hour infusion on days -8, -7, and 
-6. The carboplatin was initially administered at a dose of 500 mg/m2 per day; it 
was subsequently dosed using the Calvert formula with an area under the curve of 
7 per day calculated from the urine creatinine clearance collected before each dose 
of carboplatin.5,6 Thiotepa was administered at a dose of 300 mg/m2 per day as a 
3-hour infusion on days -5, -4, and -3. The etoposide was administered on the 
same days as the thiotepa at a dose of 250 mg/m2 per day over 3 hours each day. 
Autologous stem cells, initially from bone marrow and more recently from 
peripheral blood, were reinfused on day 0. 

Newly Diagnosed Malignant Brain Tumors in Children 
<6 Years of Age: Intensive Induction Chemotherapy 

Followed by Consolidation With High-Dose Carboplatin, 
Thiotepa, and Etoposide With Autologous Stem Cell Rescue 

Eligibility criteria included all children <3 years of age newly diagnosed with a 
malignant brain tumor irrespective of residual disease or neuraxis dissemination. In 
addition, children 3 to 6 years of age with poor-risk tumors, including 1) all high-
grade gliomas, brain-stem tumors, and supratentorial PNETs, 2) medulloblastomas 
with neuraxis dissemination, and 3) ependymomas with residual disease and/or 
neuraxis dissemination, were eligible. 

Patients received 5 cycles of induction chemotherapy including cisplatin, 
vincristine (first 3 cycles only), cyclophosphamide, and etoposide. Patients who had 
responsive disease or no evidence of disease after completion of the induction phase 
proceeded with consolidation chemotherapy. The consolidation phase consisted of 
high-dose carboplatin, thiotepa, and etoposide with autologous stem cell rescue as 
described above for patients with recurrent brain tumors. Children who had no 
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evidence of disease before consolidation did not receive any irradiation. Children 
with unresectable disease before consolidation received involved-field irradiation 
approximately 6 weeks after the high-dose chemotherapy. 

RESULTS 

Recurrent Malignant Brain Tumors in Children and Young Adults: 
Study of Carboplatin, Thiotepa, and Etoposide 

Seventy patients with malignant brain tumors that had recurred or were 
refractory to irradiation and/or standard-dose chemotherapy were treated with 
carboplatin, thiotepa, and etoposide at Memorial Sloan Kettering Cancer Center or 
New York University Medical Center between 1989 and 2000. Diagnoses included 
medulloblastoma (n - 17), other PNET (n = 13), malignant glioma (n = 25), germ 
cell tumor (n = 6), ependymoma (n = 5), and other (n = 4). Ages ranged from 1 to 
45 years (median, 14 years). Thirty-seven patients were rescued with bone marrow, 
30 received peripheral blood, and 3 received both bone marrow and peripheral 
blood stem cells. Carboplatin was dosed using the Calvert formula in 22 patients 
who received bone marrow and in all patients who received peripheral blood stem 
cells. Overall, the toxic mortality rate was 11 of 70 (16%); however, in the past 5 
years, the toxic mortality rate has been 1 of 33 (3%). 

The 4-year event-free survival for patients with recurrent malignant glioma 
rescued with bone marrow was 10%. For patients with medulloblastoma and 
supratentorial PNET, the 4-year event-free survival was 35%. Five of 6 patients 
with recurrent CNS germ cell tumors are alive without evidence of disease, 4, 12, 
15, 36, and 45 months after stem cell rescue. 

Newly Diagnosed Malignant Brain Tumors in Children 
<6 Years of Age: Intensive Induction Chemotherapy 

Followed by Consolidation With High-Dose Carboplatin, 
Thiotepa, and Etoposide With Autologous Stem Cell Rescue 

Between 1992 and 1997, 75 children <6 years of age were enrolled in Head 
Start I. Diagnoses included medulloblastoma (n = 17), other PNETs (n = 21), epen
dymoma (n = 12), high-grade glioma and rhabdoid tumors (n = 19), and brain-stem 
tumors (n = 6). 

The median overall survival for the entire cohort was 25 months, with an 
estimated 6-year overall survival of 32%. The median event-free survival for the 
entire cohort was 14 months, with an estimated 3-year event-free survival rate of 
29%. Patients with completely resected tumors had a better survival than those with 
incomplete resection (4-year overall survival of 57% vs. 30% [P=.03] and 2-year 
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event-free survival of 54% vs. 25% [P=.06], respectively). Survival in patients <3 
years of age was not inferior to that in older children (median overall survival of 
39 vs. 32 months, respectively; PI =.4). Prognosis varied greatly between histologic 
subtypes. The estimated 4-year overall survival was 57% for medulloblastoma, 
38% for PNET, 47% for ependymoma, and 16% for brain-stem tumors. 

DISCUSSION 

Most patients with recurrent malignant brain tumors have a dismal outcome 
with standard-dose therapy. Not too long ago, some investigators suggested that 
routine surveillance scans in patients who had completed therapy for medullo
blastoma were not even warranted, since no patients with recurrent disease 
survived.7 However, the use of autologous bone marrow and, more recently, 
peripheral blood stem cells has allowed the administration of much higher doses of 
chemotherapy. In addition, improvements in supportive care and the use of 
autologous peripheral blood stem cells have significantly decreased toxicity 
associated with this therapy. 

As expected, the best responses in the 3-drug regimen (carboplatin, thiotepa, and 
etoposide) were seen in patients with brain tumors, which tend to be more 
chemosensitive. These included medulloblastoma, supratentorial PNET, and germ 
cell tumors. Other investigators have found similar results. Mahoney et al.8 reported 
the results of a pilot study from the Pediatric Oncology Group using escalating doses 
of cyclophosphamide and fixed doses of melphalan with autologous bone marrow 
rescue for children with recurrent or progressive malignant brain tumors. Responses 
were seen in 7 of 18 évaluable patients including 4 patients with medulloblastoma, 
2 with germinoma, and 1 with ependymoma. The French have also seen responses 
in children using the combination of thiotepa and busulfan. Kalifa et al.9 reported a 
75% response rate in previously treated patients with medulloblastoma/PNET. 
Bouffet et al.1 0 recently presented the results of the French Pediatric Oncology 
Society using high-dose etoposide and thiotepa for patients with refractory and 
recurrent malignant intracranial germ cell tumors. Six of 11 évaluable patients had 
responses (3 CR and 3 PR). 

The treatment of very young children with malignant brain tumors is partic
ularly challenging because of the aggressive nature of their tumors and also 
because of the potential long-term sequelae associated with treating these patients 
at such a young age. Preliminary results of the Head Start therapy indicate that a 
significant number of children newly diagnosed with malignant brain tumors can 
achieve durable remissions without the use of radiotherapy or prolonged 
maintenance chemotherapy.11 This is particularly true for children with medullo
blastoma, supratentorial PNET, and ependymoma. Additional studies are needed to 
confirm these results. At the present time there are 2 studies underway in COG for 
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children newly diagnosed with malignant brain tumors involving high-dose 
chemotherapy with autologous stem cell rescue. 

Unfortunately, there are still patients with malignant brain tumors for whom the 
use of high-dose chemotherapy has not yet proven to be effective. These include 
patients with recurrent ependymoma or recurrent brain stem tumors and patients 
newly diagnosed with malignant gliomas. For these patients, modifications in the 
present high-dose regimens as well as other approaches are needed. Future studies 
include the use of other cytoreductive agents including the new oral alkylating 
agent temozolomide as well as intravenous busulfan. In addition, other approaches 
including the use of antiangiogenesis agents as well as immunomodulation and 
gene therapy, with and without high-dose chemotherapy, are being explored. 
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ABSTRACT 

Although high-dose chemotherapy and peripheral blood stem cell (PBSC) 
rescue are increasingly being used to treat patients with relapsed advanced 
epithelial ovarian cancer, their greatest benefit may be in treating patients before 
relapse. Two approaches have been tested: multicycle high-dose therapy with stem 
cell support as initial therapy or at the completion of standard-dose induction 
chemotherapy for responsive patients only. While conceptually attractive, several 
attempts at dose-dense ("double-dose") chemotherapy with stem cell rescue have 
failed to yield a higher rate of pathologic complete remissions (CRs) than conven
tional-dose chemotherapy. According to data from relapsed patients, in which the 
best survivals after transplantation are seen in platinum-sensitive patients with 
tumor bulk <1 cm, the alternative approach would be to use high-dose therapy as a 
consolidation of initial remission. Phase 2 data from several sources, including a 
multicenter, retrospective analysis of 181 patients from France, indicate a survival 
and progression-free survival benefit of ~1 year for patients undergoing transplant 
in first remission. This approach is currently being investigated prospectively in a 
phase 3 trial in France (Groupe Investigation National Etude Cancer Ovaive 
[GINECO]), with trial enrollment to have been completed in December 2000. To 
take advantage of a favorable dose response for both carboplatin and paclitaxel, our 
group is exploring a novel regimen of high-dose paclitaxel (700 mg/m2), carbo
platin (area under the curve [AUC] 28), and mitoxantrone (90 mg/m2) for high-risk 
patients in first remission, defined as suboptimal stage III/IV disease or optimal 
miliary stage III disease. At a median follow-up from diagnosis of 40 months of the 
first 18 such patients, 52% ± 13% were still progression free, and 14 of 18 were 
still alive. Whereas this compares favorably to the 20% 3-year progression-free 
survival (PFS) for patients treated with conventional paclitaxel and platinum, 
especially considering the fact that half had stage IV disease, it cannot be compared 
directly with conventional therapy results because our patient group by design 
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excludes those 15% or so who would have progressed on conventional therapy 
before completing induction therapy. The value of high-dose therapy as consoli
dation therapy of an initial remission should be verified in a phase 3 trial, and plans 
are being made for such a US trial with the assistance of the Autologous Blood and 
Marrow Transplant Registry (ABMTR). 

INTRODUCTION 

Ovarian cancer, although initially chemosensitive, is frequently incurable using 
conventional therapies.1 New paclitaxel/platinum chemotherapy regimens have 
improved the median survival for patients with bulky, advanced disease; however, 
they do not increase the proportion of patients with a surgical complete remission, 
and thus will likely cure few additional patients.2-3 Optimal initial therapy for 
advanced ovarian carcinoma now appears to be carboplatin and paclitaxel, which, 
for suboptimal stage III and IV, produced a median PFS of ~16 months but a 3- to 
4-year PFS of <20%.2 As expected, patients with optimal stage III disease respond 
more favorably to these newer regimens, especially when intraperitoneal (IP) high-
dose chemotherapy is included in the treatment regimen, as recently validated in 
two phase 2 trials.45 The median survival for optimal stage III disease treated with 
IP therapy now exceeds 50 months. Because of its dismal prognosis, the favorable 
IP data, and the fact that ovarian cancer shares some of the features of other initially 
chemosensitive tumors that respond favorably to intensive high-dose chemo
therapy regimens, interest in high-dose therapy has increased over the past 
10 years. Data from several sources seem to indicate a benefit of high-dose therapy 
for relapsed patients who respond to salvage chemotherapy and have minimal bulk 
disease, defined as <1 cm. 6 - 8 Overall, ~20% of these patients appear to have a PFS 
that exceeds 3—4 years, and because of a lengthy PFS of 16-18 months, most who 
relapse subsequently respond to conventional salvage therapy. 

As in other chemoresponsive diseases, however, the value of transplant therapy 
for this disease may be greatest in responding patients in first remission. Two 

-approaches have been used: incorporating high-dose therapy into the initial 
induction regimen in lieu of conventional-dose therapy or as a consolidation of a 
first documented remission. The advantage of the first strategy is that tumors are 
treated before the development of acquired drug resistance, with the disadvantage 
that there may be as much as a 20% chance of de novo drug resistance that may not 
be overcome with the 7- to 10-fold dose increase of high-dose therapy. The 
advantage of the second strategy is that the tumors that have demonstrated 
chemosensitivity, such as the lymphomas and leukemias, are the only ones to 
benefit significantly from high-dose therapy; the disadvantage is that the initial 
courses of conventional therapy may induce drug resistance, which may not be 
overcome by dose-escalating the same drugs. 
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HIGH-DOSE THERAPY AS INDUCTION THERAPY 

Starting with Shea et al.,9 several groups have reported the feasibility and safety 
of administering multiple cycles of high-dose carboplatin at 2- to 4-fold higher than 
conventional doses, either alone or with paclitaxel when given in conjunction with 
PBSCs. Numerous conventional chemotherapy trials of double-dose platinum have 
been performed, and most are negative; however, close inspection reveals that 
delivered dose intensity usually fell short of what was planned. In addition, only 
1 agent was usually intensified. Administering PBSCs not only permits on-time 
drug delivery of the chemotherapy agents, but also several agents can be simulta
neously administered in double doses. In the report of Shea et al.,9 18 patients 
received up to 3 courses of high-dose carboplatin 1200 mg/m2 with PBSCs. Of the 
5 évaluable patients with relapsed/persistent ovarian cancer, 3 had CRs, lasting 7.5, 
8, and 11 months. An additional patient remained disease-free at 27 months, but 
she was consolidated with an ablative regimen after initially receiving 2 cycles of 
high-dose carboplatin with PBSCs. 

Investigators at Sloan-Kettering10 tested a strategy in previously untreated 
patients with advanced ovarian cancer of stem cell collection after high-dose 
cyclophosphamide and paclitaxel followed by carboplatin 1000 mg/m2 with 
paclitaxel 250 mg/m2 for 4 cycles with PBSC support, or later for 3 cycles, 
followed by a single cycle of high-dose melphalan at 140 mg/m2. A total of 55 
patients were treated, of whom 44 were assessable for a response. Twelve of 22 
patients (55%) with optimal stage IIC/IIIC had a pathologic CR, but only 3 of 15 
patients with suboptimal stage III and 0 of 11 with stage IV had a similar response. 
Although surgical restaging was rigorous, the data for suboptimal stage III/IV are 
similar overall to that which would be expected for patients treated with conven
tional chemotherapy, as evidenced by the fact that patients treated with the 
cisplatin/paclitaxel arm of Gynecologic Oncology Group (GOG) 111 (suboptimal 
stage III and IV) had a pathologic CR rate of 26%. The results appeared to be 
slightly better than expected for patients with optimal stage III disease, which led 
to the development of a GOG multicenter trial of the regimen that consisted of 
3 cycles of carboplatin and paclitaxel followed by the single course of melphalan 
in patients with optimal stage III disease. Of the 9 patients who completed the trial 
and underwent a second-look surgery, only 1 (11%) had a pathologic CR. 1 1 Thus, 
at least for the combination of double-dose carboplatin and paclitaxel, given at 
2- to 3-week intervals with PBSCs, there appeared to be no benefit for patients with 
ovarian cancer, even for those with optimal disease after primary surgery. 

This lack of benefit to this dose-dense, double-dose therapy was also seen in a 
more recent report of Shilder et al.,1 2 using a similar strategy of multiple cycles of 
carboplatin at a somewhat higher dose (AUC 16) and paclitaxel 250 mg/m2. Again, 
response rates and durations were similar to the other 2 studies reported above. 
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Recently, however, this group has added high-dose topotecan (10 mg/m2) to the 
high-dose carboplatin and paclitaxel combination and preliminarily reported 
improved results.13 A second GOG pilot trial is under way to test this 3-drug 
combination, again in patients with optimal stage III disease. A more recent report 
of the same strategy, in which the topotecan is given daily over 5 days in an 
escalated fashion, produced an encouraging 61% pathologic CR rate for patients 
mostly with suboptimal disease.14 One could argue that these more aggressive 
regimens are myeloablative, or at least significantly more intensive, to suggest that 
it is outside the realm of dose-dense, double-dose chemotherapy. If they are more 
effective than the carboplatin/paclitaxel regimens already tested, the next step will 
be to determine the optimal number of cycles to achieve this result. In addition, 
cumulative toxicity, cost, and frequency of delayed myelodysplasia and secondary 
acute leukemias will also need to be determined. 

HIGH-DOSE THERAPY AFTER STANDARD INDUCTION THERAPY 

Approximately 15%-20% of patients with advanced ovarian cancer will have 
de novo drug resistance to conventional platinum-based induction therapy; they do 
not appear to benefit from high-dose therapy, similar to others with platinum-
resistant disease. Thus, the rationale of transplanting patients only after responding 
to conventional therapy appears appropriate, as these nonresponsive patients would 
be excluded. Several pilot studies in the late 1980s suggested that this therapy 
could be performed with minimal toxicity and with a suggestion of benefit. The 
largest of these early trials, published in 1997 by Legroset al.,1 5 consisted of 53 
patients who were treated with either high-dose melphalan (140 mg/m2) (n = 23) or 
carboplatin 1200 mg/m2 and cyclophosphamide 6.4 g/m2 (n = 30). Patients with 
advanced-stage disease were eligible if they responded clinically to 6 cycles of 
platinum-based chemotherapy (nontaxane) and underwent a second-look 
laparotomy. Of the 53, 37 were stage IIIc and had suboptimal IH/IV disease, a 
positive second-look surgery, or a high-grade tumor; 15 had stage IV disease at 
diagnosis; and 22 had macroscopic disease at second look, with 18 undergoing 
secondary cytoreductive surgery. Nineteen patients had a negative second-look 
procedure, 7 had microscopic disease, and 5 had a clinical CR but refused a second-
look procedure. These 31 were reported separately as having minimal residual 
disease (MRD) and compared to the 22 with macroscopic disease at the initiation 
of the second-look procedure. At a median follow-up of 81.5 months, 45.3% of the 
entire group of high-risk patients were alive, and 23% were progression-free, with 
a median disease-free survival (DFS) of 30.4 months. From the time of diagnosis 
for the entire group, the 5-year overall survival was 59.9%. For those with MRD at 
transplant, the median DFS was 36.7 months, and for the 19 with a negative second 
look, the DFS was 42.4 months and the median survival was 78.8 months. For 
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those with macroscopic disease, the median DFS was 23.6 months and the median 
overall survival was 39 months. The authors found no difference in survival 
between melphalan and carboplatin/cyclophosphamide preparative regimens. 

Whereas these data appear better than for similar patients treated only with 
conventional chemotherapy, 3 major differences separate the patients treated in this 
study from those receiving conventional therapy. First, only responding patients 
were eligible for transplant, thus eliminating the 15%-20% who would have 
progressed during standard induction therapy. This would make the results in this 
study look artificially better than standard therapy. The second difference is that 
patients with optimal stage III disease with a negative second look were not 
eligible, again making comparisons to standard therapy difficult, because 
~40%-50% of these patients would have been predicted to have a pathologic CR 
to conventional therapy. The transplantation of only patients with a positive second 
look or those initially with bulky disease would have made their results look 
inferior to that of patients treated conventionally. Finally, the proportion of stage 
IV disease of nearly 30% is slightly higher than that seen in a conventionally 
treated group; with an estimated survival of only 5% at 5 years, when treated 
conventionally, the results here would have been higher with a more typical 
(smaller) percentage of patients with stage IV disease. What can be said, however, 
is that those with a macroscopically positive second look appeared to do better than 
expected, with a median survival of 39 months compared with the expected 
survival of at best 20-24 months when treated with conventional salvage 
chemotherapy alone. 

A follow-up retrospective study of 181 patients treated at multiple French centers 
has recently been reported, including the patients initially reported in 1997. The 
same selection criteria were used, again with optimal stage III patients with a 
negative second look generally excluded.16 The 5-year survival for optimal stage III 
disease was 51%, and for suboptimal III/IV disease, 25%. Compared with what 
would be expected for patients treated with conventional platinum-based therapy at 
the time, the median PFS and overall survival rates appear to be 1 year longer, with 
the best results perhaps in the optimal stage III patients. This result would have been 
predicted from our data for chemosensitive relapsed disease, documenting a 
favorable outcome only for those with maximal bulk at transplant of <1 cm disease. 
Murakomi et al.1 7 also treated a small cohort of patients with high-dose doxorubicin, 
cyclophosphamide, and cisplatin and autologous marrow transplants as consoli
dation therapy after a second-look procedure. In that report, those with microscopic 
disease at second look had a 70% survival at 4 years; however, those transplanted 
for macroscopic disease had only a 14% survival at the same time point. 

Our group has treated 54 patients with a novel regimen of high-dose paclitaxel 
700 mg/m2 over 24 hours on day 1 of a 6-day cycle, carboplatin AUC 28 over a 
5-day infusion starting on day 2, and mitoxantrone 90 mg/m2 in 3 divided doses on 
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days 2,4, and 6. The goal was to explore both high-dose carboplatin and paclitaxel 
at their maximal tolerated doses (MTDs) with stem cell support along with 
mitoxantrone, the most active agent in vitro, at escalated doses for platinum-
resistant disease. Of the 54 patients, 18 were transplanted in first remission. All had 
adverse prognostic factors similar to those of the French investigation. Fifty 
percent had stage IV disease, with only 1 patient transplanted in clinical remission 
with optimal III disease; however, her disease was miliary at diagnosis. Of the 
11 undergoing second-look surgery, 10 (90%) were positive, with 9 having disease 
<1 cm at the time of transplant. At a median follow-up from diagnosis of 
40 months, 52% ± 13% were progression free, and 14 (78%) were alive. 
Considering that all but one had either suboptimal III or IV disease, one would 
have expected a median PFS of only 16 months and, at 40 months, only 
~10%-15% would still be progression free. As with the French data, however, 
direct comparison to conventionally treated patients cannot be made, as only 
responding patients were considered eligible for this therapy. 

THE FUTURE 

These promising data suggest a benefit of high-dose therapy as a consolidative 
therapy for patients with ovarian cancer, but valid direct comparisons cannot be 
made, as indicated above. The optimal strategy is to perform phase 3 trials. One 
such trial, sponsored by the GOG in the United States, closed prematurely because 
of lack of accrual, primarily due to lack of referrals to transplant centers. However, 
based on the favorable single-center and later multicenter retrospective data from 
France, GINECO is nearing completion of a similar trial. Patients with stage III/IV 
disease without a pathologic CR at second look or poor prognostic factors (stage 
IV, suboptimal primary surgery, and high-grade tumors) are randomized after 
second look to either high-dose therapy with cyclophosphamide 6 g/m2, carboplatin 
1600 mg/m2, and stem cell transplant or 3 monthly courses of cyclophosphamide 
600 mg/m2 and carboplatin 300 mg/m2. Their accrual goal is 140 patients, with a 
goal of detecting a 25% difference in survival at 3 years. Additional trials are 
ongoing in Germany and through the European Group for Blood and Marrow 
Transplantation (EBMT) that explore up-front, multicycle, high-dose therapy as 
done by the investigators at Sloan Kettering and later the GOG. 

A renewed effort at conducting a phase 3 trial in the US is under way, through 
the assistance of the ABMTR. The proposed design will be similar to the French 
study in that only responders will be eligible; however, it will differ in that, at the 
completion of induction therapy, responding patients will be randomized to either 
a single ablative transplant or 2 additional cycles of conventional paclitaxel and 
carboplatin therapy. Following completion of assigned therapy, a second-look 
procedure will be performed. The primary end point will be a 25% increase in those 
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with a pathologically negative second look. Those treated on the standard-dose arm 
with residual disease will then be permitted to undergo a transplant as consolidation 
of their documented response to conventional therapy, making this potentially 
more attractive to patients. The goal is to initiate this protocol in early 2001. 
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ABSTRACT 

The principles of dose and combination therapy are strongly supported by 
preclinical and clinical evidence. However, clinical success requires eradication of 
all clonogenic tumor if solely cytotoxic strategies are employed. The kinetics of 
tumor regrowth, particularly for small cell lung cancer (SCLC), suggests that near-
eradication may be unimportant. Many established chemotherapeutic agents— 
including etoposide or teniposide, cisplatin or carboplatin, ifosfamide, 
cyclophosphamide, vincristine, and doxorubicin—have major activity against 
SCLC and strong preclinical rationales for dose escalation. Whether dose-intensive 
therapy can achieve greater survival and whether this benefit can outweigh the 
enhanced toxicities generated is the major unanswered question. 

Methods to deliver dose-intensive therapy include shortening cycle length, 
increasing dose and/or number of agents over multiple cycles, or increasing dose 
as consolidation of clinical response. In many phase 2 trials evaluating high-dose 
therapy with hematopoietic cellular support, outcomes are frequently better than 
those reported by conventional-dose approaches. However, patient selection and 
perhaps staging biases contribute to these results. It is also questionable whether 
the possible benefit is generalizable to the entire population of patients with that 
disease and/or stage of disease, or if the treatment strategy is applicable only for the 
best of the best. 

At the Dana-Farber Cancer Institute and Beth Israel Deaconess Medical Center, 
more than 55 patients with limited-stage and more than 30 with extensive-stage 
SCLC have been treated with high-dose combination alkylating agents (high-dose 
cyclophosphamide, carmustine, and cisplatin [CBP] or ifosfamide, carboplatin, and 
etoposide [ICE]) after response to conventional-dose induction therapy. Of the 
original cohort of 36 limited-stage SCLC (stages IIIA or B), 29 were in or near 
complete remission (CR) before treatment with high-dose CBP with marrow and 
peripheral blood progenitor cell (PBPC) support followed by chest and prophy
lactic cranial radiotherapy. For this group, the 5-year event-free survival is 53% 
(minimum follow-up, 40 months; range, to 11 years). By multivariate analysis, 
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response to induction was most important (CR/near CR best vs. partial remission 
[PR]), but short induction (<4 cycles), which included ifosfamide also, was 
associated with better prognosis. The updated results of the limited- and extensive-
stage patients, as well as our experience with extrapulmonary small cell carcinoma, 
will be provided. 

Two major complementary strategies to administer high-dose therapy for SCLC 
include a dose-intensive multicycle approach as initial treatment and the "later" 
intensification in responders. The advantages and disadvantages for each approach 
will be discussed. It may be optimal to merge the two strategies: a brief dose-
intensive induction followed by a single or double cycle of stem cell-supported 
therapy followed by thoracic radiotherapy (TRT) and prophylactic cranial 
irradiation (PCI). Ultimately, randomized trials for patients with limited 
comorbidity will be necessary to determine whether the increased toxicity is 
worthwhile and for which subsets of patients this approach is curative. In most 
cases, if the treatment is deemed worthwhile, technological advances in supportive 
therapy will develop to increase feasibility and decrease cost. At present, high-dose 
therapy for patients with SCLC should be administered as part of an approved 
research protocol. 

RATIONALE FOR DOSE-INTENSIVE THERAPY IN SCLC 

The principles of dose and combination therapy are strongly supported by 
preclinical and clinical evidence. Increased dose intensity of certain chemothera-
peutic agents has greater cytotoxicity against the overall tumor cell population and is 
more likely to kill drug-resistant tumor cells. Which agents are chosen depends on 
pharmacology/mode of action and schedule/dose relationships to cytotoxicity. For 
these reasons, alkylating agents usually form the backbone of most high-dose 
regimens, because near log-linear dose-response relationships are consistently 
demonstrated for the alkylating agents and radiation in preclinical in vitro and in vivo 
experiments.1"4 Clinical success requires eradication of all clonogenic tumor if solely 
cytotoxic strategies are employed. The kinetics of tumor regrowth (Gompertzian 
model) suggests that near-eradication might yield fairly similar clinical outcomes 
compared with more modest antitumoral effects delivered over longer periods. The 
ability to detect clinical benefits from high-dose therapy would be greatest in clinical 
settings with high risk of systemic relapse but low tumor burden. Increased 
cytotoxicity may be unimportant if tumor burden is great. Chemosensitivity, partic
ularly the shape of the dose-response relationship for the drug-resistant tumor cell 
subpopulations, is also critical. Dose escalation of agents inactive against a particular 
disease is not a likely strategy to generate significant clinical success. 

Many established chemotherapeutic agents—including etoposide or teniposide, 
cisplatin or carboplatin, ifosfamide, cyclophosphamide, vincristine, and doxo-
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rubicin—have major activity against SCLC. Many of these agents, particularly the 
oxazaphosphorines and the platinums, have strong preclinical rationales for dose 
escalation. There is also extensive clinical evidence to support a dose-response 
relationship with these agents against a variety of tumor types, including SCLC. 
The major controversy surrounding dose-intensive therapy is whether this increase 
in tumor response can translate into prolonged survival and whether this benefit can 
outweigh the enhanced toxicities generated. Methods to deliver dose-intensive 
therapy include shortening cycle length, increasing dose and/or number of agents 
over multiple cycles, or increasing dose as consolidation of clinical response. 

Upon review of the phase 2 trials evaluating high-dose therapy with hemato
poietic cellular support, outcomes are frequently better than those reported by 
conventional-dose approaches. However, patient selection (low patient 
comorbidity) and staging biases clearly contribute to these results. Even if 
randomized data support the use of high-dose therapy, one may still ask whether 
the benefit is generalizable to the entire population of patients with that disease 
and/or stage of disease, or if the treatment strategy is applicable only for the best 
of the best. In most cases, if the treatment is deemed worthwhile, technological 
advances in supportive therapy will develop to increase feasibility. 

A further question concerning dose-intensive strategies is whether they can be 
combined with other modalities. For example, dose-intensive therapy does improve 
overall response and complete response rates. Therefore, this approach may serve 
as a suitable foundation to generate minimal residual tumor burdens and potentially 
render other therapeutic strategies more effective. The use of combinations of 
treatment modalities becomes more compelling given the generic properties of 
tumors, namely plasticity, adaptability, and heterogeneity. 

CONVENTIONAL-DOSE THERAPY IN SCLC 

Approximately 15%-20% of all bronchogenic carcinomas, small cell lung 
cancers are the fourth leading cause of death from cancer in both men and women 
in the United States.5 Systemic metastatic disease is present in almost all patients at 
diagnosis: overt in two thirds (extensive-stage disease [ED]) and subclinical in one 
third (limited-stage disease [LD]). Established chemotherapeutic agents include 
etoposide, cisplatin, carboplatin, ifosfamide, cyclophosphamide, vincristine, and 
doxorubicin. Consensus conventional-dose treatment consists of 4-6 cycles of 
platinum/etoposide alone for ED or with concurrent chest radiation therapy for LD. 6 

Complete response rates are 50%-70% for LD patients and 10%-20% for ED 
patients. By 2 years, however, 20%-40% of LD patients and <5% of ED patients 
remain alive78; 5-year survival is about half that. Although ifosfamide improved 
survival in ED patients in conjunction with cisplatin and etoposide,9 this lead has not 
been tested in LD patients. New agents with promising activity include the taxanes, 
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gemcitabine, and the topoisomerase I inhibitors. The role of these new agents are 
being evaluated in ongoing first-line therapy trials. The underlying cardiovascular 
and pulmonary comorbidity, median age of 60-65 years, and enhanced risk of 
secondary smoking-related malignancies inherent in lung cancer patients contribute 
to an increased risk when applying dose-intensive therapy. 

Dose Intensity: Without Cellular Support 

Klasa et al. 1 0 analyzed dose intensity (expressed in drug dose administered 
per square meter per week) of individual agents or regimens delivered in ED SCLC 
trials. Higher dose intensities of cyclophosphamide and doxorubicin with 
vincristine (CAV) and with etoposide (CAE), but not etoposide and cisplatin (EP), 
were associated with a longer median survival. The relative range of doses 
administered and the response and survival advantages were small.10 

Six randomized trials have evaluated dose intensity in ED SCLC with or 
without cytokine support.11-16 The actual delivered doses, when reported, were 
significantly less different between the arms than the planned dose intensity 
differences (1.2- to 2-fold). Two of these trials showed a modest survival advantage 
for the higher-dose therapy. Arriagada et al. 1 7 treated LD patients with 6 cycles of 
conventional-dose chemotherapy wherein the first cycle only was randomly 
assigned conventional dose vs. modest intensification. A complete response and 
survival advantage for the patients receiving the intensified chemotherapy was 
observed. This result was somewhat unexpected, since the relative difference in the 
two groups was so small. It is possible that dose intensity, particularly if given early 
in the course of treatment, may be more effective in the LD rather than the ED 
setting. Early intensification and treatment of earlier-stage disease are two themes 
to consider when designing new trials. 

Multidrug cyclic weekly therapy was designed to increase the dose intensity of 
treatment by taking into account the differing toxicities of the weekly agents. Early 
phase 2 results were promising, although patient selection effects were evident.1819 

None of the randomized trials demonstrated survival benefits,20"23 perhaps because 
of the greater morbidity, dose reductions, and delays required for the weekly 
schedules; thus the actual delivered dose intensities were not that different. 
Moreover, not only were doses and schedules varied, but so were the regimens, 
leading to interpretation obstacles.24 

Currently established cytokines (eg, granulocyte-macrophage colony-stimulating 
factor [GM-CSF] and G-CSF) were able to maintain dose intensity across multiple 
cycles.25 Fukuoka et al. 2 6 documented a statistically significant survival advantage 
for the use of G-CSF to support the CODE (cyclophosphamide, vincristine, 
doxorubicin, and etoposide) regimen (59 vs. 32 weeks). With cytokine use, a 
modest increment in dose intensity, limited by cumulative thrombocytopenia, can 
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be achieved (1.5- to 2-fold). The effectiveness of various thrombopoietins or other 
cytokines to increase achievable dose intensity remains uncertain. 

Dose Intensity: With Cellular Support 

Trials reported before 1995 of patients with SCLC undergoing autologous bone 
marrow transplantation were reviewed by Elias and Cohen27 if specifics about their 
response status (relapsed or refractory, untreated, or responding to first-line 
chemotherapy [partial or complete response]) and their extent of disease (LD or 
ED) had been provided. Patients in these various categories were pooled for 
aggregated relapse-free and overall survival characteristics. 

Complete and overall responses in 52 patients with relapsed or refractory 
disease were 19% and 56%,28_Jtl but lasted only 2-4 months. Although combination 
chemotherapy, especially regimens containing multiple alkylating agents, 
produced slightly higher response rates, these regimens were more toxic (18% vs. 
6% deaths). The high complete-response rate substantiated a dose-response 
relationship but was insufficient for cure. 

Complete and overall responses in 103 patients with untreated SCLC (71% 
limited disease) who received single- or double-cycle high-dose therapy as initial 
treatment were 42% and 84%, respectively.42"48 Relapse-free, 2-year, and overall 
survival rates were comparable to treatment with conventional multicycle regimens. 
Transplantation in the newly diagnosed SCLC setting is potentially hazardous 
because of the frequency of life-threatening complications from uncontrolled 
disease and the likelihood of tumor cell contamination in untreated autografts. 
Theoretically, early intensification may have greater impact on the disease. 

High-dose chemotherapy with autologous hematopoietic support has been 
given to approximately 466 patients in response to first-line chemotherapy as 
consolidation.49-68 About 40%-50% of partial responders converted to complete 
response, but without durable effect. Of patients with limited disease in complete 
response at the time of high-dose therapy, about 35% remained progression free at 
a median follow-up of >3 years at the time of publication. 

Brugger and colleagues6465 administered 2 cycles of mobilization chemo
therapy to 18 LD patients. Thirteen (72%) received high-dose ICE with epirubicin 
as consolidation. Event-free survival was 56% (median follow-up, 44 months). 
About 25% had stage I or II SCLC, and surgical resection was performed in 
7 patients. PBPCs collected after the second cycle of mobilization chemotherapy 
contained no microscopic tumor cells as measured by immunocytochemistry using 
keratin and EMA-125 antibodies. 

At the Dana-Farber Cancer Institute and Beth Israel Deaconess Medical Center, 
more than 55 patients with limited-stage and more than 30 with extensive-stage 
SCLC have been treated with high-dose combination alkylating agents (high-dose 
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CBP or ICE) following response to conventional-dose induction therapy. Of the 
original cohort of 36 limited-stage SCLC (stage IIIA or B), 29 were in or near CR 
before treatment with high-dose CBP with bone marrow and PBPC support 
followed by chest and prophylactic cranial radiotherapy.62,66 For this group, the 
5-year event-free survival is 53% (range of follow-up, 40 months to 11 years). By 
multivariate analysis, response to induction was most important (CR or near CR 
best vs. PR), but short induction (<4 cycles) and the use of ifosfamide during 
induction also impart better prognosis. Of the ED patients, 17% remain progression 
free >2 years after high-dose therapy, largely patients with oligometastatic disease. 

Humblet et al. 6 0 performed the only randomized trial to be reported. Five cycles 
of conventional chemotherapy with prophylactic cranial irradiation were given to 
101 patients with SCLC. Of these, 45 were randomized to 1 further cycle of either 
high- or conventional-dose therapy using cyclophosphamide, etoposide, and car-
mustine.60 Dose response was demonstrated. Complete response was achieved in 
77% of partial responders after high-dose therapy, but in none after conventional-
dose treatment. High-dose therapy enhanced disease-free survival and tended to 
improve survival. However, since overall outcomes were mediocre, with an 18% 
toxic death rate on the high-dose arm, the investigators concluded that dose-
intensive therapy should not be considered a standard therapy in SCLC. Almost all 
patients recurred in the chest, reflecting the fact that chest radiotherapy was not 
given in this trial. 

Sites of prior tumor involvement are most likely to be sites of first relapse 
because of the greater tumor burden, drug-resistant clones in the chest, poorer drug 
delivery, intratumoral resistance factors such as hypoxia in areas of bulk tumor, or 
in the case of autograft contamination, the possibility of homing with microenvi-
ronmental support for the tumor in local-regional sites.48,56 Using 50 Gy radio
therapy with conventional-dose therapy, chest relapse is reduced from 90% to 60%. 
Thus, high-dose curative treatment approaches should include radiotherapy to sites 
of bulk disease. 

In many of the older trials, doses were attenuated and treatment-related 
morbidity and mortality were higher than currently expected. Many trials employed 
either single high-dose chemotherapeutic agents (plus low-dose agents),47-52 ,67 ,68 or 
single alkylating agents.44,47,54"57 Combination alkylating agents were employed in 
a minority of patients.29,32 ,38-43,58-66 

FUTURE DIRECTIONS 

Intensify Involved Field Radiotherapy 

Thoracic radiotherapy provides a 25%-30% improvement in local-regional 
control and a 5% increase in long-term progression-free survival for limited-stage 
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SCLC. 6 9 ' 7 0 Local-regional relapse still remains high (~60% actuarial risk of local 
relapse by 3 years) with the typical 45-50 Gy TRT 7 1 ~ 7 3 and may be underestimated 
because of the competing risk of systemic relapse.74 Further enhancement of local-
regional control might increase the proportion of long-term survivors. 

Dose intensity of chest radiotherapy has not been sufficiently studied. The 
Eastern Cooperative Oncology Group and the Radiation Therapy Oncology Group 
compared 45-Gy TRT given either daily over 5 weeks or twice a day over 3 weeks 
concurrent with cisplatin and etoposide chemotherapy.75 Tumor recurrence in the 
chest was reduced from 61% to 48% at 2 years with the more intense TRT. A 
survival advantage for the more-intensive radiotherapy has been reported.76 Many 
investigators have pointed to this trial as establishing a new benchmark for SCLC 
treatment outcomes. However, as in high-dose trials, a patient selection bias is 
evident. Patients who were too sick (not suited for up-front combined modality 
therapy) or who had bilateral bulky mediastinal adenopathy (too large a radio
therapy port) were not generally enrolled onto the trial. Thus, a full 40% of patients 
enrolled in this trial had no apparent mediastinal adenopathy on computerized 
tomography, distinctly unusual for SCLC populations. This observation in no way 
undermines the demonstrated benefit of more intense radiotherapy, but caution is 
required in applying this advance to the general population of SCLC. 

Using a shrinking-field technique, Choi et al. 7 7 gave escalating doses of TRT 
concurrently with cisplatin and etoposide either as daily 180-cGy fractions or as 
twice-a-day 150 cGy fractions in LD SCLC. The maximal tolerated doses defined 
by acute esophagitis were 45 Gy for twice-a-day administration and >70 Gy for 
daily administration. Intensification of TRT dose is feasible and should be 
evaluated in a randomized setting. Since most relapses occur in-field, a more 
focused port may be feasible to reduce morbidity of more intense TRT. 

Intensify Induction 

Induction therapy may reduce tumor burden, stabilize rapidly progressive 
systemic and local symptoms from SCLC, select patients possessing chemosen-
sitive tumors for subsequent intensification, and diminish micrometastases in the 
autograft sources, as discussed below. On the other hand, chemoresistant tumor 
cells might proliferate or even be induced across treatment, and may outweigh 
these advantages. The Arriagada trial supports initial intensification of induction.17 

A logical extension of this concept is the administration of multicycle dose-
intensive combination therapies supported by cytokines and PBPCs. 7 8 - 8 5 Pettengell 
et al. 8 0 treated good-performance-status SCLC patients with conventional-dose 
ICE supported by autologous whole blood cells given on day 3 of chemotherapy 
for 6 cycles. Cycle length could be shortened to 2 weeks using either pheresis 
products or 750 cc whole blood stored at 4°C. Cycles were repeated upon platelet 
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recovery to 30,000//<L, rather than the usual 100,000//<L. In this phase 1 trial of 
25 patients, the full planned dose intensity for each of the arms was reached across 
the first 3 cycles, and 56% of patients completed all 6 cycles. Mortality was 12%, 
and complete response rate was 64%. The authors noted that the collection of 
whole blood without cryopreservation substantially reduced the cost and 
complexity of cellular support for nonablative therapy.80 In a subsequent 
randomized phase 2 study, 50 "good prognosis" patients were given ICE every 2 
or 4 weeks.79 The median dose intensity delivered over the first 3 cycles was 1.8 
(0.99-1.97) vs. 0.99 (0.33-1.02) on the 2-week vs. 4-week cycles, respectively. 
Paradoxically, more hematopoietic and infectious events occurred on the standard-
dose 4-week arm. A phase 3 trial is ongoing. 

In the European Group for Blood and Marrow Transplantation, 47 patients 
underwent mobilization with epirubicin and G-CSF followed by 3 cycles of 
moderately intensive ICE. 8 1 Radiation to chest and head was recommended. Of 
35 évaluable patients, the complete and near-complete response rate was 69%. 
Mortality was 14%. A phase 3 trial is ongoing. 

Using an innovative trial design, Humblet et al.8 5 treated 37 limited-stage 
patients with 4 intensive alternating cycles of etoposide with either ifosfamide or 
carboplatin with stem cell support. To integrate early chest radiotherapy, bursts of 
10 Gy TRT in 5 fractions were given concurrently with each chemotherapy 
administration (total dose, 40 Gy). Mortality was 3%. The median event-free 
survival was 18 months, and 80% remain alive at 30 months. Eight of 13 relapses 
occurred in the brain, perhaps because no PCI was given. 

Minimal Residual Tumor/Autograft Involvement 

Autograft contamination by tumor cells may cause relapse. Gene marking 
studies have definitively proven that residual tumor cells do directly contribute to 
relapse in certain hematologic malignancies and neuroblastoma (verbal communi
cation, Stem Cell Conference, San Diego, March, 1993),86-88 although the concept 
has not been adequately tested in solid tumors.89 These cells also serve to indicate 
that the patient has increased systemic chemotherapy-resistant tumor burden. 

In SCLC, the marrow is a common metastatic site. Subclinical micrometastatic 
disease is detected in marrow in 13%—54% of newly diagnosed limited-stage and 
44%-77% of newly diagnosed extensive-stage S C L C 9 0 - 9 4 using immunohisto-
chemical techniques with sensitivities of ~1 in 104 cells. Two thirds of patients in 
CR may have subclinical disease in marrow,9596 and residual tumor appears to 
predict relapse.96 Brugger et al. 9 7 detected circulating tumor cells in patients with 
metastatic SCLC or breast cancer mobilized with G-CSF and IPE (ifosfamide, 
cisplatin, and etoposide) chemotherapy, but not after the second cycle of 
chemotherapy. In the short term, in vivo chemotherapy induction may purge the 
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patient and the autologous stem cell source.67 In our unpublished data using a 
technique with a sensitivity of 1-10 in 106, up to 77% of LD patients in or near 
complete response before high-dose therapy have detectable tumor cells in their 
marrow by keratin staining.98 

Molecular and antigenic characterization of these residual cancer cells may guide 
strategies for further treatment. We are using a fluorescence microscope with 
automated computerized scanning with one set of fluorescent probes for detection and 
a second set with different fluorophores for biologic characterization to analyze 
patterns of coexpression of various markers in these cells.98 Prospective trials to 
determine the clinical significance of marrow or peripheral blood tumor contamination 
and the impact of novel stem cell sources to support high-dose therapy are underway. 

CONCLUSIONS 

Two major complementary strategies to administer high-dose therapy for SCLC 
include dose-intensive multicycle approach as initial treatment and the "later' 
intensification in responders. Advantages for each approach are evident. The 
multicycle approach can achieve early dose intensity and maintain it for about 3-4 
cycles. Disadvantages to this approach include subtransplant doses, high mortality 
rates, late administration of chest radiotherapy (except for the recent trial of 
Humblet et al.), and the collection of stem cells early in treatment when they have 
a higher potential to be contaminated with tumor cells. Advantages to later intensi
fication include a patient with decreased tumor burden and tumor-related 
symptoms with consequent improved performance status and a partial purge of the 
autograft. Early dose-intensive thoracic radiotherapy can be given before high-dose 
therapy. The drawback of later administration of the dose-intense cycle can be 
surmounted in part by intensification and shortening of induction chemoradio-
therapy. The optimum may be to merge the two strategies into one: a brief dose-
intensive induction followed by a single or double cycle of stem cell-supported 
therapy followed by TRT and PCI. Ultimately, a randomized trial in patients with 
limited comorbid disease will be necessary to determine whether the increased 
toxicity is worthwhile and for which subsets of patients this approach is curative. 

High-dose therapy has a strong scientific basis: it kills more tumor cells and 
achieves minimal tumor burden in most patients. In clinical situations in which 
toxicity has been acceptable, it typically results in prolonged progression-free 
survival in a subset of patients. An additional group of patients may be near cure. 
High-dose therapy may have increased value if additional targets of residual tumor 
cells can be identified for novel treatment strategies and modalities. Most biologic 
strategies, such as active or adoptive immunotherapy, gene function replacement 
(retinoblastoma gene and/or p53), or interruption of autocrine or paracrine growth 
loops, work best against minimal tumor burden. 
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ABSTRACT 

High-dose chemotherapy for germ cell tumors is alive and well in Europe, with 
more than 300 patients treated each year. The mortality rate in 1999 was 3%, and 
the majority of patients received peripheral blood progenitor cells (PBPCs) as 
hematologic support. Several phase 2 studies and an overview have shown that 
patients with sensitive disease are the best candidates to achieve long-term 
survival. A phase 3 randomized study (IT-94) is approaching its final accrual (280 
patients). It will be the first study addressing the role of high-dose chemotherapy in 
this disease. 

INTRODUCTION 

The outcome of advanced germ cell tumors is extremely good compared with 
that of other solid tumors.1 Nevertheless, patients in relapse after previous 
complete remission (CR) and those not achieving CR with first-line therapy have a 
very dismal prognosis. 

High-dose chemotherapy treatments for germ cell tumors started in the early 
1980s as a modality to circumvent drug resistance, the ultimate cause of treatment 
failure. The clinical and biological characteristics of possible candidates for 
intensified treatment include young age, clinical good condition, rare bone marrow 
involvement, and sensitivity to major drugs even after relapse. This article reports 
the present situation in Europe in this field. 

THE EUROPEAN SURVEY AND THE EBMT SOUD TUMORS REGISTRY 

Despite the fact that germ cell (testicular or extragonadal) cancers represent a 
small minority among adult solid tumor types, the number of patients receiving an 
autograft recently has been high. 
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Figure 1. High-dose chemotherapy for germ cell tumors in Europe. Source: European 
Group for Blood and Marrow Transplantation survey. 

Figure 1 shows the number of patients (1 patient = 1 graft) during the last 
9 years in Europe. In the last few years, a plateau has emerged, with 320-350 cases 
per year, and we can foresee that it will not increase in the future. The majority of 
transplanted patients are currently reported to the European Group for Blood and 
Marrow Transplantation (EBMT) Solid Tumors Registry.2 By March 2000, a total 
of 1465 cases were included: 691 (47%) in relapse or progression, 574 (39%) as 
consolidation; for 200 (14%), disease status at graft has not been reported and a 
careful data request is underway. 

The majority of relapsing patients (429 of 691) are in sensitive relapse; 1366 are 
male; the mean age is 30 ± 9 years, median age 30 years (range, 1-63 years). Only 
89 patients were <18 years old. More than 90% of these patients received PBPCs as 
the sole source of hematopoietic support in 1998 and 1999, after the shift from 
autologous bone marrow transplantation (autoBMT) to PBPC beginning in 1993. 
Toxic death rate (any death within the first 100 days from graft, not directly related 
to the disease) has been dramatically reduced to 3% (Figure 2), which is not higher 
than reported with major standard-dose regimens.3 Among 122 female patients with 
germ cell tumors, the toxic death rate was 7% (data not shown). 

Of the patients, 1068 received 1 autotransplant; 237 had 2 grafts; and 61 had 3 
or more grafts. Mean days with polymorphonuclear cells (PMN) <500 were 
19 ± 18 (median, 17; range, 7-68) and 12 + 7 (median, 11; range, 1-70) for 
autoBMT and PBPCs, respectively. The median values for thrombocytopenia 
(platelets <50,000/̂ L) were 25 ± 19 and 21 ± 18 days, respectively. 
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Figure 2. Toxic death rate (at 100 days after graft) for germ cell tumors. Source: European 
Group for Blood and Marrow Transplantation database. 

RESULTS 

Ninety-two évaluable patients were treated with high-dose chemotherapy for 
refractory disease and have a median survival of only 7 months (Figure 3). Much 
better results have been obtained in patients with sensitive relapse at the time of 
transplant (second complete responses are excluded in the analysis reported in 
Figure 4). Those data are in accordance with a recent survey from 4 major 
European and US centers4 showing that status at transplant is one of the most 
significant prognostic factors affecting survival. 

In a recent report of 37 patients from the Netherlands,5 patients relapsing after 
standard chemotherapy have a 44-month median overall survival; our group6 has 
presented similar data with a smaller cohort of patients and a different high-dose 
schedule. Despite several phase 2 studies published in the past decade of high-dose 
chemotherapy for relapsing56 or poor-risk7 patients, autotransplantation had been 
considered experimental therapy. Although a matched-pair analysis from Germany 
and Norway8 suggests a benefit from high-dose therapy in ~10% (perhaps lower 
than expected), the final word should come from randomized studies. 

In 1994, the EBMT launched an international study, named IT-94, for patients with 
an incomplete response or those relapsing after a previous complete remission who are 
randomized to 4 courses of standard therapy (VelP [vinblastine, ifosfamide, cisplatin] or 
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Figure 3. Overall survival for patients with refractory disease. Source: European Group 
for Blood and Marrow Transplantation database. 
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Figure 4. Progression-free survival for 239 patients with sensitive relapse (second complete 
remission excluded). Source: European Group for Blood and Marrow Transplantation database. 
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THE EBMTIT-94 STUDY 
(GERM C E L L TUMORS) 

Incomplete remission Relapse after CR 

/ \ 
PDoff VelP x 2 VelPx2 „ offPD 

1 
VelP x 2 VelP x 1 + apheresis 

Total accrual 280 pts C A R B O P E C 

Accrual October 2000 251 pts 

Figure 5. The European Group for Blood and Marrow Transplantation LT-94 study. Carbopec, 
high-dose carboplatin, etoposide, and cyclophosphamide; CR, complete remission; PD, progres
sive disease; pt, patient; R, randomization; VelP, vinblastine, ifosfamide, cisplatin. 

PEI [cisplatin, etoposide, ifosfamide]) or 3 courses of standard therapy followed by high-
dose carboplatin, etoposide, and cyclophosphamide (carbopec) (Figure 5). After a first 
interim analysis of 140 patients in 1998, it was decided to continue until 280 patients had 
accrued. By June 2000,243 patients from 10 European countries have been randomized. 
This study (scheduled to be closed by the end of 2000) should give the definitive answer 
concerning the role of carbopec high-dose chemotherapy in patients relapsing or in 
incomplete remission after front-line therapy. 
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ABSTRACT 

High-dose chemotherapy is more likely to be successful in tumors that have 
a high response rate to chemotherapy. Ovarian cancer may be particularly 
suited to this treatment, because many patients enter a clinical remission but 
relapse because of the emergence of drug resistance. Over the last 18 years, a 
large number of patients with ovarian cancer were reported to the solid tumor 
registry of the European Group for Blood and Marrow Transplantation 
(EBMT). Data on 254 patients with advanced or recurrent disease from 39 
centers treated between 1982 and 1996 have been reviewed. One hundred five 
patients underwent high-dose therapy in complete remission or after very good 
partial response with microscopic disease, 27 in second remission, and the 
remainder in the presence of bulky disease after chemotherapy. Most received 
melphalan, carboplatin, or a combination, supported by autologous bone 
marrow or peripheral blood stem cells. 

Survival following transplantation of patients in remission was significantly better 
than in other groups (median, 33 months vs. 14 months; P=XXX)\). The durability of 
remission was longer after transplantation in first compared with second remission. 
With a median follow-up of 76 months from diagnosis, the median disease-free and 
overall survival rates in stage III disease transplanted in remission are 42 and 59 
months, and for stage IV disease, 26 and 40 months, respectively. 

High-dose chemotherapy is beneficial only when used to consolidate a 
remission or to help overcome the adverse effect of residual disease after initial 
surgery. These results compare favorably with those seen following standard-
dose chemotherapy but need to be confirmed in a randomized trial. OVCAT 
(Ovarian Cancer Trial) is a randomized EBMT trial of sequential high-dose 
chemotherapy compared with standard chemotherapy following initial surgery 
for ovarian cancer. 
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INTRODUCTION 

Ovarian cancer is the fourth most common cause of cancer death in women. 
Early stages of the disease are often asymptomatic and, at the time of diagnosis, the 
majority of women have advanced disease. Control of the disease has improved 
over the last 20 years with the use of aggressive cytoreduction and platinum-based 
chemotherapy. The introduction of taxanes suggests that survival may be further 
increased.1 However, the majority of patients still relapse and die of their disease; 
only 25%-30% of patients with advanced disease (International Federation of 
Gynaecological Oncologists [FIGO] stage III or IV) remain alive at 5 years.23 Drug 
resistance remains the principal obstacle to successful therapy, and dose intensifi
cation of chemotherapy, which has been shown to be effective in some chemosen-
sitive tumors, is one strategy that might overcome relative drug resistance. Ovarian 
cancer is very chemosensitive; typically more than 70% of patients will respond to 
chemotherapy, and a retrospective analysis has shown that tumor response and 
survival are related to drug dose intensity.4'5 Prospective randomized studies have 
generally not supported this view, however; but the level of dose escalation has 
been small, usually about twice the standard dose of platinum.6 

High-dose chemotherapy has been studied in ovarian cancer, but early reports 
were mainly confined to the treatment of small numbers of patients with disease 
that usually was resistant to standard chemotherapy. More recently, results have 
been reported from centers treating larger cohorts of patients.7-11 The Solid Tumor 
Registry for the EBMT was set up in 1981, and the Solid Tumor Working Party, 
established in 1984, now has data on more than 14,000 patients treated with high-
dose chemotherapy. 

Between 1982 and 1996, 254 patients with ovarian cancer were reported to the 
Solid Tumor Registry. This article describes the outcome of this group and the 
current prospective EBMT randomized study that has been initiated as a result of 
the analysis of the registry data. 

PATIENTS AND METHODS 

The patients with ovarian cancer diagnosed between September 1975 and 
December 1995 were given high-dose chemotherapy between October 1982 and 
January 1996. The data submitted to the registry from 39 centers were reviewed. 
The median age was 46 years (range, 14 to 63 years). More than 90% of patients 
had FIGO stage III or IV disease, and the distribution of histologic subtype was 
typical for advanced disease. Cytoreductive surgery was performed in 64.1% of 
patients; in 64 patients (25.2%), there was either no residual disease or residual 
disease was microscopic. Macroscopic disease was known to be present in 42.5% 
of patients. At least 10.6% had no surgery, and in 21.7%, there were no details of 
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the diagnostic procedure. Most patients received initial chemotherapy, and 75% of 
the group received platinum-based therapy. The overall survival (OS) and disease-
free survival (DFS) rates were estimated using the Kaplan-Meier method. 
Differences between groups were assessed by the log-rank test. 

Patient Characteristics at the Time of Graft and High-Dose Therapy 

The disease status before high-dose therapy is summarized in Table 1. There 
were 288 grafts (18 patients received either double or triple grafts). In the group 
transplanted in first complete remission (CR1) or very good partial remission 
(VGPR1), defined as microscopic residual disease at a second-look procedure, 
there were only 3 patients with early disease (stage I or II). The CR1 or VGPR1 
group contained 29 of the 64 patients with microscopic or no residual disease after 
initial surgery. We do not know how many of the remaining 76 patients in CR1 or 
VGPR1 had little disease at the end of their operation, because surgical details were 
not recorded in 55 patients. 

The group transplanted in second remission (CR2) contained 13 patients who 
relapsed after stage I or II disease. The remaining 116 patients (45.6%) were not in 
remission when they received high-dose chemotherapy. Some were in sensitive 
relapse, but the majority had resistant bulky relapse. 

Graft and High-Dose Therapy Regimens 

There was a shift from autologous bone marrow transplantation (autoBMT) to 
peripheral blood stem cell transplantation (PBSCT) with time. AutoBMT was 
performed in 155 patients, 8 patients received autoBMT and PBSCT, and 120 
received PBSCT (data were unavailable for 5 grafts). Two hundred forty-seven 
procedures (85.8%) used a regimen that included platinum-based drugs, chiefly 

Table 1. Disease Status Before High-Dose Therapy* 
Status n % 

First CR 88 35.0 
VGPR1 17 6.7 
First PR 67 26.4 
Second CR 27 10.6 
SD/RD/SR/RR/relapse 49 19.3 
Unknown 6 2.0 

*CR, complete response; PR, partial response; RD, primary refractory; RR, resistant 
relapse; SD, stable disease (<50%); SR, sensitive relapse; VGPR, very good partial 
response. 
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carboplatin, melphalan, or both. Cyclophosphamide was a part of the 23 regimens 
with agents other than cisplatin or carboplatin and melphalan. Most patients in first 
complete or partial remission received the transplant within 12 months of 
diagnosis. The time to transplantation was much more variable, as expected in 
patients transplanted in second CR. Overall, 174 patients received high-dose 
chemotherapy within 12 months of diagnosis. 

OUTCOME 

The data were frozen on October 1, 1998. The overall survival and duration of 
remission (DFS following transplantation) were significantly longer in patients 
given high-dose chemotherapy in remission (CR1, second CR, or VGPR1) than in 
those receiving high-dose chemotherapy in a partial remission or with stable or 
resistant disease. The median survival of 132 patients transplanted in remission was 
33 months (from the time of the graft) compared with 14 months in those who were 
not in remission (P=.0001). The median follow up is >5 years, and no patient in the 
CR group has relapsed beyond 3.5 years (Figure 1). Patients who received high-
dose therapy in first remission or VGPR1 had a more durable remission than those 
transplanted in second CR. The median disease-free survival was 18 vs. 9 months 
(P=.005). Although the DFS was significantly lengthened, there was no significant 
difference in OS following the graft (P=.l5). The median follow-up was 76 months 
from diagnosis for the 76 stage III and 24 stage IV patients transplanted in first 
remission. The median DFS was 42 months for stage III and 26 months for stage 
IV patients, and the median OS was 59 months for stage III and 40 months for stage 
IV patients. These differences are not statistically significant. 

TOXICITY 

One hundred sixty-nine patients relapsed or progressed after the last transplant 
(no information is available on 6 patients). One hundred fifty-seven patients died, 
and the cause of death was available for 124 patients. The cause of death was 
original disease alone in 97 patients and other causes including original disease in a 
further 8 patients. Procedure-related deaths within 90 days occurred in 18 patients 
(7.0%), principally infection, hematologic toxicity, and multiorgan failure. Original 
disease contributed to the cause of death in 3 patients who died within 90 days. 

DISCUSSION 

The large number of patients reported to the solid tumor registry of the EBMT 
over the last decade reflects the growing interest in high-dose chemotherapy. 
Ovarian cancer is a disease with a high response rate to platinum-based chemo-
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DISEASE-FREE SURVIVAL 

Figure 1. A, Overall survival. B, Disease-free survival for patients in first clinical remis
sion (CR1), first very good partial remission, and CR2 (n = 132) vs. others (partial remis
sion and residual disease sensitive or resistant to chemotherapy) (n = 116). 

therapy.1213 A common theme from centers with experience in treating large 
numbers of patients with high-dose chemotherapy is that only the patients in 
remission or with small-volume drug-sensitive disease appear likely to benefit.1011 
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A median survival of 14 months after high-dose chemotherapy in the EBMT series 
shows that many patients died soon after therapy. Less than 20% survived more 
than 5 years after the procedure; these are probably the few patients with drug-
sensitive disease who were given high-dose therapy. 

There is, however, a group of patients given high-dose therapy to consolidate 
remissions that fared significantly better. This group, comprising just over half the 
total patients in the EBMT series, had a 5-year survival after transplantation of just 
under 40%. Their median survival of 33 months following consolidation therapy 
suggests that high-dose treatment may favorably affect the natural history of 
advanced ovarian cancer. Furthermore, half the patients have been followed for 
more than 5 years, and late relapse is uncommon. 

The best results are seen in patients transplanted in remission. Transplantation 
in first remission produces a more stable response than transplantation following a 
second remission. Interestingly, the overall survival of the 2 groups was not 
different, probably reflecting the presence of continuing drug sensitivity in a 
proportion of patients who attain a second remission. The median survival from 
diagnosis of patients in CR1 or VGPR1 was 54 months (4.5 years), and the disease-
free survival was 32 months. These results are similar to the largest series 
published so far from Clermont-Ferrand, France. (It should be noted that some of 
the patients in the series by Legros et al. 1 0 are included in the EBMT registry.) 

Patient selection is a common and valid criticism of the beneficial results in 
survival following high-dose therapy. In a case study from the Netherlands, 
prognostic factor analysis has identified small-volume disease after surgery as a 
favorable indicator of outcome in stage III or IV disease.3 In that group, the median 
survival was 7.8 years, falling to 4.2 years in patients who had either no residual 
disease or microscopic disease after platinum-based chemotherapy. The 5-year 
survival of the 2 groups was 64% and 35%. Whereas attainment of CR or VGPR 
clearly favors good outcome, the majority of patients in the EBMT series did not 
have a surgically defined response. At least 17 patients had microscopic disease. 
Only 29 patients of 105 were known to have no macroscopic disease at the end of 
primary surgery. Even if all the 55 patients in the unknown disease category at the 
start of treatment were added to this group, there would still be at least 20% of 
patients who started treatment with macroscopic disease. In summary, the group in 
clinical remission is heterogeneous—some had a pathological complete remission, 
and others had microscopic or larger-volume disease, not clinically detectable. 

The 5-year probability of survival for patients transplanted in clinical remission 
is 48% for patients with stage III disease and 35% for patients with stage IV 
ovarian cancer. Some of these patients had residual disease after surgery, and in 
general, such patients do not have a good long-term survival. It appears that high-
dose consolidation therapy may have benefited patients with less favorable 
prognostic features to an even greater extent, such that the overall outcome of the 
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subset of patients in CR1 and VGPR is as good as those of patients with a 
surgically documented remission. 

Published randomized studies of dose intensity in ovarian cancer have 
examined the effect of an approximately 2-fold increase in dose. That increase was 
insufficient to make an impact on outcome and has helped to fuel a widespread 
criticism of dose-intense therapy in solid tumors. Melphalan and carboplatin, 2 
active drugs in ovarian cancer, may be escalated considerably and may be given 
sequentially.14-16 High-dose chemotherapy supported by autoBMT, PBSCT, and 
granulocyte colony-stimulating factor results in significant toxicity. Over time, 
toxicity has fallen such that the overall procedure-related (90-day) mortality of 7% 
is now only about 3%. 

There are 2 main conclusions to be drawn from the registry data. First, there can 
be no role for consolidation high-dose therapy in patients who are not in remission 
after chemotherapy or who have bulky disease after chemotherapy. Second, the 
results of treatment of patients in remission appear better than after current standard 
therapy. However, a note of caution should be sounded, as the registry data do not 
constitute either a cohort or a randomly assigned group. A prospective randomized 
study must be conducted to evaluate high-dose chemotherapy in the first-line 
treatment of ovarian cancer. 

Three randomized trials of consolidation chemotherapy were started a few years 
ago. A French GINECO (Groupe des Investigateurs Nationaux pour 1'Etude des 

PBSC PBSC PBSC 

• • • 
cyclo cyclo — c a r b o — c a r b o — c a r b o 
paclitax paclitax paclitax paclitax paclitax 

melph 

carbo carbo carbo ^ carbo carbo carbo 
paclitax* paclitax* paclitax* paclitax* paclitax* paclitax'1 

High dose: Standard dose: 

cyclo = cyclophosphamide 4 g/m: cisplatin 75m/m2 or carboplatin AUC 5, 
carbo= carboplatin AUC 20 * may include doxorubicin or epirubicin (centre choice) 
paclitax= paclitaxel 200 mg/m2 paclitax =paclitaxel 175 mg/m2melph= melphalan 140mg/i 

Figure 2. EBMT trial of sequential high-dose chemotherapy for ovarian cancer (OVCAT). 
AUC, area under the curve; PBSC, peripheral blood stem cell. 
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Cancers de l'Ovaire) study expects to close this year with 120 patients. A second 
study from Finland (FINOVA) continues to recruit slowly, and a third from FIGO 
closed early because it was difficult to recruit patients to a consolidation arm that 
contained either high-dose or more standard therapy. The EBMT has adopted a 
different approach using sequential high-dose chemotherapy. This approach has 
been chosen because multiple cycles of treatment may be given at a time when 
acquired drug resistance is least likely. Patients are randomized after surgery to 
receive either standard platinum-paclitaxel therapy or 2 cycles of cyclophos
phamide and paclitaxel followed by 3 cycles of paclitaxel, with peripheral blood 
stem cell-supported high-dose carboplatin and high-dose melphalan added to the 
final cycle (Figure 2). High-dose sequential therapy has been shown to result in 
high response rates,17 and a pilot study performed by Wandt et al. 1 8 showed the 
regimen to have acceptable toxicity. OVCAT and a similar study conducted by a 
German group will determine whether multicycle high-dose chemotherapy is a 
useful step forward in the management of advanced epithelial ovarian cancer. 
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ABSTRACT 

Despite initial responses, long-term survival for children with high-risk neuro
blastoma using conventional chemoradiotherapy is only 15%. The recently 
completed phase 3 national randomized trial (Children's Cancer Group [CCG] 
3891) demonstrated that myeloablative consolidation using carboplatin, etoposide, 
melphalan, and total body irradiation (TBI) with purged autologous bone marrow 
infusion (autoBMT) significantly improved 3-year event-free survival (EFS) 
compared with nonmyeloablative chemotherapy consolidation (34% ± 4% vs. 22% 
± 4%; /J=.034). Therapy with 13-cis retinoic acid (13-cRA) postconsolidation also 
significantly improved EFS (46% ± 6% vs. 29% ± 5%; P=.021). The best outcome 
was achieved with the combination of myeloablative chemotherapy and autoBMT 
plus 13-cRA, with an estimated EFS of 38% ± 6% from the time of diagnosis. This 
approach is now the standard for therapy of high-risk neuroblastoma. However, 
relapses indicate the need for more effective primary site control, as well as agents 
active against resistant minimal residual disease (MRD). 

Our subsequent CEM-LI (carboplatin, etoposide, melphalan, and local 
irradiation) pilot study eliminated TBI from the transplant regimen. This allowed 
significant dose escalation of carboplatin and etoposide. Stem cell infusion was 
either purged autologous marrow or purged peripheral blood stem cells (PBSCs). 
Local radiation was given to all primary sites, as well as residual metastatic sites. 
Posttransplant therapy was allowed and may have included 13-cRA and/or anti-GD2 

antibody and granulocyte-macrophage colony-stimulating factor (GM-CSF). One 
hundred six children were transplanted in first (n = 77) or second (n - 29) 
remission. The 3-year EFS for all patients transplanted in first remission was 64% 
± 9%; that for stage 4 patients >1 year of age in first remission was 61% ± 12%. 
Relapses occurred at primary and distant (n = 3), primary (n = 2), and distant (n = 
18) sites; only 3 of 20 reviewed were within the irradiation field. This strategy 
appears to have decreased primary site relapse. 
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The next phase 3 Children's Oncology Group (COG) study (A3973) will use 
intensive induction chemotherapy, followed by consolidation with CEM-LI and 
posttransplant therapy with 13-cRA. Patients will be randomized to receive either 
purged or unpurged PBSCs to determine the effect of purging on EFS and MRD. 
A second randomization adding anti-GD2 antibody (chl4.18) and GM-CSF and 
interleukin (IL)-2 (COG-P9842) after autoSCT vs. 13-cRA alone will determine if 
EFS can be improved by another therapy directed against MRD. 

Future therapies in development include chemotherapy resistance modifiers 
(such as glutathione depletion with buthionine sulfoximine [BSO]), targeted radio
therapy with l31I-metaiodobenzylguanidine (131I-MIBG), and novel retinoids 
(fenretinide). Integration of these strategies should further improve the outcome of 
children with high-risk neuroblastoma. 

INTRODUCTION 

Neuroblastoma, the second most common solid tumor in children, can be stratified 
into risk groups at diagnosis using age, tumor stage, histopathology, and the presence 
of amplification of the MYCN oncogene.1-3 Conventional-dose chemoradiotherapy 
can achieve a complete response in the majority of high-risk patients; however, the 
long-term survival is only 15%.1 Pilot studies suggested that high-dose myeloablative 
chemotherapy may improve the outcome.4"12 This provided the rationale for a national 
randomized prospective trial, CCG 3891,13 to determine if myeloablative 
chemotherapy and transplantation with purged autologous bone marrow could achieve 
a better EFS than nonmyeloablative chemotherapy. The observation of a high 
incidence of relapse in patients who had no measurable tumor posttransplant8 led to 
another pilot study to determine the toxicity of 13-cRA in the posttransplant setting.14 

It had been shown in the laboratory that 13-cRA could induce differentiation, decrease 
proliferation, and downregulate MYCN expression in neuroblastoma tumor cell lines, 
including some established from refractory tumors after autoBMT.1 5 - 1 8 The effect of 
13-cRA on EFS when given on a randomized basis posttransplant was also examined 
in the CCG 3891 trial. This article summarizes the results of the CCG 3891 study, as 
well as preliminary results of a successor pilot transplant study (CEM-LI) that 
eliminated total body irradiation from the transplant regimen, escalated doses of the 
chemotherapy, and intensified the local radiation therapy. Trials currently in progress 
that are piloting novel transplant regimens and/or posttransplant therapies for resistant 
minimal residual disease in high-risk neuroblastoma are also summarized. 

MATERIALS AND METHODS 

For the clinical studies described, written informed consent was obtained from 
the parent and/or guardian, and studies were approved by the participating 
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institutions' investigational review boards. Eligible patients were 1-18 years of age 
for CCG 3891 and 9 months to 25 years of age for the CEM-LI pilot. High-risk 
neuroblastoma was defined as all patients with Evans' syndrome (ES) stage IV 1 9 

>1 year of age at diagnosis; ES stage IV <1 year of age at diagnosis with MYCN 
amplification; ES stage III with MYCN amplification, unfavorable histopathology, 
and/or serum ferritin >143 ng/mL; ES stage II with MYCN amplification; or ES 
stage I/II with development of bone metastases after surgical resection alone. 
Patients transplanted on both CCG 3891 and the CEM-LI pilot received autologous 
stem cells purged at the Neuroblastoma Purging Center of the CCG. Bone marrow 
was purged using the previously published method,7'20,21 with immunomagnetic 
beads. PBSCs were purged with a modification of this method, using an additional 
initial step with carbonyl iron22 to remove monocytes and neutrophils. All infused 
stem cell products had no evidence of neuroblastoma tumor cells by immuno-
cytology,23 as performed by the Neuroblastoma Reference Lab of the CCG, with a 
sensitivity of 1 tumor cell per 105 nucleated bone marrow cells. 

CCG 3891 

Methods for this study have been published previously.13 The patient population 
consisted of children ages 1-18 years with newly diagnosed high-risk neuro
blastoma entered on a prospective randomized national study from 1991 to 1996, 
including 434 with ES stage IV >1 year of age, 72 with ES stage III with high-risk 
features, 1 with ES stage II with MYCN amplification, 13 with ES stage I or II who 
developed bone metastases after surgical resection only, and 19 <1 year of age with 
ES stage IV and MYCN amplification. There were no significant differences in the 
prognostic features of the randomized groups for either the first randomization (at 
8 weeks from diagnosis) to transplant vs. continuation chemotherapy or the second 
randomization (at completion of the assigned chemoradiotherapy arm) to 13-cRA 
vs. no further therapy. Doses for the transplantation regimen from CCG 3891 are 
summarized in Table 1. Carboplatin and etoposide were given on days -7 through 
-4 as a continuous intravenous (IV) infusion. Melphalan was given as 140 mg/m2 

on day -7 and 70 mg/m2 on day -6. The TBI was given as 333 cGy/day on days -3 
through -1. The 13-cRA was given every 28 days as 160 mg/m2/day for 14 days, 
followed by a 14-day rest, beginning at day 84 after completion of chemoradio
therapy. Local radiotherapy (1000 cGy over 5 days) was given at the end of the 
induction chemotherapy to persistent metastatic sites and to the primary site only 
if there was residual tumor. Further details of the CCG 3891 study and the 
statistical analyses used have been published previously.13 
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Table 1. Comparison of Total Doses of Chemotherapy Drugs and Radiation for 
CCG 3891 and CEM-LI Regimens* 

CCG 3891 
CEM-LI 

(GFR >100) 
CEM-LI 

(GFR <100) 

Carboplatin, mg/m2 1000 1700 AUC 16.4 
Etoposide, mg/m2 800 1350 800 
Melphalan, mg/m2 210 210 180 
Local radiation, cGy lOOOt 2100$ 2100$ 
Total body irradiation, cGy 1000 None None 

*AUC, area under the curve; GFR, glomerular filtration rate in cc/min per 1.73 m2. fTo 
residual measurable tumor sites pretransplant. fTo all primary sites and any residual 
metastatic sites. 

CEM-LI Pilot Study 

Analyses reported here include patient accrual from 1991 to 1999. This study is 
still open and pending final analysis. Eligible patients included those with high-risk 
neuroblastoma who had been treated with any accepted induction therapy (including 
CCG 3891,13 N6,2 4 or other) in first remission and patients with stage III/IV who 
were in at least a partial remission after any reinduction therapy for relapse. One 
hundred six children were transplanted in first (n - 77) or second (n = 29) response. 
The chemotherapy regimen consisted of continuous-infusion carboplatin (escalated 
from 250-425 mg/m2 per day), etoposide (escalated from 200-375 mg/m2 per day) 
given IV days -7 through -3, and melphalan (fixed dose of 70 mg/m2 per day) by 
bolus IV infusion days -7 through -4. Purged autologous bone marrow or peripheral 
blood stem cells were infused on day 0, followed by either GM-CSF 250 /<g/m2 per 
day or G-CSF 10 fig/kg per day until neutrophil engraftment occurred. The 
carboplatin dosage was calculated based on the pretransplant glomerular filtration 
rate (GFR) using the pediatric Calvert formula25 for those patients with a GFR <100 
cc/min per 1.73 m2, and this group of patients were dose-escalated separately from 
those patients with a GFR >100 cc/min per 1.73 m2. Local irradiation was given as 
two 150-cGy fractions per day, at least 4 hours apart, for a total dose of 1500-2100 
cGy to the primary site regardless of extent of residual tumor and to any residual 
metastatic sites before transplant. Posttransplant therapy was allowed at the 
discretion of the treating physician, and included cRA, anti-GD2 antibody plus GM-
CSF, fenretinide, and/or gene therapy. Life-table estimates were calculated 
according to the Kaplan-Meier procedure.26 The standard errors of the life-table 
estimates of event-free survival were calculated according to the method described 
by Peto et al.2 7 Events considered were disease progression, death from any cause, 
and/or a second neoplasm, whichever occurred first. 
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RESULTS 

CCG 3891 

Myeloablative chemoradiotherapy and purged ABMT significantly improved 
the 3-year EFS from the time of the first randomization (8 weeks from 
diagnosis) compared with nonmyeloablative chemotherapy consolidation (34% 
± 4% vs. 22% ± 4%; />=.034).13 Those patients randomized after completion of 
either arm of chemoradiotherapy to receive 13-cRA also had a significantly 
improved EFS at 3 years from the time of randomization (46% ± 6% vs. 29% ± 
5%; P=.021). The estimated EFS 3 years from the second randomization was 
55% ± 10% for those patients assigned to transplantation followed by 13-cRA. 
The estimated 3.7-year EFS from the time of diagnosis was 38% ± 6% for 
patients receiving transplantation and 13-cRA, compared with only 17% ± 4% 
in the group treated with conventional-dose chemotherapy alone. For patients 
undergoing the first randomization treatment, there were 7% (9 of 129) 
treatment-related deaths vs. 1% (1 of 150) in those randomized to continuation 
chemotherapy (P=.013). 

CEM-LI Regimen 

The maximal tolerated doses of this regimen determined for patients with a 
GFR >100 cc/min per 1.73 m 2 were carboplatin 1700 mg/m2 and etoposide 
1350 mg/m2 given with melphalan 210 mg/m2. There were no toxic deaths in 
58 patients transplanted in first remission with a GFR >100 cc/min per 1.73 m2. 
For patients with a GFR <100 cc/min per 1.73 m2, the maximal tolerated 
dosage was determined initially as a carboplatin area under the curve (AUC) of 
16.4 with etoposide 1000 mg/m2, based on 6 patients treated at these doses. 
After further accrual, the etoposide dose was decreased to 800 mg/m2 and the 
melphalan dose was decreased to 180 mg/m2, based on observation of 
additional toxicity. Accrual of patients to evaluate this dose-reduction level is 
continuing. Among 18 first-remission patients with a low GFR, there were 2 
toxic deaths (11%). Overall, there were 2 of 76 (3%) toxic deaths in first-
remission patients. 

The EFS at 3 years from time of transplantation was 64% ± 9% for all patients 
transplanted in first remission. The 3-year EFS was 61% ± 12% for stage 4 
patients >1 year of age (n = 56) in first response, of whom 70% received 13-cRA, 
20% anti-GD2 antibody, and 4% fenretinide posttransplantation. Relapses in the 58 
patients transplanted in first response occurred at primary and distant (n = 3), 
primary (n = 2), and distant (n = 18) sites. Three of the 20 relapse sites reviewed 
were within the irradiation field. 
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DISCUSSION 

The results of the randomized prospective CCG 3891 trial13 have established 
myeloablative chemoradiotherapy with autologous transplantation followed by 
6 months of 13-cRA as the standard of therapy for high-risk neuroblastoma. 
However, with an estimated survival from diagnosis of only 38% for patients 
treated with this standard, novel approaches are clearly needed to further improve 
outcome. The primary site is a common site of relapse posttransplantation,8 

indicating that local control needs to be addressed. In addition, CCG 3891 used 
total body irradiation, which is associated with increased acute toxicity in the early 
posttransplant period, as well as late effects including abnormalities in growth, 
thyroid dysfunction, abnormal dental development, and cataracts.28"32 

We hypothesized that eliminating TBI would allow dose escalation of the 
chemotherapy used in the CCG 3891 transplant regimen and more intensive local 
radiation to the primary site, which would improve the EFS. As shown in Table 1, 
the doses of carboplatin and etoposide were successfully escalated in patients with 
a GFR >100 cc/min per 1.73 m2; however, this was not possible in the low GFR 
cohort due to toxicity. Current neuroblastoma regimens all contain nephrotoxic 
agents and, since nephrectomy is not uncommon with primary tumor resection, 
tailoring dose escalations based on renal function is an important issue to give most 
effective yet tolerable doses to all patients. The CEM-LI regimen had 3% (2 of 76) 
toxic deaths in first-remission patients vs. 7% (9 of 129) of patients transplanted 
with the CCG 3891 regimen. There were no toxic deaths on the CEM-LI regimen 
among patients with a normal GFR. Primary site relapses were observed in only 
5 of 23 patients (22%) with the CEM-LI regimen. This suggests an improvement 
over previous studies in which radiation was not given consistently to the primary 
site, and local relapse occurred in ~50% of patients.8 This observation needs to be 
confirmed in a larger number of patients. Distant relapses remain a significant 
issue, indicating the need for more effective therapy for minimal residual tumor 
following transplantation. The outcome with CEM-LI compares favorably with the 
CCG 3891 TBI regimen; however, there are differences in the prognostic features 
of the 2 patient populations that affect retrospective comparisons. These include 
induction therapy before transplant, response status before transplant, time from 
diagnosis to transplantation, and posttransplant therapy. We conclude from the 
CEM-LI pilot results that this regimen is well tolerated, the elimination of TBI does 
not adversely affect outcome, and more consistent intensive local radiation may 
decrease relapse at the primary site. 

The next cooperative group study, A3973, will open this year in the COG. This 
study will use a more aggressive induction than CCG 3891 based on the N6 
regimen,24 which has reported the highest response rates to date. All patients will 
then be transplanted with the CEM-LI regimen, followed by 6 months of 13-cRA. 
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This study will provide a larger patient population to establish the EFS of the CEM-
LI regimen and the incidence of primary site relapse. The A3973 study will use 
peripheral blood stem cells instead of bone marrow, based on data showing more 
rapid engraftment with PBSCs 3 3 - 3 6 and preliminary reports of a lower content of 
neuroblastoma tumor cells than in marrow.37-39 Patients will be randomized at 
diagnosis to receive either purged or unpurged PBSCs, with the study end point to 
determine differences in EFS and overall survival between these 2 groups in 
patients with stage IV tumors who are >1 year old at diagnosis. The pilot of purged 
PBSC is near completion in the final cohort of patients on the CEM-LI study. 
Preliminary data in children with neuroblastoma who have no detectable tumor by 
immunocytology have shown the feasibility of collecting sufficient numbers of 
PBSCs after 2-3 cycles of induction chemotherapy and normal engraftment of the 
purged PBSCs. 

The issue of purging stem cells for transplantation has never been examined in 
a randomized study. Previous studies for neuroblastoma have used either purged or 
unpurged stem cells. Some data suggest an advantage for purging, but no definitive 
conclusion can be made.4 - 7'1 0'1 2'1 3 , 3 9"4 5 Gene marking studies in neuroblastoma46 

have demonstrated that tumor cells infused in marrow grafts can be found at sites 
of relapse. The minimum number of neuroblastoma tumor cells required to initiate 
tumor regrowth is not known and is likely to vary with the biologic characteristics 
of the individual tumor. The A3973 study will determine in a prospective 
randomized manner whether purging of PBSCs is associated with a significant 
difference in event-free survival in high-risk neuroblastoma. 

The clinical standard for using stem cell products is the absence of neuro
blastoma tumor cells detectable by immunocytologic assay, with a sensitivity of 
1 tumor cell in 105 mononuclear cells.23 Recently, more sensitive assays using 
reverse transcription-polymerase chain reaction (RT-PCR) methodology with 
markers of tyrosine hydroxylase and protein gene product (PGP) 9.547 can detect 
as few as 1 tumor cell in 106 mononuclear cells. Approximately 25% of purged 
bone marrow samples from the CCG 3891 study that were negative for tumor by 
immunocytology had detectable tumor by RT-PCR analysis (R.C.S., personal 
communication). The prognostic significance of these RT-PCR findings is not 
known, and will require a larger sample of patients. The A3973 study will perform 
RT-PCR analysis on all stem cell products to determine if there are differences in 
purged vs. unpurged PBSCs and whether tumor detected by RT-PCR has 
prognostic significance. Minimal residual tumor will also be assessed by RT-PCR 
and MIBG scans at various points during and after completion of therapy to 
determine if these assessments can predict outcome. 

Other posttransplant therapies for neuroblastoma may further improve EFS when 
used in combination with 13-cRA. The ganglioside G D 2 is expressed on the surface 
of almost all neuroblastoma tumor cells and is involved in the attachment of tumor 
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cells to the extracellular matrix. Antibodies against G D 2 have antitumor activity that 
can be augmented by GM-CSF and/or IL-2, which activate monocytes and 
lymphocyte-activated killer cells and enhance their ability to kill neuroblastoma 
tumor cells in combination with antibody.48-52 Both murine and chimeric antibodies 
to G D 2 have demonstrated clinical responses in patients with recurrent 
neuroblastoma, especially in marrow metastases.49,53"58 The CCG 0935A phase 1 
study, which is a pilot of the chimeric anti-GD2 antibody chl4.18 given with GM-
CSF alternated with IL-2 and concurrent with 13-cRA, will be completed this year. 
The successor P9842 phase 3 cooperative group study will randomize patients from 
the A3973 COG study described above to 13-cRA alone vs. 13-cRA plus the CCG 
0935A regimen, following transplantation with CEM-LI. The study end point will 
be differences in EFS and survival between the 2 groups. Differences in minimal 
residual tumor in patients treated on either study arm, as measured by RT-PCR of 
blood/marrow and MIBG scans, will also be examined as a secondary aim. 

Another synthetic retinoid, Ar-(4-hydroxyphenyl)retinamide or fenretinide,5960 

has potential as a future posttransplant therapy for minimal residual tumor. 
Fenretinide has demonstrated activity against neuroblastoma cell lines,6 1 - 6 4 

including those resistant to 13-cRA. Unlike 13-cRA, fenretinide induces apoptosis 
rather than differentiation.63 Its mechanisms of action include an increase in 
ceramide levels,64 increase in oxidative radicals,65 and antiangiogenesis.66 Its major 
toxicity is nyctalopia, and no significant hematopoietic toxicity has been 
reported60,67-69; therefore, it should be well tolerated after intensive chemoradio-
therapy. A pediatric phase 1 study of oral fenretinide on an intermittent high-dose 
schedule (given tid for 7 days, followed by a 2-week rest) is currently in progress 
in the CCG (study 09709). Toxicity to date has been minimal at doses up to 
1395 mg/m2 per day, with preliminary analysis demonstrating that plasma levels 
can be achieved in patients which are comparable to those required in vitro for 
activity against neuroblastoma tumor cell lines (J.G.V., personal communication). 
Response data are blinded until completion of the study. A phase 2 study of 
fenretinide in neuroblastoma is planned in COG, pending determination of the 
maximal tolerated dosage. A future phase 3 study of fenretinide in the 
posttransplant setting is possible, pending results of these preliminary studies. 

Agents that can reverse resistance to chemotherapy in neuroblastoma relapsing 
after myeloablative therapy should provide another avenue to improve outcome. 
BSO is a selective inhibitor of 'v-glutamylcystein synthetase, the rate-limiting 
enzyme in glutathione synthesis.70 BSO causes depletion of intracellular 
glutathione levels, which can enhance alkylator activity.70-72 BSO exhibits 
cytotoxic activity as a single agent in in vitro neuroblastoma. The combination of 
BSO and the alkylator melphalan is synergistic in vitro against neuroblastoma cell 
lines, including some derived from patients transplanted with high-dose melphalan 
(210 mg/m2) regimens.73,74 This synergy is most striking at levels of melphalan that 
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can be achieved in patients with myeloablative doses. A phase 1 study of BSO and 
melphalan75 given at 15 mg/m2 has demonstrated 27% responses in 20 évaluable 
patients with recurrent neuroblastoma, including 7 partial responses, 1 minor 
response, and 9 stable disease. The major toxicity was hematopoietic. A successor 
phase 1 study of BSO with escalating doses of melphalan (40-170 mg/m2) given 
with autologous stem cell support is planned to open this year in the New 
Approaches to Neuroblastoma Therapy (NANT) Consortium. Pending the toxicity 
and response data from the NANT study, the BSO/melphalan regimen may be 
incorporated into frontline studies. 

Metaiodobenzylguanidine 

MIBG is a guanethidine derivative that structurally resembles norepinephrine 
and is concentrated in adrenergic tissue.76 MIBG can be labeled with radioactive 
isotopes of iodine and used for diagnostic imaging (123I) or for both imaging and 
therapeutic treatment (13II) of neuroblastoma, which is a tumor of neuroectodermal 
origin. 7 7 - 8 0 Multiple studies using 1 3 II-MIBG in children with neuroblastoma have 
reported response rates from 10% to 50%, and none have observed nonhematologic 
dose-limiting toxicity.7 7 , 7 9'8 1 - 8 4 A recently completed phase 1 study of 1 3 1I-MIBG 
for recurrent neuroblastoma at the University of California-San Francisco85 

defined the maximal dose of 1 3 1I-MIBG for hematopoietic toxicity as 12 mCi/kg, 
with no significant nonhematologic toxicity at doses up to 18 mCi/kg. The response 
rate among the 30 patients treated was 37%, including 1 complete, 10 partial, 
3 minor, and 10 stable disease. Based on the response data and the hematopoietic 
dose-limiting toxicity that can be abrogated by stem cell support, a phase 1 study 
will open this year in the NANT Consortium using 1 3 1I-MIBG in combination with 
the CEM-LI regimen and autologous stem cell support. Eligible patients will 
include those with poorly responding neuroblastoma after induction chemotherapy 
and those who develop progressive disease. 1 3 1I-MIBG administration will be 
followed 2 weeks later by CEM-LI, with dose escalation of both 1 3 II-MIBG and 
CEM beginning at levels below the maximally defined doses. This study may 
provide a more effective myeloablative regimen that uses an agent specifically 
targeted to neuroblastoma. 

CONCLUSION 

Significant progress has been made in the last decade in the therapy of high-risk 
neuroblastoma, with improvement in survival from 15% to 40% through the 
implementation of more intensive induction regimens, myeloablative consolidation 
with autologous transplantation, posttransplant therapy directed against minimal 
residual disease, and improvements in supportive care. Future studies are needed to 
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design more effective induction and myeloablative regimens with agents that can 
reverse chemoradiotherapy resistance and/or have novel mechanisms of action that 
are non-cross-resistant with chemoradiotherapy, for maximal reduction of tumor 
burden. Novel therapies directed against minimal residual disease will also be 
critical. The role of stem cell purging also needs to be defined. Finally, the long-
term effects of these aggressive therapies must be monitored carefully to provide 
quality of life for the expected increased number of survivors. 
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INTRODUCTION 

Estimates of the prevalence of autoimmune diseases (ADs) in Western countries 
range from 3%' to 6%-7%2 of the population. The list of ADs is increasing, mainly 
because of better insight into the pathogenesis of several diseases long considered to 
be of unknown origin. Establishing the autoimmune basis of human disease may 
occasionally be arduous, but satisfactory criteria have been repeatedly proposed3 

and are generally used. Although autoimmunity has been thought of as the persistent 
failure of an integrated fabric of components rather than the consequence of specific 
forbidden clones,4 in practice, diseases may be confidently classified as autoimmune 
when they exhibit defined reactions against self-antigens as a major component of 
their pathogenesis. The intricacies of distinguishing between intrinsic and extrinsic 
etiologic and pathogenic mechanisms are compounded by the diversities inherent in 
each AD and even within the subsets of specific diseases.5 It is not known whether 
the antibody response in systemic ADs is antigen-driven, such that the immune 
system is responding to self-proteins that have become autoantigenic,6 or if ADs 
represent a primary dysfunction of the immune system.7 The two hypotheses are not 
mutually exclusive, and the prevailing conception is that of a combination of genetic 
factors responding to environmental triggers,8 these last including both exogenous 
and endogenous factors. 

The majority of ADs are controlled, more or less satisfactorily, by conventional 
therapeutic manipulation of the immune system, but there is a hard core of 
refractory/relapsing, treatment-resistant9 ADs for which the term "malignant 
autoimmunity" has appropriately been proposed.10 As recently remarked by Mackay 
and Rose,11 the holy grail of therapy is a targeted treatment that would specifically 
destroy the pathogenic clones responsible for ADs. That ideal remains unrealized. 

183 
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Intense immunosuppression (immunoablation), followed by allogeneic or 
autologous hematolymphopoietic stem cell (HSC) transplantation, is a relatively 
new therapeutic approach, which I proposed for the first time for the treatment of 
severe, refractory systemic lupus erythematosus (SLE).1 2 Immunoablation has 
produced encouraging results in patients with ADs who have undergone 
allogeneic bone marrow transplantation because of coincidental hematologic 
malignancies. A great deal of research had already produced impressive results 
using transplant-based procedures in experimental animals (see below). 
Suggestions to carry these encouraging results into the clinic soon followed.1213 

Reports of allogeneic transplants for coincidental diseases (ADs and 
malignancies) were published. Phase 1 and 2 clinical studies have followed 
through the efforts of the European Group for Blood and Marrow Transplantation 
(EBMT), the European League Against Rheumatism (EULAR), and the National 
Collaborative Study of Stem Cell Transplantation for Autoimmune Diseases. A 
number of exhaustive reviews of the experimental14-16 and clinical 8' 1 7 - 2 4 aspects of 
these approaches have been published. 

RESULTS IN ANIMAL MODELS 

This preclinical area is very extensive and cannot be discussed in depth here. 
Following the first demonstration of transfer/cure of murine SLE in 1974,25 the 
most important results of these experimental studies concern (1) the identity of the 
cellular elements responsible for the transfer of autoimmunity, (2) a possible graft-
vs.-autoimmunity effect following allotransplant, and (3) the therapeutic potential 
of autologous stem cell transplantation (autoSCT). The first point is still contro
versial. It has been proposed that ADs, or at least experimental ADs, are polyclonal 
stem cell diseases.15 

An important therapeutic effect of allotransplant in leukemia and in other 
malignant diseases is the well-known graft-vs.-leukemia effect.26 A putative graft-
vs.-autoimmunity effect is supported by experiments showing that allogeneic 
chimerism achieved using a sublethal radiation conditioning regimen followed by 
allogeneic transplantation can prevent the onset of diabetes and even reverse 
preexisting insulitis in nonobese diabetic mice, whereas the same radiation protocol 
without allogeneic HSC is insufficient.27 A similar effect has been shown using 
sublethal conditioning and an anti-CD 154 monoclonal antibody.28 These experi
mental findings support low-conditioning preparative regimens for allogeneic 
transplants also in ADs. 8 ' 2 2 2 3 

An unexpected but provocative finding 1 4 1 6' 2 1 was that autologous (and 
pseudoautologous) HSC transplantation was equally effective in curing murine 
adjuvant arthritis29 and experimental autoimmune encephalomyelitis,30 although 
allogeneic transplants proved superior in curing the latter disease. 
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CLINICAL RESULTS 

Posttransplant Autoimmunity 

The term adoptive autoimmunity was proposed in 1992 to indicate the transfer 
of an autoimmune disorder from an HSC donor to a recipient.31 If direct 
transmission of either pathogenetic lymphocytes or HSCs that generate auto
reactive clones from the donor can be demonstrated, the pathogenesis is clear. 
However, in many other instances, ADs can be attributed to the "immunological 
chaos"32 or imbalance characterizing the posttransplant setting. 

Resolution of Preexisting Autoimmune Disease 
Following Allogeneic Bone Marrow Transplantation 

In most such instances, patients with preexisting ADs have developed a 
malignant disease of the blood requiring transplantation. If acquired aplastic 
anemia were classified as a bona fide autoimmune disease,33 then it would 
represent the most common autoimmune disorder to be treated by allogeneic trans
plantation. However, this is a special condition that will be not discussed here. 

Nine patients with rheumatoid arthritis (RA) received allo-BMT from HLA-
identical sibling donors for severe aplastic anemia (SAA) occurring after gold salt 
therapy. They have been reviewed extensively elsewhere.5'33-36 All patients entered 
remission, although 3 died of transplant-related mortality (TRM). Of the remaining 
5 patients, 3 are in complete remission from their arthritis (1 has been in complete 
remission for 20 years),35 1 developed a positive rheumatoid factor, and 1 relapsed 
2 years after transplant even though the patient's immune system was 98.5% of 
donor origin.37 Relapse was also observed in a patient with psoriasis and 
arthropathy following allogeneic transplantation.38 The occurrence of relapse 
despite complete donor hematolymphopoietic reconstitution may be related to 
intrinsic susceptibility of the transplanted immune system (HLA-identical to the 
patient's) to powerful autoantigenic stimuli. 

Between 1982 and 1992, 6 patients with Crohn's disease and leukemia 
underwent allogeneic marrow transplantation in Seattle, WA. 3 9 One patient died of 
septicemia 97 days after transplant; the remaining 5 were observed for several 
years posttransplant (4.5, 5.8, 8.4, 9.9, and 15.3 years). Four of these 5 évaluable 
patients had no signs or symptoms of Crohn's disease posttransplant. Only 1 
patient with mixed donor-host hematopoietic chimerism had a relapse of both 
Crohn's disease and chronic myeloid leukemia 1.5 years after transplantation. 

Two patients with Evans' syndrome (ES), a combination of autoimmune 
hemolytic anemia (AIHA) and immune thrombocytopenic purpura, have received 
allogeneic transplants.40 A 5-year-old boy affected from infancy by relapsing, life-
threatening ES was successfully transplanted with HLA-identical sibling cord 
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blood.41 There was total disappearance of autoantibodies, but the patient died of 
liver failure 9 months posttransplant. A child with thalassemia intermedia 
developed AIHA severe enough to promote an autologous transplant, had a short
lived remission, relapsed with a dramatic recurrence of hemolysis, and finally was 
cured following allotransplant from an unrelated volunteer donor.42 This might be 
the first clinical demonstration of the superior curing potential of alio- vs. autoSCT. 

AUTOLOGOUS TRANSPLANTS FOR THE TREATMENT 
OF AUTOIMMUNE DISEASE 

Autologous HSC transplants, from marrow or now almost exclusively from 
peripheral blood, are much more commonly used to treat ADs than are allogeneic 
transplants for 2 reasons: the encouraging experimental results from Rotter
dam 1 4 , 2 9 , 3 0 and Jerusalem,13,22 and the greater safety of the autologous 
procedures.18,24,43,44 TRM at 2 years posttransplant for ADs was 8.6%, which is 
comparable to the procedure-related mortality following transplantation for non-
Hodgkin's lymphoma (NHL).4 5 

Contributing factors to higher-than-expected TRM may have been a learning 
curve for using autoSCT in new diseases, hitherto unrecognized hazard associated 
with profound immunodeficiency, especially following intense T-cell depletion, 
and unique organ dysfunction, such as heart and lung failure in systemic sclerosis.46 

A brief recapitulation of published reports follows. 

Multiple Sclerosis 

Multiple sclerosis (MS) is characterized by demyelination, immunophlogistic 
lesions around axons, and ultimately axon loss. Pathogenesis is widely held as 
autoimmune,47,48 with T-cell activity in the foreground.49 It has become the most 
common disease treated by autoSCT, mostly because of extensive pioneering work 
by Fassas et al. 5 0 Following an initial report, 24 patients with MS in progressive 
phase were conditioned with the BEAM regimen (carmustine, etoposide, cytosine 
arabinoside, and melphalan). They then received autologous CD34+ progenitors that 
had been previously mobilized by cyclophosphamide and granulocyte colony-
stimulating factor (G-CSF). They were also conditioned with antithymocyte 
globulin to deplete lymphocytes in vivo. One patient died of aspergillosis in the 
posttransplant period; the other 23 patients sustained no severe transplant-related 
morbidity. Improvement in disability, as measured with the Kurtzke extended 
disability status scale (EDSS), was seen in 10 patients, and stabilization of MS 
occurred in 10 patients (43%). Following mobilization, there was a significant 
decrease of gadolinium-enhancing lesions on magnetic resonance imaging (MRI), 
and after autoSCT, of 132 scans, only 3 active lesions were found in 2 patients.51 In 
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another clinical study, 6 MS patients were treated with a conditioning regimen of 
cyclophosphamide 20 mg/kg and total body irradiation (TBI) 12.6 Gy fractionated 
over 4 days. Peripheral blood CD34+ cells were mobilized with G-CSF. All patients 
experienced subjective and objective neurologic improvement.52 There were no new 
gadolinium-enhancing lesions detected after transplantation. Eleven patients were 
mobilized with cyclophosphamide 4 g/mg and G-CSF, and 8 of them were 
autografted following the usual BEAM protocol.53 There were significant 
improvements by the EDSS scale and no fatalities. In addition to 2 autologous 
transplants, 1 patient with acute myeloid leukemia (AML) plus MS received an 
allogeneic transplant with stabilization of MS at 48 months, and another had a 
syngeneic transplant with stabilization of disease but no evidence of the oligoclonal 
bands in the cerebrospinal fluid that were present before transplantation.54 

In an ongoing study by the Gruppo Italiano Trapianti di Midolio Osseo 
(GITMO)-Neuro Intergroup on Autologous Stem Cell Transplantation for Multiple 
Sclerosis, 10 cases of secondary progressive MS with EDSS initially between 5 and 
6, a documented rapid progression over the last year unresponsive to conventional 
therapies, and the presence of gadolinium-enhancing areas on brain MRI using a 
triple dose of gadolinium55 underwent CD34+ mobilization and then autoSCT 
following conditioning with BEAM (G.L. Mancardi, R. Saccardi, M. Filippi, 
A.M.M., unpublished data). Ten cases have undergone autoSCT, with a median 
follow-up of 9 months (range, 2-30 months). No major serious adverse events were 
observed during or after treatment. Mobilization was successful in all cases, with 
a median of 9.06 X106 CD34+ cells/kg collected. During the 3-month pretreatment 
period, number of gadolinium-enhancing areas/month per patient in the same 
period was 10.5 (range 1-38). The number of gadolinium-positive areas decreased 
dramatically after mobilization with cyclophosphamide and dropped into 0 in 10 
cases within 1 month from conditioning with BEAM. All patients slightly 
improved clinically or remained stable. The median EDSS decreased to 6, and the 
median Scripps scale increased to 70. In the first case, MRI enhancing was still 
completely abrogated 30 months after transplantation. Although clinical amelio
ration/stabilization was observed, it was concluded that the final impact of this 
procedure on the natural history of the disease remains to be established in larger, 
possibly prospective randomized trials. Guidelines in a consensus report have 
been published.56 

Rheumatoid Arthritis 

Following a dramatic amelioration in a single case,57 10 patients with RA have 
had autografts at St. Vincent's Hospital in Sydney, Australia, with no transplant-
related mortality or serious toxicity.58 Two cohorts of 4 patients, each with severe, 
active RA, received autologous unmanipulated HSCs following conditioning with 
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100 or 200 mg/kg cyclophosphamide59; the subablative doses produced only 
transient responses, and superior results were obtained with the highest dose of 
cyclophosphamide. However, in a prolonged study of 4 autologous transplant 
recipients with ADs (3 psoriasis, 1 RA) complicated by malignancies, ADs 
remitted in all patients but recurred at 8-24 months. It was suggested that a single 
autograft with non-T-cell-depleted HSC is unlikely to cure ADs. 5 9 In 4 patients 
with severe RA, mobilization with cyclophosphamide 4 g/mg was sufficient to 
confer significant improvement.60 Four other patients were treated with cyclophos
phamide 200 mg/m2 and ATG 90 mg/kg, and in 1 patient TBI was administered. 
They were autotransplanted with T-cell-depleted (TCD) CD34+ cells, but all 
relapsed, including the irradiated patient.61 A 39-year-old patient is in CR 
following a syngeneic transplant, and his T-cell repertoire became almost identical 
with the donor's.62 Exhaustive reviews have been published.3436 

Juvenile Chronic Arthritis 

Although the overall prognosis for children with juvenile chronic arthritis (JCA) 
is good, the disease is refractory and severely progressive in a small proportion of 
patients. Four such cases autotransplanted with marrow HSCs have been reported,63 

but others have followed. The grafts were purged with 2 cycles of TCD cells. The 
conditioning regimen included 4 days of ATG, cyclophosphamide 200 mg/kg, and 
low-grade (4 Gy) single-dose TBI. This intense conditioning regimen was well 
tolerated, and there was a substantial resolution of signs and symptoms of active 
disease, but there was also limited recurrence. One death was caused by 
posttransplant disseminated toxoplasmosis,64 but others have also occurred. A so-
called macrophage-activation syndrome has been described in these patients, but 
there is no reason to distinguish it from the well-known hemophagocytic lympho-
histiocytosis.65,66 

Systemic Lupus Erythematosus 

As originally suggested in 1993,12 SLE is rapidly becoming another major 
target for autologous transplants. Four cases of concomitant SLE and malignancy 
have been published. They include chronic myeloid leukemia and SLE, 6 7 NHL and 
SLE, 6 8 and Hodgkin's disease and SLE. 6 9 In 1 case, the NHL did not relapse, but 
autoimmune thrombocytopenic purpura (AITP) supervened in association with an 
anticentromere antibody; the autoimmune disease thus appeared more refractory 
than the neoplasia.70 

A number of nonconcomitant SLE patients have undergone autoSCT. Most of 
these cases have been reported in abstract form and will not be discussed here. The 
first 2 cases were published in 1997.71-72 As of this writing, there are 4 fully 
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published cases of severe, relapsing/refractory SLE that have undergone intense 
immunosuppression followed by autoSCT. The first case, with a 50-month follow-
up, was transplanted with positively selected CD34+ marrow cells after 
conditioning with thiotepa and cyclophosphamide 50 mg/kg.71 This patient is still 
in clinical remission 4 years after transplant, but there is a slow gradual 
reappearance of antinuclear antibodies (ANA), with a shift from a speckled to a 
homogeneous pattern. Also, antibodies to double-stranded DNA have appeared. In 
all the other cases, PBSCs were used following mobilization with cyclophos-
phamide/G-CSF; the cyclophosphamide dosage varied from 2 to 4 g/mg. In the 
Palermo case, the patient had refractory ES secondary to SLE that resolved after 
transplant.73 The Paris case was conditioned with the BEAM regimen and had a 
continuous clinical remission, with a gradual reappearance of ANA. 7 4 In the most 
extensive clinical study published to date,75 9 patients underwent stem cell 
mobilization with cyclophosphamide 2 g/m2 and G-CSF 10 mg/kg. Two were 
excluded from transplantation because of infection (1 death from disseminated 
mucormycosis), and 7 were autotransplanted after conditioning with cyclophos
phamide 200 mg/kg, methylprednisolone 1 g, and equine antithymocyte globulin 
90 mg/kg. All patients were seriously ill, with SLE disease activity indices of 
17-37, including 1 case with alveolar hemorrhage and 4 with World Health 
Organization class III-IV glomerulonephritis and nephrotic syndrome. Lupus 
remained in clinical remission in all patients after transplant. ANA became 
negative, and spontaneous T-cell activation marker CD69 declined or normalized 
after transplantation. 

Systemic Sclerosis 

Systemic sclerosis (SSc) of the diffuse type is a devastating disease in which 
pulmonary interstitial fibrosis is the most frequent cause of death.76 Two 
transplants have been performed in Basel, Switzerland, using cyclophosphamide 
200 mg/kg and CD34+ cell rescue, with moderate benefit.77,78 Five patients in 
Seattle, WA, received treatment with cyclophosphamide 120 mg/kg, TBI 8 Gy, and 
ATG 90 mg/kg followed by CD34+ cell-selected autografts. The first 3 patients, 
followed for 13,7, and 4 months, showed no evidence of disease progression. Their 
skin scores, mobility, skin ulcers, and arthralgias improved, with a trend toward 
improvement in pulmonary function, although in 1 patient renal function deteri
orated. One patient developed grade III noninfectious pulmonary toxicity.79 

To date, the most successful case of autologous transplantation for SSc is that 
of a 13-year-old girl with severe, progressive lung involvement who underwent 
peripheral HSC transplantation after mobilization with cyclophosphamide and 
G-CSF, CD34+ selection, conditioning with cyclophosphamide 200 mg/kg, and 
infusion of the monoclonal antibody CAMPATH-G. Two years after transplan-
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tation, progressive and marked improvement had occurred; the pulmonary ground-
glass opacities disappeared, the patient was steroid independent, and there was an 
impressive improvement in growth velocity.80 In contrast, antinuclear and anti-
Scl-70 antibody positivity remained substantially unchanged. 

Evans' Syndrome and Autoimmune Thrombocytopenic Purpura 

Refractory ES and refractory AITP that relapse after splenectomy and do not 
respond to corticosteroids are associated with substantial morbidity and mortality 
because of the combined effects of disease and treatment.81 In a case report of a 
patient treated with autoSCT, a 25-year-old woman with ES received peripheral 
blood stem cell mobilization with routine doses of 4 g/m2 cyclophosphamide and 
G-CSF; this was followed by exacerbation of hemolysis and thrombocytopenia, 
and the patient died of an intracranial hemorrhage.82 

Four cases of refractory postsplenectomy relapsed AITP have been treated with 
intensive immunosuppression followed by autoSCT. The first 2 cases responded 
dramatically83 but then relapsed (S. Lim, personal communication). The other 2 
cases did not respond at all. 8 4 , 8 5 

SPECIAL ISSUES 

Conditioning 

The main conditioning regimens are well known, and include cyclophos
phamide 200 mg/kg over 4 days, the variant with thiotepa used in Genoa, Italy, and 
the equally well-known BEAM protocol, which has been found attractive for MS 
because of its intense lympholytic effect and the capability of BCNU and Ara-C 
metabolites to cross the (already disrupted) blood-brain barrier. Although the 
combination of chemotherapy with TBI has been shown to be a significant risk 
factor for developing therapy-related AML/myelodysplastic syndrome (MDS),8 6 

van Bekkum87 is of the opinion that the combination with moderate-dose TBI is 
superior to chemotherapy alone. As already mentioned, this combination has been 
used for JCA. 6 3 

Intense Immunosuppression Without HSC Rescue 
for Treatment of Autoimmune Disease 

Treatment with high-dose cyclophosphamide alone (200 mg/kg) has been used 
to treat SAA 8 8 and has subsequently been extended to a spectrum of severe ADs 8 9 

including Felty's syndrome (2 cases), AITP and ES (1 case each), and SLE. One 
patient with AITP experienced disease progression and died following high-dose 
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cyclophosphamide. A patient with refractory demyelinating polyneuropathy that 
had been refractory to plasmapheresis had a complete remission. Hematologic 
reconstitution was similar to that generally found after autologous HSC rescue. 
This has been attributed to the fact that primitive HSCs express high levels of 
aldehyde dehydrogenase, an enzyme responsible for cellular resistance to 
cyclophosphamide.90 

Six patients with severe, relapsing SLE have also been treated with this 
regimen. Two are in complete, steroid-independent remission, 1 is in a partial 
remission, and 3 are showing dramatic improvement (although follow-up is 
currently less than 6 months). In 1 case of SLE, 9 1 the inadvertent administration of 
a single high dose of cyclophosphamide (5 g) resulted in a sustained remission, 
further confirming the efficacy of cyclophosphamide alone. However, the use of 
high-dose cyclophosphamide without potential backup of cryopreserved stem cells 
could turn out to be hazardous in the context of multicenter trials.36 The ex vivo 
expansion of progenitors, on the other hand, could significantly shorten the 
duration of neutropenia,92 as has been impressively shown in patients autotrans-
planted for multiple myeloma.93 

Use of T-Cell Depletion Before HSC Infusion 
in Patients With Autoimmune Disease 

Depletion of T lymphocytes has been widely used in allotransplantation to 
reduce the incidence and severity of graft-vs.-host disease following allogeneic 
HSC transplants. Unfortunately, TCD is accompanied by many disadvantages, 
including rise in graft rejection, leukemic relapse, and delayed immunologic 
reconstitution. New approaches that are being studied include the use of a higher 
proportion of donor HSCs, selective T-cell subset depletion, and posttransplan
tation donor lymphocyte infusions (DLIs). Because patients with active ADs are 
not in complete remission at the time of transplantation, van Bekkum16,21 considers 
it mandatory to deplete the autograft of autoreactive lymphocytes. Most ADs are 
T-cell mediated, and B-cell-mediated ADs 6 , 9 4 often display prominent T-cell 
dependency. Thus, TCD may be useful in the treatment of ADs. Theoretically, both 
activated and memory T (and B) lymphocytes should be eradicated, or at least 
maximally depleted. This can be achieved either by positive CD34+ selection or by 
immunologic TCD. In addition, TCD has been performed in vivo by administering 
ATG to the recipients. There is no indication of a potential threshold dose of T cells 
acceptable for reinfusion. A 3-log depletion has been customary, but further 
depletion has been performed recently.63,74 However, marked TCD may be 
accompanied by late fungal and viral infections and lymphoproliferative disease. 
There seems little point in curing ADs at the cost of profound and permanent 
immunosuppression.95 
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Immune Reconstitution Following Stem Cell Transplantation 

Reconstitution of the immune system following either allogeneic or autologous 
transplantation has been studied extensively. Exhaustive reviews have been 
published.96-97 

The most common immunologic feature, also seen after intense chemotherapy, 
is a severe prolonged depression of CD + T cells,5 3'5 8-7 0'9 6 - 9 8 although in some cases 
CD3 + T cells have returned to pretransplantation levels after 10 months without 
disease relapse.99 Age, prior TCD, radiation, and other factors may all modulate 
thymic or extrathymic pathways and influence the rate and extent of T-cell 
recovery after transplantation. The sites of lymphoid reconstitution, whether 
thymic or extrathymic, in young and older patients have been the subject of an 
abundant and frequently controversial literature.96-100 The thymic output in adults 
following autoSCT has been studied very recently using the numbers of T-cell 
receptor-rearrangement excision circles (TRECs) in peripheral blood T cells.101 It 
was found that increases in concentrations of TREC posttransplant were associated 
with the development of broader CD4 T-cell TREC repertoires, and that patients 
with no increases in TRECs had limited and highly skewed repertoires. The relative 
importance of thymus-dependent and thymus-independent pathways in adults is 
still controversial. The expanding CD4+ T-cell population may exhibit increased 
susceptibility to apoptosis.102 It appears that the infusion of large numbers of 
PBSCs is also not sufficient for T-cell immune competence, with special reference 
to the CD4+ subpopulation.103 

DISCUSSION 

Prevailing concepts of autoimmunity dictate that a stable cure of ADs can be 
expected only if the patients' autoreactive immunocompetent cells are replaced by 
healthy, nonautoreactive cells. The healthy immune cells must also remain 
unsusceptible to whatever phenomenon provoked the initial breakdown in 
tolerance.22 Of the 3 approaches discussed here—allogeneic HSC transplantation, 
autologous HSC rescue following intense immunosuppression, and intense 
immunosuppression alone—allogeneic HSC transplantation is theoretically the 
most promising. Allogeneic transplants have generally been followed by long-term 
remissions and possible cures. However, mortality and morbidity associated with 
allogeneic transplantation, although decreasing steadily in other disease 
contexts,104 are still unacceptable for most ADs. In addition, there are reports of 
patients with RA relapsing despite complete or nearly complete donor 
immunologic reconstitution following allogeneic transplantation.3738 Leukemia 
relapse in donor cells is rare, but there are established occurrences following 
transplantation. Transfection and/or chromosomal fusion have been considered as 
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possible explanations, but those seem improbable in the autoimmune setting, where 
extrinsic events such as resensitization to autoantigens appear more likely. If 
relapses following allogeneic transplantation for ADs continue to be observed, the 
theoretical edge of an allogeneic procedure over an autologous transplant would be 
considerably weakened.23 However, the case report of a severe autoimmune 
hemolytic anemia having relapsed after autoSCT but having achieved long-term 
clinical and immunological CR following a matched unrelated donor allo-
transplant80 is encouraging. 

The recent introduction of minimally myelosuppressive regimens, which avoid 
the devastating cytokine storm associated with classic dose-intense conditioning 
regimens and exploit donor lymphocyte immune effects, are a promising 
development in the treatment of malignant and nonmalignant diseases.104-107 If a 
graft-vs.-autoimmunity effect were to occur clinically, it might also prevent 
recapitulation of disease.23 1 0 8 The simplest explanation for a similar effect consists 
in the progressive substitution of normal T and B cells in the place of autoreactive 
lymphocytes. However, a selective elimination by cytotoxic lymphocytes of target 
autoimmune progenitor cells could also be envisaged, as has been elegantly shown 
in the case of CD34+ chronic myeloid leukemia progenitors.109 

In the rare setting of an identical twin nonconcordant for disease, a syngeneic 
transplant may be considered. A dramatic result following a syngeneic transplant 
in a patient with severe RA has been published.62 In the case of SLE, only 23% of 
66 monozygotic twins were found to be concordant for disease,110 although a 
higher concordance has also been reported.111 Concordance of antibody production 
is higher than disease concordance.112 Also, cord blood stem cells43 may become 
an attractive option for the treatment of ADs. 

Autologous transplantation has been hailed as a possible therapy for severe 
refractory ADs because of its lower transplant-related mortality and greater 
feasibility.5-18'24,40 In the EBMT registry, the overall survival at 2 years was 89% ± 
7%, with a median follow-up of 10 months for surviving patients. The transplant-
related mortality at 2 years was 8% ± 6%, which is comparable to that associated 
with autoSCT for malignant disease.45 Selection of patients with less severe disease 
could further reduce mortality, but on the other hand, one must consider that the 
procedure is meant for refractory/relapsing patients who often have accumulated 
diffuse visceral damage. 

Peripheral blood HSCs are generally preferred to marrow HSCs in almost all 
clinical situations, but very high doses of cyclophosphamide for mobilization 
should be discouraged. A dose of 4 g/m2 is generally used with adequate 
mobilization and minimal toxicity. These cyclophosphamide doses are immuno
suppressive and may contribute to the efficacy of transplantation, as was clearly 
shown in MS (G.L. Mancardi, R. Saccardi, M. Filippi, A.M.M., unpublished 
data)51-53 and RA. 6 0 
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A hitherto unsolved but fundamental question is whether intense immune 
suppression followed by autoSCT is indeed capable of eradicating autoimmunity 
and thus inducing tolerance, or if the immune system remains fundamentally 
unaltered and the so-called transplant is nothing more than a hematopoietic rescue. 
The first goal appears to have been achieved experimentally,17'22 but in clinical 
settings what has been called "reprogramming the immune system"113 has not been 
yet demonstrated. In SLE, it has been proposed that the conditioning, with 
concurrent use of ATG, might provide "a window of time free of memory T-cell 
influence, during which the maturation of new lymphocyte progenitors may occur 
without recruitment to anti-self reactivity."75 To elucidate whether disease (if 
relapses occur) is reinitiated by lymphocytes surviving the conditioning regimen or 
from the stem cell compartment, sophisticated studies with gene-marked 
autologous stem cells are being performed.114 If the concept of Shoenfeld,115 an 
idiotypic induction of autoimmunity, is shown as part of the etiology of SLE and 
other ADs, the impact of all these treatments would need further evaluation. 
Empirically, however, long-term remissions and relapses may also depend on the 
single disease and patient, but in most cases there is a distinct lowering of therapy 
dependence, in addition to the resolution of severe/acute autoimmune crises. 
Whether this effect will prove to be superior to other immunosuppressive and/or 
immunomodulating treatments will have to be evaluated in prospective randomized 
trials, notwithstanding the problems inherent to recruit sufficient numbers of 
homogeneous patients. This may well be feasible in not-infrequent diseases such as 
MS and RA, but will present many difficulties in other diseases such as SLE. 

Even though the problem of the currently excessive TRM will be almost 
certainly solved, the issue of late oncogenicity cannot be ignored, especially in 
younger patients with nonmalignant diseases.86 The risk of developing solid 
cancers was 3-4 times higher in patients treated with combined modality therapy 
during marrow transplantation than in controls.116 In 1 study, a higher risk of AML 
was found following autoSCT when the conditioning regimens included TBI. 1 1 7 In 
addition, some of these patients may have already been treated with prior chemo
therapy, including administration of large doses of alkylating agents, which has 
been shown to be the most important risk factor for developing AML/MDS. 
Preliminary cytogenetic screening could be useful to exclude patients already 
bearing chromosomal abnormalities. 

Finally, investigations using prospective randomized studies must be initiated. 
For example, in JCA, transplantation results should be compared with the 
prolonged cyclophosphamide pulse program that has been used recently.118 

In other diseases, such as MS, posttransplant treatment with B-interferon could 
perhaps prolong transplant-induced remissions.119 Even if autoSCT has failed to 
produce clinical results comparable to the results achieved in animal models, some 
significant results have been achieved and future benefits are likely. 
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CONCLUSIONS 

The excellent experimental results obtained with allogeneic and even 
autologous stem cell transplantation for ADs have given considerable impetus to 
similar treatments for refractory/relapsing patients with severe ADs. Encouraging 
results following allogeneic stem cell transplantation have been reported in small 
numbers of patients with coexisting ADs and malignancies. However, a few 
relapses have occurred despite donor immune cell engraftment. If a graft-vs.-
autoimmunity effect is confirmed, nonmyeloablative allogeneic procedures could 
become extremely useful. In the meantime, autologous transplantation using 
peripheral blood stem cells is currently performed worldwide to treat ADs. Results 
are encouraging, but remissions, rather than cures, have been obtained. In some 
diseases, especially MS, results are superior to those obtained with conventional 
therapies. Long-term remissions have also been obtained by intense immunosup
pression alone, demonstrating that autologous stem cells have mainly a rescue 
effect. Further clinical trials are clearly warranted. 
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Currently, data on 290 registrations (285 autologous and 5 allogeneic) 
hematopoietic stem cell transplantations (HSCTs) are available. Of the autologous 
HSCTs, 283 were mobilized (2 double transplants), and 275 were transplanted. 
Data are from 64 transplant centers in 22 countries, median age 36 years (range, 
2-65 years), and 68% female. Interval diagnosis to HSCT was 6 years (range, 1-28 
years) with a median follow-up of 12 months (range, 1-60 months). 

Most common autoimmune diseases (ADs) transplanted were multiple sclerosis 
(MS) (90 patients) and systemic sclerosis (SSc), also called scleroderma (57 cases). 
This probably reflects a lack of viable treatment alternatives in these progressive 
diseases. Other target diseases were rheumatoid arthritis (RA) (42), juvenile 
idiopathic arthritis (JIA) (formerly called juvenile rheumatoid arthritis) (33), 
systemic lupus erythematosus (SLE) (22), dermatomyositis/polymyositis (5), 
mixed connective tissue disease (3), cryoglobulinemia (3), Wegener's granulo
matosis (3), idiopathic thrombocytopenic purpura (7), autoimmune hemolytic 
anemia (2), pure red cell aplasia (4), thrombotic microangiopathy (2), and others 
including myasthenia gravis, polyneuropathy, Behcet's disease, relapsing 
polychondritis, Evans' syndrome, and polyarteritis nodosa. 

The stem cell source was peripheral blood in 246 patients and bone marrow in 
38, mostly in children. Mobilization was with cyclophosphamide (CY) and granu
locyte colony-stimulating factor (G-CSF) in the majority of cases (153), G-CSF 
alone in 64, and CY and GM-CSF in 9. 

Four basic conditioning regimens were employed: BEAM (BCNU, etoposide, 
cytosine arabinoside, and melphalan) ± antithymocyte globulin (ATG) (60), mostly 
in MS, CY 200 mg/kg, especially in SSc (71), CY and antibodies (62), CY and 
radiation ± ATG, and busulfan/CY ± ATG. Other regimens were used in 18. 

In 141 cases, CD34+ selection was used, in 27 CD34+ selection plus T- and 
B-cell purging, T-cell purging only in 18, and in 77, a nonselected graft was used. 
There is no clear evidence that T-cell depletion leads to a significantly better result, 
although a preliminary analysis of the whole data set shows a trend toward a lower 
rate of relapse. Given the different immunopathologies of the different ADs, 

203 



204 Chapter 4: Autoimmune Disease 

subgroup analysis most likely will be needed. For example, in the randomized 
study from Australia on RA with unselected vs. CD34+-selected grafts, no benefit 
was seen—indeed, a suggestion that more relapses occurred in the selected patients 
was noted. In general, patients with heavily T-cell-depleted grafts had more 
infectious complications, and some showed prolonged CD4-penia out to 4 years 
(SSc patients). 

Overall, a 9% transplant-related mortality (TRM) was observed with marked 
differences in AD subgroups. Mortality was more common in SSc (6 of 57 cases) 
and JIA (5 of 33) and least so in RA (1 of 42). This finding was thought to be 
related in part to a generally poorer general medical condition in the higher TRM 
groups, with some suggestion that the more ablative regimens were more toxic. A 
better outcome, including a lower rate of relapse, was not clearly evident with the 
more ablative regimens. At least 3 deaths were attributed to mobilization. 

Around two thirds of cases responded or stabilized following HSCT, with some 
relapses seen especially in RA (~50%). However, in many of these relapses, 
disease control was further achieved with conventional medications that were 
ineffective pretransplant. In SSc, 69% of patients achieved an improvement in the 
skin score of 25% or more, with a stabilization of lung function in most. 

Clearly, more precise and standardized protocols and outcome measurements are 
required for a more accurate assessment, and this is currently proceeding. 
Internationally agreed outcome measurement for the major ADs are available through 
the intense and combined effort of the International Blood and Marrow Transplant 
Registry, European Group for Blood and Marrow Transplantation (EBMT), European 
League Against Rheumatism (EULAR), and other specialty groups. 

Prospective, randomized controlled trials are needed, and such a protocol is 
available for SSc. The patients will be selected according to clear inclusion and 
exclusion criteria to avoid undue toxicity (mean pulmonary artery pressure <50 
mmHg, pulmonary carbon monoxide diffusion capacity >50% predicted, left 
ventricular ejection fraction >50 normal, etc), and HSCT will be compared with 
monthly CY 750 mg intravenously as often as standard but not proven therapy. 
HSCT will consist of mobilization with CY 2X2 g/m2, conditioning with CY 
200 mg/kg plus ATG, total 7.5 mg/kg, and CD34+ selection. This will be a multi-
center, internationally trial. Similar studies are being planned for MS, based on the 
current experience, and SLE and vasculitis protocols are in the discussion phase. 

RA studies have been influenced by the advent of anti-tumor necrosis factor-a 
(anti-TNF-a) treatment (failed therapy is an inclusion criteria), but already some 
such patients have been transplanted (~15%-20% of RA patients do not respond to 
anti-TNF treatment). 

Other ADs such as Crohn's disease and ulcerative colitis are under discussion, 
and the combined experience will be presented and discussed in plenum during the 
upcoming meeting in Basel (October 5-7, 2000), with a view to finding consensus 
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on the analysis. So far, no outstanding differences have been seen not previously 
observed with immune reconstitution following autologous HSCT for other 
diseases. CD8 and CD8 and CD45RO (memory T cells) reappear before CD45RA 
(naive) cells, probably reflecting peripheral expansion of residual T cells post-
transplant. So far, the phenotypes of T cells have not predicted relapse or outcome, 
apart from infection with prolonged CD4-penia. 

It is hoped that such potentially toxic and expensive treatment will not be 
needed in the future if more focused and effective options become available, 
especially with biologies. In the meantime, for life- or organ-threatening ADs, 
HSCT appears to offer another alternative but should be in the context of 
prospective, randomized trials rather than small anecdotal series and case reports. 
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ABSTRACT 

From April 1995 to December 1997, we treated 24 patients with chronic 
progressive multiple sclerosis (pMS) using high-dose immuno-/myelosuppressive 
chemotherapy (BEAM [BCNU, etoposide, cytosine arabinoside, and melphalan]) 
followed by infusion of cyclophosphamide/granulocyte colony-stimulating factor 
(G-CSF)-mobilized autologous peripheral blood stem cells (autologous stem cell 
transplantation [autoSCT]) and antithymocyte globulin (ATG). Here we update 
previously reported early results, as the median follow-up time of the patients has 
exceeded 40 months (range, 27-60 months). Treatment-related mortality, which is 
due to early infection, remains 4%. No serious late complications have developed. 
Compared with baseline status, the progression-free survival (PFS) probability is 
89% for secondary pMS, an impressive result that no other therapy, including 
interferon (IFN)-P, has ever yielded. Results are not as good and are questionable 
in primary pMS. Moreover, neurological events following SCT have occurred in 
nearly all patients, indicating that MS cannot be cured by autoSCT but can be 
brought to a lower activity level. Similar results are accumulating in the European 
Group for Blood and Marrow Transplantation (EBMT) Autoimmune Diseases 
Working Party Registry database, which contains 80 transplants reported from 21 
centers worldwide. A recent comprehensive analysis performed in évaluable cases 
with pMS (« = 85) having a median expanded disability status scale (EDSS) score 
of 6.5 (range, 4.5-8.5) has yielded a PFS rate of 72% at 18 months, 78% for 
nonprimary pMS cases. Total mortality rate was 8%, with 6% of deaths directly 
related to therapy. A degree of neurotoxicity was observed during stem cell 
mobilization (4% of cases) and also after stem cell infusion (25% of cases). This 
was ascribed to fever and infections during the cytopenic period. The BEAM and 
BUCY-2 (busulfan and cyclophosphamide) regimens were usually used for 
conditioning, and most patients also received ATG; a few underwent total body 
irradiation. Some form of ex vivo T-cell depletion of the graft was performed in 
59% of the cases. Lymphopenia was profound and prolonged but was not 
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associated with serious late infections, except for in one patient who developed 
pneumococcal sepsis and died 17 months after SCT. Despite a somewhat elevated 
mortality risk, which could possibly be lowered, these results show that autoSCT 
is feasible as treatment for MS and may delay progression of the disease through 
the associated intense immunosuppression. They also justify further trials 
comparing this kind of therapy with the best available drug—IFN-B —or with high-
dose regimens of acceptable toxicity. 

INTRODUCTION 

High-dose myelo-/immunosuppressive therapy followed by autoSCT has been 
recently introduced in the treatment of severe active autoimmune disease (AD) 
refractory to conventional treatment, mainly systemic sclerosis, rheumatoid 
arthritis, juvenile chronic arthritis, lupus, and multiple sclerosis.12 The rationale 
and experimental basis for the use of this novel potentially dangerous anticancer 
treatment against nonmalignant occasionally life-threatening disorders has been 
extensively discussed.13 The number of patients undergoing such a treatment for 
AD is steadily increasing worldwide, and a special registry for these cases has been 
created by EBMT in cooperation with the European League Against Rheumatism 
(EULAR).4 In this article, we update previously published information about the 
first group of patients who received high-dose chemotherapy and autoSCT as 
treatment for chronic progressive MS in a single institution.5-7 In addition, we 
present results of a preliminary analysis of data from the EBMT/EULAR registry 
regarding MS patients who were treated with autoSCT and most recently reported 
to the registry. 

THE THESSALONIKI STUDY 

The first MS study was initiated in April 1995 and closed in December 1997. 
The patients' characteristics and the methods used have been described.56 In short, 
24 patients aged 22 to 54 years (median, 40 years) were treated; all had chronic 
progressive disease and most had secondary pMS (ie, progressive disease 
following the relapsing/remitting phase; 13 cases). Chronic pMS is notorious for its 
refractoriness to treatment, and practically all conventional immunosuppressive 
therapies, although promising initially, did eventually prove inactive in delaying 
progression of disability. The patients were also severely disabled, with a median 
score of 6.5 (range, 4.5-8) on the EDSS. Moreover, all had evidence of active 
disease either clinically—ie, they had progressed by 1 point on the EDSS in the 
year preceding enrollment—or in magnetic resonance imaging (MRI) scans 
showing new, enlarging, or gadolinium-enhancing lesions. All patients received the 
BEAM chemotherapy for conditioning—which is used in autoSCT for lymphomas, 
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as described previously—along with ATG for in vivo T-cell depletion.5 For rescue, 
blood stem cells were used, mobilized by cyclophosphamide (CY) 4 g/m2 and 
G-/granulocyte-macrophage (GM)-CSF 5 or 10 ^g/kg. Ex vivo 3-log purging of 
T cells was performed in 9 cases (38%) using the CD34+ cell selection method. 
There were no mobilization or graft failures. Early toxicity included infections, 
with 1 death (4%), and a degree of neurological decompensation in 10 cases (42%); 
however, this condition was transient and did not seem to influence disease 
progression. Currently, at a median follow-up period of 40 months (range, 27-60 
months) the confirmed PFS rate is 75% for all patients and 89% for patients with 
secondary pMS. No serious late complications have developed apart from one case 
of thyroiditis.7 

This study has shown that SCT is feasible in treating AD, although it is 
potentially dangerous. The results of efficacy are surprisingly good, and no other 
treatment, including IFN-p, has ever been proven so effective in respect to PFS. 
The neurology community, however, has been very skeptical. Criticisms have 
centered on the toxicity, cost, and unblinded assessment of neurological status.8 

Nevertheless, two things seem to be clear: confirmatory studies are warranted, and 
future trials should also enroll patients at earlier stages of disease—that is, before 
the development of irreversible axonal damage in the central nervous system. 

THE EBMT STUDY 

The analysis was made in a total of 85 patients (including the Thessaloniki 
patients) from 20 centers in Europe and the United States reporting their data to the 
EBMT/EULAR registry in Basel, Switzerland (Table 1). Patients' median age was 
39 years (range, 20-58 years), and the median EDSS score was 6.5 (range, 
4.5-8.5). The majority (95%) had progressive disease—ie, secondary pMS (55%), 
relapsing/progressive MS (14%), primary pMS (22%), and progressive/relapsing 
MS (5%). Three patients (5%) were still in the relapsing/remitting phase. Active 
disease was detected in 34% of patients by MRI. 

Seventy-nine of 85 patients received grafts of blood stem cells mobilized with 
CY plus G-/GM-CSF or G-CSF alone. In 50 cases (59%), the grafts (including the 
marrow ones) were purged ex vivo, mainly with the CD34+ cell selection method. 
There were 2 failures of mobilization, which necessitated a second attempt with 
G-CSF alone. In 3 cases, there was evidence of disease exacerbation (4%), which 
was ascribed to G-CSF. Interestingly, CY 4 g/m2 for mobilization was beneficial 
for some patients: 4 improved clinically by 1 or more EDSS points, and a number 
of MRI scans showing active disease at entry improved significantly. 

The BEAM regimen, with or without ATG or dexamethasone (dexa-BEAM), 
was mostly used for conditioning (65%). Busulfan in combination with ATG 
and/or high-dose CY was employed in 18% of cases, but TBI 1000 cGy with CY 
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Table 1. EBMT Study on Multiple Sclerosis: Participating Centers 

Total centers: 20 
Total patients: 85 
Barcelona, Spain: Hospital Clinic 
Barcelona, Spain: Vail d'Hevron 
Basel, Switzerland: Kantonspital Basel 
Besancon, France: Jean Minjoz 
Cagliari, Italy: Binaghi Hospitals/Multiple Sclerosis Center 
Florence, Italy: Careggi Hospital 
Genoa, Italy: S. Martino Hospital, Genoa University/Department of Neurology 
Haifa: Rambatn Medical Center 
Hannover, Germany: Medical School of Hannover/Department of Hematology-Oncology 
Leuven, Belgium: Gasthuisberg University Hospital 
Los Angeles, California: City of Hope Medical Center 
Palermo, Italy: La Maddalena Cancer Hospital 
Paris, France: St. Antoine Hospital 
Pisa, Italy: Azienda Ospedali/Division of Hematology 
Poznan, Poland: Marcinkowski University/Department of Hematology 
Prague, Czech Republic: Charles University/Department of Clinical Hematology 
Rome, Italy: Tor Vergata University/Department of Hematology 
Rotterdam, The Netherlands: University Hospital Rotterdam/Department of Hematology 
Thessaloniki, Greece: George Papanicolaou Hospital 
Trieste, Italy: Children's Institute  

and ATG was used in only 5 cases (6%). It is interesting that the majority of 
patients (78%) received ATG as part of the conditioning regimen. Four patients 
died in the early posttransplant period of treatment-related toxicities, namely 
infection and cardiac failure (Table 2). Another patient died later, 17 months 
posttransplant, of sepsis due to prolonged lymphopenia; 2 patients died of disease 
progression, probably related to SCT. In all, mortality was 8% (7 of 85), 6% (5 of 
85) directly ascribed to SCT. However, 18 patients (21%) were improved after the 
procedure by 1 or more EDSS points. Currently, at a median follow-up time of 16 
months (range, 2 months to 5 years), confirmed progression of disability has been 
detected in only 10 patients, whereas 59 patients (70%) are in stable (n = 47) or 
improved (n = 12) neurologic condition. In 9 cases, the last neurologic assessment 
disclosed a degree of progression that needed confirmation. The probability of 
confirmed PFS at 3 years is 72% (calculating dead patients as progressed) and is 
slightly higher (78%) for all cases except those of primary pMS, which is 
notoriously refractory to treatment and possibly not an autoimmune disease (Figure 1). 
In addition, the results of the Thessaloniki study did not differ statistically from 
those of other centers. Because, according to protocols in certain centers, the results 
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Table 2. EBMT Study on Multiple Sclerosis: Transplant Toxicity* 

Neurotoxicity 21/83 (25%) 
• Paresis, visual, confusion, vertigo, fatigue, headache, epilepsy, 

ataxia, aphasia 
• MS progression in 5 cases (6%); transplant-related? 
Medical, early, grade III—IV 35/73 (48%) 
• Infection (48%), sepsis and death ( 1 ), cardiac failure and death ( 1 ), 

viral infection and death (1), aspergillosis (1), allergy, bleeding, 
liver toxicity and VOD, CMV-reactivation, herpes, TTP 

Late complications: zoster 2, thyroiditis 1, CMV?-pneumonitis 1, 
sepsis and death 1 (>17 mo) 

Mortality 8% 
• Toxic (6%), disease (2%) 

*CMV, cytomegalovirus; EBMT, European Group for Blood and Marrow Transplantation; 
MS, multiple sclerosis; TTP, thrombotic microangiopathy; VOD, veno-occlusive disease. 

of MRI scanning could not be known to clinicians so as to prevent subjective 
influences at the neurological evaluations, the MRI results were available in only 
60 cases (71%), of which 5 showed active disease posttransplant. Pretransplant 
scans showing active disease in 23 patients disclosed no activity posttransplant, and 
of 37 scans that were inactive before transplant, 5 turned active after transplant. 

DISCUSSION AND CONCLUSIONS 

It may be too early to judge the efficacy of SCT in MS, a chronic disease with 
a rather unpredictable course. Traditionally, a follow-up period of 3 years is 
needed; therefore, we still have to wait before reaching conclusions. At the present 
time, it seems that the results do not differ among centers.7'910 There are certain 
mortality and morbidity risks even at mobilization11 that may compromise success, 
but with proper selection of patients —and given the possibility of a high PFS 
rate—autoSCT might prove the best available therapy for rapidly evolving MS. It 
certainly cannot cure the disease, but it seems to delay progression with its intense 
immunosuppressive effect. It appears better than no therapy12 or any other 
immunosuppressive treatment, including IFN-B.13 

Currently, only phase 1-2 trials are being conducted, but, even if they all 
confirm the efficacy of SCT in MS, their results will remain doubtful, no matter 
how high the PFS rate might be 3 years after transplantation. MRI findings, being 
objective, will be accepted more easily. However, the only proper way to 
demonstrate the efficacy of SCT will be to perform a multicenter, randomized trial 
comparing autoSCT with the best available MS treatment, most probably IFN-3. 
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PFS, EBMT Registry Program 

Prim Prog 

No Prim Prog 

Figure 1. Progression-free survival (PFS) by disease type for 85 patients with multiple scle
rosis (MS) undergoing high-dose immunosuppressive therapy and autologous stem cell trans
plantation; primary progressive MS (Prim Prog; n = 19) vs. all other types (No Prim Prog), 
ie, secondary progressive (n = 46), relapsing/progressive (n = 12), relapsing/remitting (n = 
3), and progressive/relapsing (n = 4). 

The sooner this is conducted, the better the chance of offering patients an active 
therapy or of sparing them a toxic and costly procedure. 
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INTRODUCTION 

Severe systemic sclerosis (SSc) is a rare multisystem disease characterized by 
skin thickening and hardening together with varying degrees of internal organ 
involvement affecting lungs, kidneys, heart, and gastrointestinal tract. Internal 
involvement has a poor prognosis, with deaths primarily due to pulmonary failure 
and cardiac events. Although the exact pathogenesis remains unclear, it is thought 
to be primarily immunologic in nature, with secondary involvement of tissue 
fibroblasts, and small-vessel damage leading to fibrotic changes in a variety of 
organs. Evidence to support the etiology of autoimmunity includes the presence of 
autoantibodies such as Scl-70; overlap syndromes with diseases such as systemic 
lupus erythematosus (SLE); finding of T-cell populations in skin lesions; detection 
of oligoclonal lymphocyte populations in the blood and bronchoalveolar lavage 
fluid; and similarities to chronic graft-vs.-host disease. Conventional-dose 
immunosuppression and some other agents have been tried without clear evidence 
of success in SSc. 

High-dose immunosuppressive therapy (HDIT) followed by autologous stem 
cell transplantation has recently been proposed as a potential treatment for severe 
autoimmune diseases.1,2 Impetus for this approach came from animal studies and 
anecdotal clinical observations.3-7 Initial results have been reported for multiple 
sclerosis8,9 and a number of rheumatologic diseases including systemic sclerosis, 
rheumatoid arthritis, SLE, and others.10 The use of high-dose therapy in these 
studies was modeled on conditioning regimens that were developed and 
extensively tested in the setting of allogeneic and autologous bone marrow trans-
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plants for malignancy and aplastic anemia. Whereas the toxicity profiles have been 
defined in patients with cancer with relatively good end organ function, there were 
relatively little data to indicate what might be anticipated with the use of high-dose 
regimens in patients with preexisting organ damage from an underlying auto
immune disease. 

METHODS 

This study was designed to investigate safety and potential efficacy of HDIT for 
severe systemic sclerosis. Specifically, we planned to evaluate the toxicity and 
potential efficacy of a regimen incorporating total body irradiation 800 cGy, 
cyclophosphamide, and horse antithymocyte globulin (ATG). The basis for our 
approach" and for patient selection12 have been reported previously. Eligibility 
required disease duration of <3 years, a modified Rodnan skin score (RSS) of >15, 
and evidence of internal organ disease affecting lungs, kidney, or heart (group A) 
or SSc of longer duration but with clear evidence of progressive lung disease 
(group B). The primary end points were regimen-related toxicity (by day 28, 
according to the Bearman scale) and engraftment. Secondary end points were 
disease response and immune recovery. Eighteen patients underwent treatment 

STEM CELL COLLECTION AND CD34 SELECTION 
G-CSF 16 ug/kg/d subcutaneously. 
CD34 selection of PBSC with Isolex 300i. 

CONDITIONING REGIMEN 
DAY TREATMENT 
-5 TBI 2.0Gyx2 + ATG* 
-4 TBI 2.0Gyx2 
-3 Cyclophosphamide 60 mg/kg + ATG* 
-2 Cyclophosphamide 60 mg/kg 
-1 ATG * 
0 CD34 selected PBSC infusion 
+1 ATG * 
+3 ATG * 
+5 ATG * 

* ATG = 15 mg/kg 

POST TRANSPLANT GROWTH FACTOR 
G-CSF from day 0 to ANC > 500 for 3 days 

Figure 1. Treatment schema for high-dose immunosuppressive therapy. ANC, absolute 
neutrophil count; ATG, antithymocyte globulin; G-CSF, granulocyte colony-stimulating 
factor; PBSC, peripheral blood stem cell; TBI, total body irradiation. 
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between January 1997 and February 2000 according to the protocol shown in 
Figure 1. Patients underwent peripheral blood stem cell (PBSC) mobilization as 
outpatients, with granulocyte colony-stimulating factor (G-CSF) given at 16 ftg/kg 

per day subcutaneously. Leukaphereses were performed on day 4 of G-CSF, with 
a plan to collect PBSCs containing >3.0X106 CD34+ cells/kg. Cells were CD34-
selected using an Isolex 300i (Nexell, Irvine, CA). After HDIT and transplant, 
G-CSF 5 /<g/kg per day was given until engraftment. Infection prophylaxis 
included trimethoprim/sulfamethoxazole (Bactrim) for Pneumocystis and 
fluconazole for fungal infections, and patients were monitored for cytomegalovirus 
(CMV) reactivation with antigenemia testing or polymerase chain reaction. 
Reactivation of CMV was treated with ganciclovir. 

RESULTS 

The median age for the 18 patients was 40.5 years (range, 23-61 years). 
Sixteen of the patients were women. Sixteen patients belonged to group A and 2 
to group B, as defined previously. The median baseline RSS was 30 (range, 3-50). 
Seventeen of 18 patients were treated because of underlying lung disease, and 1 
patient, because of kidney disease. Median pulmonary carbon monoxide diffusion 
capacity (DLCO) at transplant was 56 (range, 38-76). G-CSF was tolerated well, 
without major disease activation. The median number of aphereses to obtain the 
target CD34+ cell dose together with an unselected backup containing >3 X106 

CD34+ cells/kg was 3 (range, 2-7). The median number of CD34+ cells infused 
was 4.2X106, with a median purity of 91.5% (range, 55% to 96%). Both 
neutrophil and platelet engraftment were prompt with this protocol. The absolute 
neutrophil count was <500//<L for a median of 7 days (range, 0-10 days). There 
were no life-threatening bacterial or fungal infections. CMV reactivation was 
detected in 3 of 10 CMV-seropositive patients and was treated effectively with 
ganciclovir in each instance. 

Conditioning therapy was well tolerated by most patients, with minimal 
mucositis. One patient developed onset of pulmonary failure due to interstitial 
pneumonitis ~2 weeks after transplant. A second patient developed a similar 
syndrome at 2 months after transplant. Both patients had progressive pulmonary 
failure requiring mechanical ventilation and died despite high-dose steroid therapy. 
These deaths were attributed to regimen-related toxicity, since there was no clear 
evidence of disease progression after HDIT. The protocol was then modified to 
include lung shielding to allow a total lung dose of 200 cGy. This has been well 
tolerated from a pulmonary standpoint, without obvious regimen-related 
pulmonary damage in subsequent patients. Another patient presented with a cardio
respiratory arrest ~2 months after transplant. This was followed by development 
over 2 weeks of rapidly increasing lymphocytosis and rapidly enlarging liver, 
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spleen, and lymph nodes. A diagnosis of Epstein-Barr virus-induced lymphopro-
liferative disorder was made on biopsy. The patient died of rapidly progressive 
lymphoma. Of note, this patient had previously had a reaction to horse ATG and 
received rabbit ATG as a substitute, possibly leading to more profound immuno
suppression and predisposing to the development of lymphoma. 

Median survival of the 15 survivors was 6 months (range, 1-36 months). All 
had evidence of disease responses early after transplant as determined by the 
Rodnan skin score and/or health assessment questionnaire (HAQ) analyses. Clear 
evidence of disease reactivation requiring therapy occurred in 1 patient at ~1 year 
after HDIT. Disease reactivation responded well to treatment with tacrolimus, 
whereas the disease had not responded to cyclosporine given before HDIT. 

Among 6 patients followed for >1 year with a median follow up of 711 days 
(range, 431 to 1040 days), the RSS had improved from a median of 32.5 
pretransplant to 18.5 at 1 year (P=.03) (Figure 2). In 3 patients with >2 years' 
follow up, the RSS improved from 28, 18, and 16 at 1 year to 22, 15, and 10, 
respectively, at 2 years after transplant. Pulmonary function tests showed a median 
DLCO of 58% at baseline and 53% at 1 year after HDIT. Computed tomography 
scans of lungs showed stable findings in most patients after HDIT, and 
improvements in alveolitis were observed in some patients. Overall, renal function 
remained stable after transplant. Quality-of-life assessments were performed using 
a modified scleroderma HAQ, which has a 3-point scale, normal being 0. HAQ 
scores were 2.0 (range, 0.25-2.25) at baseline, 0.7 (range, 0.25-1.5) at 3 months, 
and 0.2 (range, 0-0.75) at 1 year (/°=.06). 

1 1 r 

3 12 24 

Months After HDIT 
Figure 2. Rodnan skin scores (RSS) after HDIT. 
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SUMMARY 

Although follow-up is short and only a small number of patients have been 
treated, preliminary data suggest that HDIT produces disease responses in 
patients with severe SSc. These may continue to occur for 2 years after HDIT. 
Responses have been documented mainly in skin disease and appear primarily 
responsible for the improved quality of life after HDIT as determined by HAQ 
scores. To date, internal organ functions overall have remained roughly stable 
after HDIT. 

Multisystem advanced disease in SSc appears to predispose to substantial risk 
of toxicity after high-dose therapy. Similar observations with respect to responses 
and higher-than-expected toxicity with regimens incorporating mainly high-dose 
cyclophosphamide have been reported by the European Transplant Registry.10 

Further modifications of treatment protocols and selection of better-risk candidates 
may improve outcomes. The identification of useful prognostic factors that would 
allow treatment at an earlier stage, when organ dysfunction and disability are less 
severe, may lead to better outcomes. Carefully designed phase 3 studies will be 
needed to determine whether HDIT is an effective therapy for SSc. 
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ABSTRACT 

Autologous hematopoietic stem cell transplantation is becoming more widely 
accepted as a potential therapeutic modality for selected patients with severe auto
immune diseases (SADs). Many aspects of the procedure remain highly contro
versial; not the least is the choice of conditioning regimen. We have initiated a 
retrospective analysis of the Basel database to evaluate the potential risks and 
benefits of different conditioning regimens employed in the treatment of SADs. Of 
263 patients reported to the registry, 234 are currently évaluable. Fifty-one of these 
patients underwent high-intensity conditioning (group 1); 75 underwent 
intermediate-intensity (group 2) and 108 low-intensity (group 3) conditioning. 
Analysis was performed for 1-year treatment-related mortality (TRM), 
progression, and progression-free survival. High-intensity conditioning is 
associated with significantly higher 1-year TRM compared with the other 2 groups. 
Although disease response was seen in each group at 1 year of actuarial follow-up, 
there appears to be no advantage, in terms of disease control, from high-intensity 
conditioning. It must be emphasized that this is a preliminary analysis. Completion 
of this analysis, with further follow-up, may help guide the choice of conditioning 
regimens for the treatment of SADs. 

INTRODUCTION 

Autologous peripheral blood stem cell transplantation (PBSCT) has emerged as 
an investigational therapy for the treatment of severe autoimmune diseases, and the 
number of patients undergoing transplantation for these diseases is rising annually.1 

However, many aspects of the procedure remain highly controversial, including 
disease indication, patient selection, purging, and—not least—the choice of 
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conditioning regimen. The latter has to take into account not only the usual potential 
short- and long-term risks associated with transplantation in general, but also specific 
risks as they apply to individual SADs in this setting. Furthermore, conditioning 
regimen toxicities have to be weighed carefully against their potential efficacy, which 
is extremely variable in this heterogeneous group of diseases and patients. 

Herein, we report the results of a retrospective review of the Basel database, 
with a particular emphasis on the conditioning regimens employed, to guide 
planning of future clinical trials. 

METHODS 

We retrospectively reviewed the Basel database, identifying and categorizing 
the conditioning regimens employed into 3 groups. These groups were defined 
according to their relative immunoablative intensities. 

Group 1 

Group 1 received high-intensity regimens using agents that are sufficiently 
immunoablative to allow a standard allogeneic or matched unrelated donor bone 
marrow transplant—specifically, busulfan- or radiation-based conditioning 
regimens. 

Group 2 

Group 2 received intermediate-intensity regimens that have been employed in 
the treatment of hematologic malignancies in the autologous transplant setting— 
specifically, BEAM (BCNU, etoposide, cytosine arabinoside, and melphalan) or 
BEAM-like regimens. 

Group 3 

Group 3 received lower-intensity regimens that have been used in unique 
settings to facilitate transplantation, such as aplastic anemia, or have not been used 
as transplant regimens before this experience and are predominantly used as part of 
a standard nontransplant chemotherapeutic/immunosuppressive approach—specif
ically, cyclophosphamide- or fludarabine-based regimens. 

Statistical Analysis 

Univariate analysis for 1-year TRM, progression, and progression-free survival 
was performed. 
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RESULTS 

Of the 263 patients reported to the Basel database, 234 are currently évaluable. 
The primary disease indications for transplantation were multiple sclerosis, 
systemic sclerosis, rheumatoid arthritis, and juvenile chronic arthritis. These 4 disorders 
comprised more than three quarters of all patients treated. 

Fifty-one of the patients (22%) were treated with a high-intensity conditioning 
regimen (group 1), 75 (32%) an intermediate-intensity conditioning regimen 
(group 2), and 108 (46%) with a low-intensity conditioning regimen (group 3). The 
1-year actuarial TRM, progression, and progression-free survival rates are shown 
in Table 1. TRM was significantly higher in group 1 compared with the other 
groups (P=.008) (Figure 1). Whereas all conditioning regimens appear to have had 
an impact on disease, the progression and progression-free survival rates are not 
significantly different between the groups. 

CONCLUSIONS 

This preliminary analysis suggests that high-intensity conditioning in this 
patient population may be associated with significant TRM. This may be 
acceptable if a greater degree of disease control can be achieved; however, the 
present analysis does not support that conclusion. This finding may be due to a 
variety of factors, not necessarily a lack of efficacy. 

This is a very preliminary analysis and must be interpreted with great caution. 
The database is heterogeneous and has been retrospectively analyzed. Furthermore, 
analysis for confounding factors, such as diagnosis, disease status, etc, and 
subgroup and multivariate analyses are still ongoing. Additionally, although there 
appears to be no difference in efficacy among the different regimens at 1 year, the 
follow-up for these diseases, which have relatively long natural histories, is far too 
short to be conclusive. 

Table 1. One-Year Transplant-Related Mortality (TRM), Progression, and Progression-
Free Survival (PFS) Stratified According to Intensity of Conditioning Regimen* 
Group Conditioning Regimen TRM Progression PFS Total 

l(high) fTBI-and busulfan-based 11 (22) 17(33) 23 (45) 51 (22) 
2 (intermediate) BEAM and BEAM-like 4(5) 17(23) 54(72) 75 (32) 
3 (low) Cyclophosphamide-and 7(7) 45(42) 56(52) 108(46) 

fludarabine-based 
Total 234(100) 

*Data are n (%). BEAM, BCNU, etoposide, cytosine arabinoside, and melphalan; fTBI, 
fractionated total body irradiation. 
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Months 

Figure 1. Treatment-related mortality (TRM) according to treatment regimen intensity. 

Theoretical Considerations of Different Conditioning Regimens 

Radiation-Based Regimens. Radiation-based regimens are attractive 
principally because of efficacy; animal data from Van Bekkum2 suggest that they 
can be efficacious in this setting. Radiation is known to be highly immunosup
pressive in humans, with very low graft rejection rates after allogeneic or matched 
unrelated donor transplantation, even with some degree of histoincompatibility.3 

The main concern with the use of radiation-based regimens is their potential 
toxicity. Short-term toxicity is of concern in this group of patients. Preliminary 
experience suggests that in patients who have significant underlying organ system 
damage (from disease or prior therapy), the use of radiation may accentuate the risk 
of toxicity (eg, scleroderma patients suffering lung toxicity) (P. McSweeney. 
Worcester Meeting on Transplantation for Auto-Immune Diseases, October 1999). 
There are also concerns regarding the serious long-term toxicities of radiation, 
especially the development of secondary malignancies such as myelodysplastic 
syndrome and solid tumors.4 

Oral Busulfan. Oral busulfan has long been used as an allogeneic transplant 
conditioning regimen agent because of its profound myeloablative properties.3 This 
agent is also highly immunoablative—it has been used extensively to overcome 
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immunologic barriers and facilitate standard allogeneic and matched unrelated 
donor transplants with low graft rejection rates.5 The main disadvantage of this 
agent is its very variable bioavailability.6 This may be a contributing factor to both 
the relatively high incidence of veno-occlusive disease of the liver associated with 
this drug and the increased incidence of graft rejection, compared with radiation 
based regimens, when plasma levels are either too high or too low, respectively.57 

Cyclophosphamide-Based Regimens. Cyclophosphamide has relatively low 
toxicity even in the dose-escalated setting. The cardiotoxicity associated with this 
drug is of concern in this patient population, because some patients have pre
existing cardiac disease related to their underlying disorders. The adequacy of 
efficacy is also of some theoretical concern. Initial experiences with aplastic 
anemia patients undergoing allogeneic transplantation using cyclophosphamide 
alone showed a high graft rejection rate, suggesting a relative lack of immunosup
pression.8 On the other hand, this agent is known to suppress T-cell function and 
has been used extensively, palliatively, as a therapy for the treatment of 
autoimmune diseases and, more recently, in a dose-escalated manner without stem 
cell support for the treatment of selected patients with autoimmune diseases.9 

FIudarabine-Based Regimens. Fludarabine is in some respects an attractive, if 
somewhat novel, choice. It is relatively nontoxic in low doses, as in therapy for the 
treatment of hematologic malignancies (eg, low-grade non-Hodgkin's lymphoma) 
in the nontransplant setting. It is also clearly immunosuppressive, being a key 
component of many allogeneic mini-transplant regimens. Unfortunately, the 
efficacy of this agent in standard doses for the treatment of autoimmune diseases is 
largely untested. Furthermore, there is very little experience with the use of 
fludarabine as part of an autologous PBSCT conditioning agent for hematologic 
malignancies. Initial experience with fludarabine at higher doses (eg, treatment of 
acute myeloid leukemia) suggested that it was relatively toxic, leading to prolonged 
neutropenia.10 The cause of this prolonged neutropenia is unclear, and it is also 
unclear whether this drawback can be overcome by performing autologous PBSCT. 
Furthermore, when dispensed in a dose-escalated manner, this agent does have 
other serious toxicity, especially neuropathy.10 

BEAM. This conditioning regimen has been extensively used, particularly in 
Europe, for autologous transplantation. It is generally well tolerated; the BCNU 
component is of some theoretical concern, because it can cause significant late lung 
toxicity which, again, may be additive to other underlying lung problems in this 
patient population.11 The ability to give mini-BEAM without stem cell support 
suggests that the myeloablative effect of BEAM is also limited compared with 
some of the other regimens.12 

Intravenous Busulfan. Because of the limitations of the above regimens, at 
City of Hope, we have chosen to use intravenous busulfan in conjunction with 
cyclophosphamide and antithymocyte globulin as our conditioning regimen of 
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choice for this group of patients. Intravenous busulfan has significantly lower 
toxicity—especially VOD—compared with oral busulfan, which may be due to the 
lack of a liver first-pass effect.13 The intravenous administration of this drug also 
ensures high bioavailability, maximizing the known immunosuppressive effect of 
busulfan (W.P. Vaughan, P. Cagnoni, H. Fernandez, et al. Pharmacokinetics of 
intravenous busulfan in hematopoietic stem cell transplantation (HSCT). American 
Society of Blood and Marrow Transplantation Meeting, Keystone, CO, March 
1999, Abstract 78). However, this agent has only recently become widely available 
and is currently a relatively novel choice for the treatment of both hematologic 
malignancies and autoimmune diseases. 

SUMMARY 

Autologous peripheral blood stem cell transplantation is becoming established 
as an investigational therapy for the treatment of severe autoimmune diseases. 
Many aspects of this procedure remain highly controversial. The available data, to 
date, are very limited and difficult to interpret. Preliminary analysis suggests that 
high-intensity conditioning regimens may be associated with significant treatment-
related mortality with as yet unknown efficacy. Furthermore, all conditioning 
regimens employed to date have significant disadvantages that are counter
balanced by advantages which are as yet largely theoretical. 
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ABSTRACT 

Conventional treatments for acute myeloid leukemia (AML) have high rates of 
toxicity yet fail to cure the majority of patients. Over the past decade, monoclonal 
antibodies reactive with hematopoietic antigens have been used to deliver cytotoxic 
moieties, including radioisotopes and drugs, to leukemic cells with the goal of 
providing effective antileukemic treatment while minimizing toxicity. 

The ability to deliver high doses of radiation to leukemic cells using anti-CD33 
antibody labeled with iodine-131 (131I) was limited by internalization of the 
antibody-antigen complex and subsequent dehalogenation, as well as by the small 
amount of 1 3 1I with which saturating doses of antibody could be labeled. Recently, 
however, phase 1 studies using anti-CD33 antibody labeled with yttrium-90 (^Y) 
or bismuth-213 (213Bi) have demonstrated the delivery of significant doses of 
radiation to sites of leukemic involvement without excessive nonhematopoietic 
toxicity, and phase 2 studies are planned. 

Radiolabeled antibodies have also been used to target CD45, a broadly 
expressed hematopoietic antigen found on immature and mature leukocytes and 
most acute leukemias. Almost 90% of patients with acute leukemia in remission or 
relapse have had favorable biodistribution of [131I]anti-CD45 antibody, with higher 
estimated radiation doses to marrow and spleen than to normal organs. Appreciable 
doses of marrow and spleen radiation have been delivered by [131I]anti-CD45 
antibody when combined with cyclophosphamide and 12 Gy total body irradiation 
(TBI) in patients with advanced AML and acute lymphoblastic leukemia (ALL) 
receiving stem cell transplants, a regimen that is currently being studied in phase 2 
clinical trials. Patients with AML in first remission receiving [131I]BC8 antibody 
combined with busulfan and cyclophosphamide have had encouragingly low 
relapse rates in an ongoing phase 2 study. Targeted hematopoietic irradiation is 
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also being combined with a nonmyeloablative transplant regimen in patients older 
than 50 years with relapsed or refractory AML. 

For drug-antibody conjugates, the rapid internalization of the CD33 antigen-
antibody complex provides an advantage because it allows rapid access of the toxic 
moiety to intracellular machinery. Such a conjugate, gemtuzumab ozogamicin 
(CMA-676; Mylotarg), links the potent antitumor antibiotic calicheamicin to a 
humanized anti-CD33 antibody. This agent, recently approved for the treatment of 
patients older than 60 years with relapsed CD33+ AML, has induced remissions in 
30% of 142 patients with AML in untreated first relapse treated on 3 phase 2 trials, 
with an acceptable toxicity profile. Current clinical trials of antibody-delivered 
therapy in AML will better define its efficacy, toxicity, and appropriate place in the 
management of these patients. 

INTRODUCTION 

Acute myeloid leukemia remains a difficult disease to treat. Fewer than half of 
newly diagnosed patients can be cured with conventional chemotherapy, and the 
most effective chemotherapy regimens require multiple courses of near-myeloab-
lative doses of anthracyclines and cytosine arabinoside. In addition to prolonged 
pancytopenia, such treatment is associated with risks of mucositis, typhlitis, and 
cardiac damage. For patients achieving a remission of their leukemia, many 
undergo hematopoietic stem cell transplantation (HSCT) if an appropriate HLA-
matched related donor is available. Yet despite the intensive myeloablative 
systemic therapy administered as a preparative regimen before transplantation and 
its associated toxicity, up to 30% of patients relapse following the procedure. For 
patients with AML that is refractory to primary treatment or that has relapsed after 
conventional chemotherapy, HSCT offers the only chance of cure. However, 
relapse rates are high, with a >60% rate predicted for patients transplanted for 
chemotherapy-refractory disease. 

One general approach to decrease relapse in patients with AML has been to 
intensify therapy. For example, the addition of multiple courses of high-dose 
cytosine arabinoside has improved the rate of disease-free survival for patients 
receiving chemotherapy. For patients undergoing HSCT, higher-intensity 
preparative regimens have resulted in decreased relapse rates but higher rates of 
transplant-related mortality. For example, in a prospective randomized trial for 
patients with AML in first remission receiving HLA-matched related bone marrow 
transplants comparing 2 doses of TBI, administered in addition to cyclophos
phamide, the relapse rate was 12% in patients receiving 15.75 Gy compared with 
35% in patients receiving 12 Gy.1 In a similar trial in patients with CML in chronic 
phase, the relapse rate was 0% in patients receiving 15.75 Gy compared with 25% 
in patients receiving 12 Gy.2 However, in each study the higher TBI dose was 
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associated with higher rates of transplant-related mortality, and thus there was no 
difference in disease-free survival between the TBI dose groups. These studies 
suggest that for both chemotherapeutic agents and radiation, there is a fairly steep 
dose-response curve for AML which could be exploited if toxicity to normal organs 
could be limited. 

One means of limiting the toxicity of treatment to normal tissues would be to 
target the delivery of toxic moieties directly to leukemic cells. Since the 
development of monoclonal antibody technology by Kohler and Milstein3 in the 
1970s, there has been the hope that antibodies reactive with antigens expressed by 
tumor cells would provide effective, nontoxic treatment for malignancies. Initially, 
most of the experience using unmodified antibodies was disappointing, with the 
extent of tumor cell kill limited by the capacity of the patient's immune system to 
mediate antibody-dependent cellular cytotoxicity. Recently, however, the 
development of particular antibodies that have been manipulated to enhance 
antibody-mediated cell kill has led to significant disease responses in patients with 
lymphoma receiving humanized anti-CD20 antibody4,5 and those with breast 
cancer treated with antibody reactive with the Her-2-neu antigen.6,7 Patients with 
AML have been treated with a humanized antibody reactive with the myeloid 
CD33 antigen, with the suggestion that it may decrease the load of minimal 
residual disease in acute promyelocytic leukemia.8 

Whereas unlabeled antibodies may be effective in several specific disease 
states, an additional use of antibody in patients with bulk disease might be as a 
means to deliver a toxic moiety to the cell, thus avoiding the dependence on 
antibody-dependent cell cytotoxicity for cell kill. Both radioisotopes and drugs 
have been conjugated to antibodies reactive with hematopoietic antigens and used 
to treat patients with AML in various stages, with or without transplantation. AML 
represents an attractive target for immunoconjugate therapy because the leukemic 
cells are rapidly accessible given their presence in well-vascularized tissues such as 
marrow and spleen, and because of the steep dose-response curve of AML to many 
therapeutic agents. 

The principles involved in antibody-directed therapy are different for 
radioisotopes as opposed to drugs. When using radiolabeled antibodies, the 
radiation from an antibody bound to a given cell may actually be deposited 
anywhere within a sphere defined by the pathlength of the isotope. When using an 
isotope with a pathlength longer than a few cell diameters, antibody does not 
necessarily need to bind to every leukemic cell to kill every cell as long as antibody 
is bound regionally. This bystander effect may kill rare leukemic cells that do not 
express the target antigen or that are not reached by antibody if the majority of cells 
in the involved tissue bind antibody. However, there is also the potential for 
nonspecific cell killing if normal cells are near the cells bound by antibody or from 
prolonged circulation of radiolabeled antibody. In contrast, drug-antibody 
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conjugates must bind to each malignant cell because cell kill requires internal
ization of the toxic moiety. These differences between radiolabeled antibody and 
drug-antibody conjugates may affect the selection of the target antigen, as 
described below. The majority of immunoconjugate studies in AML performed to 
date have used antibodies reactive with the CD33 or CD45 antigens. 

CD33 ANTIGEN 

The CD33 antigen is expressed by myeloid progenitor cells in marrow, although 
it is absent from the hematopoietic stem cell.9 More than 90% of patients with 
AML have leukemia blasts that express this antigen.10 Its level of expression is 
variable, although it is often expressed at fairly low copy numbers. Importantly, the 
antibody-CD33 antigen complex internalizes after binding by antibody.11 In 
addition to its recent use as an unlabeled antibody, anti-CD33 antibody has been 
used both as a radioimmunoconjugate and as a drug-antibody conjugate. 

RADIOLABELED ANTI-CD33 ANTIBODY 

Initial studies used anti-CD33 antibodies labeled with 1 3 1I. 1 3 1I has a half-life of 
8 days, and has both a beta decay with a pathlength of 0.7 mm and a gamma 
component that allows the quantitative determination of antibody localization in 
patients by gamma camera imaging, but which necessitates that patients be treated 
in radiation isolation. Studies by Schwartz et al. 1 2 and Appelbaum et al.1 3 examined 
the biodistribution of trace 131I-labeled Ml95 and p67 murine antibodies, respec
tively, in patients with AML beyond first remission. For each anti-CD33 antibody, 
the antibody dose resulting in optimal biodistribution was low (<5 mg/m2) because 
the relative numbers of CD33 antigen sites were rapidly saturated and the 
circulation of unbound antibody at higher antibody doses led to increased radiation 
delivery to nontarget organs. For [I31I]p67 antibody, the retention in marrow was 
relatively brief (average half-life 17 hours) because of prompt internalization of the 
antibody-antigen complex and dehalogenation of antibody with rapid excretion of 
small 131I-containing moieties. Consequently, only 4 of 9 patients receiving a 
biodistribution dose of trace [131I]p67 antibody had favorable biodistribution of 
antibody, defined as a higher estimated radiation dose to marrow and spleen than 
to nontarget organs, and the ratios of radiation delivered to target compared with 
nontarget organs were low. Although phase 1 transplant studies combining 
[13II]M195 antibody with busulfan and cyclophosphamide14 and [131I]p67 antibody 
with cyclophosphamide and 12 Gy TBI 1 3 were initiated, both groups of investi
gators have abandoned the use of [131I]anti-CD33 antibody because of the 
relatively limited radiation doses that can be delivered by 5 mg/m2 antibody 
without damaging the antigen-binding capacity of the antibody by radiolysis. 
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Instead, investigators at Memorial Sloan Kettering Cancer Center have 
examined the biodistribution of humanized Ml95 (HuM195) antibody labeled with 
alternative isotopes, and 2 1 3 Bi . ^ Y has a half-life of 2.7 days and is a pure beta 
emitter with a higher energy and thus a longer pathlength, 5 mm, than that of 1 3 1I. 
The absence of a gamma component means that patients do not require radiation 
isolation during treatment. Because precise quantitation of ^Y-antibody locali
zation by gamma camera imaging is not possible, the biodistribution of'"Y-labeled 
antibody must be inferred from that of antibody labeled with a surrogate gamma-
emitting isotope, indium-Ill (niIn). In a phase 1 nontransplant study in patients 
with relapsed AML, 18 patients received HuM195 antibody labeled with 0.1 to 
0.3 mCi '"Y/kg on 3.5 to 6 mg antibody.15 Nine patients received 11'In-labeled 
antibody at the same time to allow estimation of antibody biodistribution. 
Estimated radiation doses of 2.9 to 7 Gy were delivered to marrow and 1.3 to 
3.1 Gy to liver. The maximum tolerated dose (MTD) was estimated to be 
0.275 mCi/kg, with prolonged myelosuppression (>35 days) in patients treated at 
0.3 mCi/kg. A decrease in peripheral blasts was seen in 12 of 13 patients, with a 
decrease in marrow blasts in 12 of 16 patients. Five of 8 patients treated with 0.275 
to 0.3 mCi/kg developed transient empty marrow, and 1 of these patients achieved 
a complete remission. This group now plans a phase 2 study of 0.275 mCi/kg 
[°OY]M195 antibody in patients with relapsed AML not receiving HSCT. For 
younger patients with autologous stem cells available, they plan a phase 1 study to 
determine the MTD of [ ^ Y J M ^ antibody that can be combined with high-dose 
etoposide followed by autologous HSCT. 

A second study at Memorial Sloan Kettering Cancer Center is the first to use 
antibody labeled with an alpha particle emitter in the treatment of A M L . 1 6 In contrast 
to beta particles, alpha particles have high energy but are very large and thus have a 
short pathlength, such as the 50- to 80-̂ <m pathlength for 2 1 3 Bi . Most available alpha 
particles have a very short half-life, and the 46-minute half-life for 2 1 3 B i necessitates 
that the antibody be administered immediately after radiolabeling. It is also critical 
that the antibody have rapid access to target cells to reach the cells before 
radioisotope decay. In a phase 1 nontransplant trial in 17 patients with relapsed AML, 
doses of 0.28 to 1.0 mCi 2 1 3Bi/kg were administered over 2 to 4 days in 3 to 6 
fractions. Early scans demonstrated localization of isotope in marrow, spleen, and 
liver within 10 minutes of infusion, with better localization to marrow with later as 
opposed to earlier infusions. The MTD was 1 mCi/kg, with myelosuppression lasting 
up to 34 days in patients treated at the highest dose levels. No complete responses 
were observed, but there was a decrease in percentage of blasts in marrow in 12 of 
17 patients. Estimated radiation doses were 656 to 4676 centisieverts (cSv) (a 
radiation dose equivalent unit equal to 1 rem that incorporates the biologic effect of 
alpha particle radiation) to bone marrow, 290 to 4399 cSv to spleen, and 242 to 2752 
cSv to liver, with much lower doses to other organs and to the total body. Because of 
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the technical difficulties inherent in delivering large doses of alpha-emitting 
radioisotopes, these investigators are now focusing on treating patients with less bulk 
disease. Therefore, their next phase 1 trial for patients with relapsed AML will 
incorporate low-dose cytosine arabinoside immediately before [213Bi]HuM195 
antibody to allow for debulking before antibody administration. A second study will 
use [213Bi]HuM195 antibody as consolidation therapy directed toward minimal 
residual disease for patients with AML in second remission. The investigators hope 
that the very short pathlength of 2 1 3 B i will allow relative sparing of stem cells and 
thus delivery of substantial doses of radiotherapy to CD33-expressing leukemia cells. 

CD45 ANTIGEN 

In contrast to the relatively narrow expression and low copy numbers for the 
CD33 antigen, CD45 is broadly expressed by all leukocytes and their precursors,17 

at an average copy number of ~200,000 per cell. It is expressed by most AML and 
the majority of ALL samples18,19 and is not appreciably internalized after binding 
by antibody.11 The CD45 antigen is a potential target antigen for ALL in addition 
to AML because it is expressed by both lymphoid and myeloid cells, and thus 
radiolabeled anti-CD45 antibody should deliver radiation to lymph nodes as well 
as bone marrow and spleen. Because it is expressed by both normal and malignant 
cells in these tissues, radiolabeled anti-CD45 antibody can be used to deliver 
radiation to marrow, spleen, and lymph nodes for patients with acute leukemia 
whether in remission or relapse. For patients in remission, even blasts not 
expressing CD45 should be killed if surrounded predominantly by nonmalignant 
hematopoietic cells, because of the bystander effect. 

RADIOLABELED ANTI-CD45 ANTIBODY 

Preclinical studies in both mice and macaques demonstrated that [131I]anti-
CD45 antibody could deliver more radiation to marrow, spleen, and lymph nodes 
than to any nontarget organs, with estimated radiation doses to marrow and lymph 
nodes that were 2 to 8 times that of the highest normal organs.20'21 A phase 1 
clinical trial was then performed to determine the biodistribution of trace [131I]anti-
CD45 antibody in patients in remission and in relapse, to ascertain factors 
influencing antibody biodistribution, and to estimate the MTD of radiation 
delivered by antibody that could be combined with the conventional transplant 
preparative regimen of cyclophosphamide and 12 Gy TBI. 2 2 , 2 3 Eligible patients 
were those at high risk of relapsing posttransplant, including those with advanced 
(eg, primary refractory or beyond first remission) acute myeloid or lymphoid 
leukemia or myelodysplastic syndrome (MDS), with HLA-matched related donors 
or autologous HSCs available. 
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Figure 1. [Iodine-131 ]anti-CD45 antibody localization: anterior gamma camera image of 
pelvis 17 hours after infusion of 0.5 mg/kg trace ml-labeled BC8 (anti-CD45) antibody in a 
patient with acute myeloid leukemia in first remission. 

Patients first received a biodistribution infusion of 0.5 mg/kg BC8 antibody, a 
murine immunoglobulin Gl (IgGl) reactive with all human CD45 isoforms, which 
was labeled with 5-8 mCi 1 3 1I. This was followed with serial quantitative gamma 
camera scanning (Figure 1) and a least 1 bone marrow biopsy. The time-activity 
curves for concentration of 1 3 1I in marrow, spleen, liver, lungs, kidney, and total 
body were used to estimate radiation doses delivered, as cGy per mCi 1 3 1I, by 
applying methods consistent with those recommended by the Society of Nuclear 
Medicine's special committee on Medical Internal Radiation Dose. 2 4 - 2 6 Patients 
with higher estimated radiation doses to spleen and marrow than to liver, lung, and 
kidney (favorable biodistribution of antibody) were eligible to receive a therapy 
dose of antibody. The antibody, administered 13-14 days before HSCT, was labeled 
with the amount of 1 3 1I estimated to deliver a predetermined dose to the normal 
organ receiving the highest dose, beginning at 3.5 Gy. The dose delivered by 1 3 1I 
was subsequently escalated in cohorts of 3 to 6 patients. Patients were treated in 
radiation isolation, where they remained until the amount of radiation measured at 
1 meter was less than 5 mR/h. After discharge, they received cyclophosphamide 
60 mg/kg per day for 2 days and 2 Gy TBI per day for 6 days followed by 
autologous or allogeneic stem cell transplant. Graft-vs.-host disease (GVHD) 
prophylaxis for allogeneic recipients consisted of methotrexate and cyclosporine. 

Forty-four patients with a median age of 38 years (range, 16-55 years) received 
a biodistribution dose of antibody. Thirty-one had AML (9 in remission, 22 in 
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relapse), 10 had ALL (5 in remission, 5 in relapse), and 3 had MDS. Eighty-four 
percent had favorable biodistribution of antibody, with mean estimated radiation 
absorbed doses (cGy/mCi 131I) of 6.5 ± 0.5 for marrow, 13.5 ±1 .3 for spleen, 2.8 ± 
0.2 for liver, 1.8 ± 0.1 for lung, 0.6 ± 0.04 for kidney, and 0.4 ± 0.02 for the total 
body. The liver was the normal organ receiving the highest estimated radiation 
absorbed dose in all but 1 patient. Antibody administration was associated with 
transient side effects including chills, nausea, vomiting, and mild hypotension in 
75% of patients, with 25% developing transient respiratory side effects including 
sensation of chest or throat tightness or wheezing. Patients with AML in relapse 
had the highest estimated radiation dose to marrow because of both higher initial 
antibody uptake and longer retention of 1 3 II in marrow, resulting in a higher ratio 
of radiation delivered to marrow than to liver. 

Thirty-four patients received a therapy dose of antibody labeled with 
76-613 mCi 1 3 1I estimated to deliver from 3.5 to 12.25 Gy to the normal organ 
receiving the highest dose. Dose-limiting regimen-related toxicity was seen in 1 of 
6 patients (grade III veno-occlusive disease of the liver) treated at dose level 5, 
10.5 Gy to liver, and in 2 of 2 patients treated at 12.25 Gy (grade III-IV mucositis), 
and thus the MTD was estimated to be 10.5 Gy. Although this phase 1 study was 
not designed to determine efficacy of this combined preparative regimen, 30% of 
the patients with advanced leukemia (7 of 25 with AML or MDS and 3 of 9 with 
ALL) survive disease free 38 to 112 months after transplantation. This study 
demonstrated that appreciable doses of supplemental targeted radiation to 
hematopoietic tissues (average estimated doses of 24 Gy to marrow and 50 Gy to 
spleen with an MTD of 10.5 Gy to liver) can be delivered when combined with 
cyclophosphamide and 12 Gy TBI. Based on this phase 1 study, parallel phase 2 
studies of this preparative regimen are now under way for patients with advanced 
AML and advanced ALL with HLA-matched related or unrelated donors. 

131I-labeled anti-CD45 antibody has also been used to intensify the antileukemic 
therapy administered to patients undergoing HLA-matched related transplantation 
for AML in first remission. In an ongoing phase 2 study combining [131I]BC8 
antibody with busulfan and cyclophosphamide,27 90% of patients have had 
favorable biodistribution of trace-labeled antibody, and 37 patients have received a 
therapy dose of antibody labeled with the amount of l 3 1I estimated to deliver 3.5 Gy 
(4 patients) or 5.25 Gy (33 patients) to the liver. Average estimated doses of 
10.6 Gy to marrow and 28.6 Gy to spleen have resulted. Grade III mucositis 
developed in 2 patients, grade IV pneumonitis thought to be possibly related to the 
conditioning regimen was seen in 2 patients, and 1 patient died with multisystem 
failure at day 38 after a sepsis-like event and was found at postmortem examination 
to have pulmonary cytomegalovirus and hepatic GVHD. Four patients have 
relapsed, and 27 (73%) survive disease free 5-78 months (median, 47 months) after 
transplant. This study is continuing to accrue patients and is being expanded to 
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include 2 additional institutions, City of Hope National Medical Center and 
Stanford University Medical Center. The ultimate determination of whether the 
addition of targeted hematopoietic irradiation to busulfan/cyclophosphamide can 
improve disease-free survival will require a phase 3 randomized trial comparing 
this combined regimen with busulfan/cyclophosphamide alone. 

The combination of radiolabeled anti-CD45 antibody and conventional 
preparative regimens may serve to decrease relapse rates but has not resulted in an 
improvement in the toxicities associated with HSCT. The ability to decrease the 
proportion of radiation delivered as TBI while increasing the amount delivered by 
antibody has the potential to both decrease toxicity and increase the total radiation 
dose delivered to hematopoietic tissues by taking advantage of the therapeutic ratio 
provided by targeting. In CD45 studies performed to date, full-dose, conventional 
therapy was included in part to ensure that the regimen was adequately immunosup
pressive to prevent rejection of donor hematopoietic cells. However, several investi
gators have recently developed lower-dose, nonmyeloablative preparative regimens 
that have allowed engraftment of donor cells in patients who would be unlikely to 
tolerate conventional high-dose regimens.28,29 The initial donor engraftment has 
resulted in measurable diminution of disease in the majority of patients, presumably 
from a graft-vs.-leukemia (GVL) effect, and some patients have received donor 
lymphocyte infusions after transplant to augment this effect. One such regimen, 
developed by Sandmeier et al. 3 0 at Fred Hutchinson Cancer Research Center, 
includes fludarabine plus 2 Gy TBI and posttransplant immunosuppression with the 
combination of cyclosporine and mycophenolate mofetil (MMF). 

The availability of this well-tolerated nonmyeloablative regimen, which can 
establish donor engraftment with little toxicity, now provides an opportunity to 
increase the dose of radiation delivered by [13lI]anti-CD45 antibody by 
combining it with this low-dose regimen in patients with advanced AML. The 
debulking provided by [ l31I]BC8 antibody, followed by 2 Gy TBI, cyclosporine, 
and MMF, may allow better control of acute leukemia and optimize the chance 
that the subsequent GVL effect will eradicate disease. A phase 1 trial to 
determine the MTD of radiation delivered by anti-CD45 antibody that can be 
combined with this nonmyeloablative regimen, beginning at a dose level of 
12 Gy to liver, has been initiated. Eligible patients are patients with AML that is 
either primarily refractory or has recurred and who would be unlikely to tolerate 
conventional transplants, eg, patients between the ages of 50 and 70 with 
matched related or unrelated donors. 

Other investigators have begun to examine the biodistribution and tolerability 
of anti-CD45 antibody labeled with "Y. In addition, elsewhere in this symposium, 
Martin et al. reported on their experience targeting a pan-myeloid antigen, CD66c, 
with antibody labeled with rhenium-188. The next several years should further our 
understanding of the role of these approaches in the treatment of acute leukemia. 
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ANTIBODY-TARGETED CHEMOTHERAPY: GEMTUZUMAB OZOGAMICIN 

The rapid internalization of the antibody-CD33 antigen complex makes the 
CD33 antigen an excellent target antigen for a drug-antibody conjugate where the 
drug must access intracellular contents to damage the cell. The antitumor antibiotic 
calicheamicin, which generates double-stranded DNA breaks after undergoing 
intracellular trisulfide reduction and molecular rearrangement with the formation 
of a diradical species, was thus conjugated to humanized p67.6 antibody31 and was 
demonstrated to selectively kill AML blasts in vitro. A phase 1 dose escalation 
study in 40 patients with relapsed or refractory AML demonstrated that doses of up 
to 9 mg/m2 of gemtuzumab ozogamicin (Mylotarg) were reasonably well tolerated. 
Reduction of blasts in marrow to <5% was seen in 8 of 40 patients, and the 
likelihood of clinical response appeared to be correlated with a low rate of dye 
efflux, indicative of low functional drug resistance.32 

Combined results of 3 open-label multicenter phase 2 trials using Mylotarg in 
patients with AML in untreated first relapse were recently presented.33 Patients 
were eligible for these studies if they were >18 years of age (>60 years in 1 study); 
had a first remission that was at least 6 months in duration (>3 months in 1 study); 
had blasts that expressed the CD33 antigen, a circulating white blood cell 
count <30,000/mm3, and normal renal and hepatic function; and did not have 
secondary AML or a history of an antecedent hematologic disorder. Two doses of 
Mylotarg at 9 mg/m2 were administered intravenously over 2 hours separated by a 
2-week interval. 

One hundred forty-two patients were treated on these 3 studies (Figure 2). 
Remission, defined as <5% blasts in marrow, an absolute neutrophil count 
to >1500/mm3, and red cell and platelet transfusion independence, was achieved in 
30% of patients, including 34% of the 62 patients <60 years of age and 26% of the 
80 patients older than 60 years. The treatment was generally well tolerated. A 
postinfusion symptom complex (fever, chills, and, less commonly, hypotension 
and dyspnea) was similar to that seen with other antibody-based therapies and 
occurred despite prophylactic treatment with acetaminophen and antihistamines. 
The incidences of grade 3 or 4 mucositis (4%), nausea and vomiting (11%), and 
infections (28%) were relatively low. There was no reported treatment-related 
cardiotoxicity, cerebellar toxicity, renal failure, or alopecia. 

Grade 3 or 4 hepatic toxicity was seen in 17% (elevated aspartate/alanine 
transaminase [AST/ALT]) to 23% (elevated bilirubin) of patients. In most cases, 
these changes were transient, allowing delivery of the second dose of drug. 
Although the median hospital stay was 24 days, due primarily to the neutropenia 
and thrombocytopenia that developed in virtually all patients, 16% of patients had 
hospital stays of no more than 1 week. Based on the favorable safety profile of this 
therapy when administered as a single agent, Mylotarg was recently approved by 
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Figure 2. Response to gemtuzumab ozogamicin (Mylotarg) in acute myeloid leukemia in 
untreated first relapse: rates of response to Mylotarg in 3 phase 2 studies. Patients were >18 
years old (>60 years in study 203) with an initial remission of at least 6 months (>3 months 
in study 203). Responses were scored as either complete response (CR) or complete response 
with delayed platelet recovery (CRp). 

the US Food and Drug Administration (FDA) for use in patients >60 years of age 
with CD33-positive AML in first relapse who are not thought to be candidates for 
conventional cytotoxic chemotherapy. Current studies of this agent are under way 
in pediatric patients, in combination with other chemotherapeutic agents earlier in 
the disease course and as a means of debulking AML in patients immediately 
before nonmyeloablative HSCT. 

CONCLUSIONS 

More than 2 decades after the initial development of monoclonal antibody 
technology, several recent studies suggest that antibodies reactive with 
hematopoietic antigens and conjugated with cytotoxic moieties such as radio
isotopes or drugs can improve the selectivity of therapy and thus may offer 
important new treatment options for patients with AML. Phase 1 and 2 studies of 
radiolabeled antibodies have demonstrated the ability to deliver more radiation to 
hematopoietic tissues than to normal organs and that appreciable doses of such 
targeted radiation can be tolerated in transplant and nontransplant settings. 
Mylotarg is the first antibody-targeted chemotherapeutic agent to receive FDA 
approval, and growing experience with its use in several settings will provide more 
information regarding its potential roles in AML therapy. Ongoing preclinical 
studies may demonstrate better targeting using alternative antibodies, isotopes, or 
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approaches designed to decrease nonspecific radiation by clearing residual 
circulating antibody. Ultimately, optimum management of AML may include 
combinations of antibody-mediated and conventional therapies. 
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Nonmyeloablative Allografting 

Following a Failed Autograft 
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ABSTRACT 

We have investigated a novel nonmyeloablative conditioning regimen in 25 
patients with hematologic malignancies. The median patient age was 32 years. All 
of the patients had failed a previous autologous transplant. Recipient conditioning 
consisted of CAMPATH-1H monoclonal antibody, 20 mg/d on days -8 to -4, 
fludarabine 30 mg/m2 on days -7 to -3, and melphalan 140 mg/m2 on day -2. 
Seventeen recipients received unmanipulated granulocyte colony-stimulating 
factor (G-CSF)-mobilized peripheral blood stem cells from HLA-identical 
siblings, and 8 received unmanipulated marrow from matched unrelated donors. 
Graft-vs.-host disease (GVHD) prophylaxis was with cyclosporin A (CsA). All 
évaluable patients had sustained engraftment. Results of chimerism analysis using 
microsatellite polymerase chain reaction (PCR) indicate that approximately half of 
the patients studied had full donor chimerism; the other patients had mixed 
chimerism in one or more lineages. At a median follow up of 10 months (range, 1 
to 25 months) 19 patients remain alive in complete remission (CR) or with no 
evidence of disease progression. Three patients relapsed or progressed 
posttransplant; 2 of them subsequently died. Three patients died from regimen-
related complications. There were no cases of grades III-IV acute GVHD. Only 2 
patients developed grade I acute GVHD, and only 1 had chronic GVHD. Although 
longer follow-up is needed to establish the long-term remission rates, this study 
demonstrates that this nonmyeloablative preparative regimen is associated with 
durable engraftment, minimal toxicity, and low incidence of GVHD and is feasible 
in patients who have already failed an autologous stem cell transplant. 

INTRODUCTION 

High-dose chemoradiotherapy followed by allogeneic stem cell transplantation 
(SCT) has been extensively used to treat patients with hematologic malignancies. 
This procedure is often limited to patients in good medical condition, due to the 
increased transplant-related mortality (TRM) and GVHD that occurs with 
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increasing age and poor performance status.1,2 Patients who have previously failed 
an autologous stem cell transplant are at particularly high risk for very high TRM. 

The curative potential of transplantation is not solely due to the conditioning 
regimen but also to the well-documented graft-vs.-leukemia (GVL) effect.3 The 
most convincing evidence for this GVL effect is that donor leukocyte infusions 
(DLIs) can reinduce remissions in patients who have relapsed following allogeneic 
SCT. 4 , 5 Patients with chronic myeloid leukemia are most likely to respond, but 
responses have also been documented in patients with acute leukemia, chronic 
lymphocytic leukemia, myeloma, and lymphoma.6,7 

In an effort to reduce the TRM associated with allogeneic SCT, low-intensity 
fludarabine-based regimens have been developed.8-11 These have been designed to 
be immunosuppressive rather than myeloablative to facilitate donor engraftment 
and thereby limit systemic toxicity. There appears to be a spectrum of hemato
poietic toxicity associated with these nonmyeloablative regimens, from minimally 
cytopenic regimens that use low-dose total body irradiation alone12 to regimens 
that combine fludarabine with melphalan or busulfan.10,13 Although these studies 
have demonstrated impressive allogeneic engraftment with minimal nonhema-
tologic toxicity, there is still significant morbidity and mortality from acute and 
chronic G V H D . 8 - 1 1 

We have therefore developed a novel nonmyeloablative regimen for allogeneic 
SCT. Our regimen was designed to suppress the recipient immune system enough 
to allow allogeneic engraftment without excessive regimen toxicity or GVHD. The 
use of fludarabine as an immunosuppressant as part of the conditioning regimen 
was similar to previously published studies of nonmyeloablative SCT. 8 - 1 1 

However, the addition of in vivo CAMPATH-1H to the conditioning regimen was 
new and appears to have been crucial in limiting graft-vs.-host reactions. 

PATIENTS AND METHODS 

Eligibility Criteria 

Patients with hematologic malignancies were enrolled at 6 hospitals in the 
United Kingdom. The study design was approved by the ethics committees at each 
participating site. All patients gave written informed consent to participate. Patients 
aged 18 to 60 years with lymphoma, acute leukemia, myelodysplasia, multiple 
myeloma, chronic lymphocytic leukemia, and chronic myeloid leukemia were 
eligible to participate. Patients required an HLA-identical sibling or unrelated 
donor as determined by serological typing for HLA-A/-B and molecular typing for 
HLA-DR/-DQ. 
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Patient Characteristics 

Twenty-five patients were enrolled in the study from June 1997 to September 
1999. The patients had high-risk features including the following: all had a 
previous failed transplant and 6 had refractory disease. The median interval from 
first to second transplant was 24 months (range, 8 to 79 months). 

Conditioning Regimen 

Treatment consisted of the humanized monoclonal antibody CAMPATH-1H 
20 mg/day intravenous (IV) infusion over 8 hours on days -8 to —4, fludarabine 
30 mg/m2 IV infusion over 30 minutes on days -7 to -3, and melphalan 140 mg/m2 

IV infusion over 30 minutes on day -2. Seventeen recipients received unmanip-
ulated peripheral blood stem cells from their siblings, and 8 received unmanip-
ulated marrow from matched unrelated donors. 

Stem Cell and Bone Marrow Collection 

Sibling donors received G-CSF at 10 /<g/kg subcutaneously on days -4 to 0. 
Leukaphereses were performed on days 0 and 1 using conventional techniques for 
peripheral blood stem cell (PBSC) collection. Unrelated donors had bone marrow 
collected on day 0 under general anesthesia using conventional techniques. 
Unmanipulated mobilized peripheral blood (days 0 and 1) or bone marrow (day 0) 
cells were infused through central venous catheters. 

Supportive Care 

Patients were managed in reverse isolation in conventional or laminar airflow 
rooms. All patients received prophylaxis with cotrimoxazole or pentamidine against 
Pneumocystis carinii infection. Acyclovir and fluconazole or itraconazole 
prophylaxis were routinely used. Blood products were irradiated to 25 Gy. Red cell 
and platelet transfusions were given to maintain hemoglobin >9 g/dL and platelet 
count >10-15X 109/L. Cytomegalovirus (CMV)-seronegative patients received only 
CMV-negative blood products; seropositive patients received blood products 
unscreened for CMV. Febrile neutropenic patients received broad-spectrum IV 
antibiotics according to each hospital's policy for the management of neutropenic 
sepsis. G-CSF 5 /<g/kg per day subcutaneously was administered at the discretion of 
the transplant physician to speed hematologic recovery in patients until the patient's 
absolute neutrophil count (ANC) was at least 1000///L for 3 consecutive days. 
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GVHD Prophylaxis and Grading 

GVHD prophylaxis consisted of CsA 3 mg/kg starting on day -1. IV CsA was 
switched to an oral dose as soon as the patients could tolerate medications by 
mouth and was continued for a median of 4 months (range, 1 to 8 months). Patients 
who survived 100 days or longer were évaluable for chronic GVHD. Acute and 
chronic GVHD were graded according to consensus criteria.14 

Study End Points 

The primary study end points were successful durable hematopoietic 
engraftment and transplant-related mortality. There were secondary end points, 
including regimen-related toxicity, incidence and severity of GVHD, and 
progression-free survival. 

RESULTS 

Toxicities 

All patients were assessable for toxicity. The conditioning regimen was 
generally well tolerated in patients who received only CsA as GVHD prophylaxis. 
There were no cases of veno-occlusive disease. Three patients died from regimen-
related toxicity. 

Engraftment 

One patient was not évaluable for engraftment because of death on day 21. All 
other patients had sustained engraftment as defined by ANCs >0.5X109/L and 
untransfused platelet counts of >20X 109/L for at least 3 consecutive days. The 
median time to recover an ANC of 0.5 X109/L was 13 days (range, 8-23 days) and 
>1.0X109/L, 17 days (range, %-41 days). The median time to achieve platelets 
>20X 109/L was 13 days (range, 3-96 days) and >50X 109/L, 17 days (range, 8-118 
days). 

Graft-vs.-Host Disease 

No grade III—IV acute GVHD was observed posttransplant. Two patients 
developed grade I GVHD of the skin. Only 1 patient developed chronic GVHD, 
limited to skin and liver involvement. 
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DISCUSSION 

Transplant-related mortality remains a major obstacle to successful allogeneic 
SCT. The introduction of nonmyeloablative purine analog conditioning regimens 
has facilitated allogeneic engraftment while limiting regimen-related mor
tality. 8 - 1 1 1 3 In spite of this, GVHD remains a significant cause of mortality and 
morbidity following nonmyeloablative conditioning. Previously published results 
of other nonmyeloablative conditioning regimens have shown a 38% to 60% 
incidence of grade II-IV acute G V H D . 8 - 1 1 1 3 This was the primary cause of death 
in some patients. In our study, the incidence of GVHD was exceptionally low. No 
patients had grade III—IV acute GVHD, and only 2 patients (5%) developed grade I 
acute GVHD. The incidence of chronic GVHD was also low, with only 1 patient 
developing limited skin involvement. 

The use of this conditioning regimen has been relatively safe in a group of 
patients who had many high-risk features: prior high-dose therapy, renal or cardiac 
impairment, or high-risk diagnoses for allogeneic SCT such as Hodgkin's disease 
and multiple myeloma. Indeed, allogeneic transplant using myeloablative 
conditioning after failed autologous transplantation has been associated with a 
treatment mortality ranging between 50% and 80%.1516 Undoubtedly, such a high 
mortality rate may offset a potential for cure, and therefore, conventional 
transplants have generally been avoided in such patients. In our study, all patients 
received a second transplant, and only 3 patients died from transplant-related 
complications, demonstrating that this nonmyeloablative approach could be 
attempted if a second transplant has to be considered. 

In summary, our results show that our nonmyeloablative regimen facilitates 
allogeneic engraftment with a low incidence of GVHD and TRM. The long-term 
antitumor activity of this regimen remains unknown; however, if used in 
combination with the prophylactic or preemptive use of DLI, prolonged remissions 
might be obtained in some types of hematologic malignancies. 
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ABSTRACT 

Immunotherapy is beginning to find a place in the treatment of hematologic 
malignancies. The intriguing effect of donor lymphocyte infusion in suppressing 
tumor growth in a transplant setting has indicated that an active immune attack on 
tumor cells can be successfully mounted. To extend this effect and apply it to other 
clinical situations, specific vaccines are being developed. DNA vaccines are 
vehicles that can deliver genes encoding tumor antigens to the immune response in 
a form that engages an appropriate immune response. Many tumor antigens are 
being revealed at the gene level, and they can be placed into a DNA plasmid with 
a strong promoter. Immunostimulatory sequences in the backbone bacterial DNA 
activate cytokine production to drive a T helper 1 (THl)-dominated response. 

We have developed DNA vaccines that contain the V H and V L genes of the tumor 
immunoglobulin (Ig) assembled as single-chain Fv (scFv). To promote immunity, 
an alert sequence from the fragment C (FrC) of tetanus toxin (TT) has been fused to 
the scFv. The fusion gene induces strong anti-idiotypic protection against 
lymphoma in models and is now in clinical trials for patients with low-grade 
lymphoma. The same design appears to protect against myeloma via a T-cell-
mediated attack. A clinical trial of patients with myeloma postautograft is planned. 

The knowledge of new candidate tumor antigens coupled with the relative ease 
of manipulation of DNA vaccine design is offering opportunities for immune 
attack on cancer. However, the clinical setting is critical, and small clinical trials 
will be needed to optimize efficacy of these vaccines. 

INTRODUCTION 

Vaccination against infectious diseases began more than 200 years ago and has 
been remarkably successful. Smallpox has been eliminated. The morbidity and 
mortality of polio, measles, rubella, diphtheria, and hepatitis B have been 
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massively reduced. Vaccination against cancer is a more recent development. 
Some tumors are consequent on infection and may be prevented by immunizing 
against the infective agent. The reduction in hepatoma following hepatitis B 
vaccination in Taiwan illustrates the potential of the approach.1 

For the majority of tumors, however, it will be necessary to immunize a patient 
who has already developed a tumor. This tumor may have "sneaked" under any 
immune surveillance or may differ from normal tissue only in ways that fail to 
interest the immune system. Furthermore, the presence of the tumor may exert an 
immunosuppressive effect on the patient that may be compounded by cytotoxic 
treatment. The challenge to immunologists is to identify targets for immunotherapy 
and develop strategies to maximize the immune response. One of the hoped-for 
consequences of the completion of the Human Genome Project will be the identi
fication of a large number of tumor-specific antigens capable of inducing an 
immune attack. 

Recently, DNA vaccines have been developed and used with success in murine 
models to protect against infectious diseases.2 In addition, a DNA vaccine against 
heat shock protein has been reported to cure mice chronically infected with 
Mycobacterium tuberculosis? Clinical trials of DNA vaccines against human 
immunodeficiency virus and malaria are currently established.4'5 

DNA VACCINES 

Wolff et al.6 made the surprising observation that naked plasmid DNA 
containing a gene encoding the enzyme 3-galactosidase, when injected intramus
cularly, generated the production of functional enzyme. Subsequently, Ulmer et al.2 

found that DNA encoding nucleoprotein from influenza virus induced antibody and 
T-cell responses and protective immunity against a viral challenge. 

DNA vaccines constitute a backbone of circular bacterial DNA into which a 
variety of mammalian genes may be ligated—not only putative immune targets 
under appropriate promoters, but also genes controlling adjunctive functions of the 
immune system, including a wide variety of cytokine genes. The net effect is to 
give great flexibility in manipulating the immune response. 

Bacterial DNA contains immunostimulatory sequences (ISSs) not found in 
mammalian DNA. These ISSs contain unmethylated CpG dinucleotide repeats with 
appropriate surrounding motifs. The effect of these sequences is to activate the 
innate immune system via induction of interferon (IFN)-7, IFN-a, interleukin 
(IL)-12, and IL-18 and to direct the immune response down a TH1-dominated 
pathway,7,8 DNA plasmids, therefore, have 2 components: a transcriptional unit 
driven by a powerful cytomegalovirus (CMV) promoter and able to direct the 
synthesis of the tumor antigenic protein and an ISS able to direct the nature of the 
immune response. 
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When the vaccine is injected intramuscularly, the long-lived muscle cells act as 
a depot of antigen and release soluble antigen for uptake by antigen-presenting 
cells (APCs).9 A small number of dendritic cells may also be directly transfected.10 

Induction of cytotoxic T lymphocytes appears to occur by cross-priming, a process 
whereby antigen is delivered to APCs either in membrane form or via heat shock 
proteins (Figure 1).11 ,12 

DNA VACCINES AGAINST IDIOTYPE 

Idiotypic (Id) determinants of the clonal Ig of B-cell tumors are clear-cut tumor-
specific antigens.13 Ig genes are derived from recombinatorial events involving V, 
D, and J segment genes. Imprecision in joining, resulting in gain or loss of 
nucleotides at the junctions, provides for unique sequences at the complementarity-
determining region 3 loop, and further sequence diversity is generated by somatic 
mutation during the course of lymphocyte maturation. Neoplastic transformation 
preserves the unique V-region sequence in the proliferating clone, so that Id can be 
considered tumor specific and an ideal target for immunotherapy. 

pCMV cDNA 

A 

Antibody CD4+ T cells CD8+ T cells 
T„1>T„2 

Figure 1. Following injection of DNA vaccines (which contain the cDNA transcriptional 
unit encoding the antigen, driven by a cytomegalovirus promoter [pCMV], and immuno-
stimulatory sequences (ISS) of unmethylated CpG dinucleotide repeats, which stimulate the 
production of cytokines) there is either direct transfection of antigen-presenting cells or the 
creation of an antigen depot in muscle cells (or keratinocytes if the injection is intradermal. 
IFN, interferon; IL, interleukin; TH, T helper. 
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In B-cell lymphomas, Id Ig is capable of inducing protective anti-Id immunity 
in mice, especially when conjugated to keyhole limpet hemocyanin with adjuvant 
or cytokines as activators.14-16 A small clinical trial is showing promising results,17 

but the logistic difficulty of producing bespoke vaccines and the opportunity to use 
additional immune pathways drove us to explore a molecular route for vaccine 
preparation. 

It is relatively simple to obtain Id-encoding V H and V L genes from tumor 
biopsies by polymerase chain reaction cloning and sequencing. We chose to 
assemble the genes as scFv with a 15-amino acid peptide linker.18 These were 
ligated into a plasmid with a CMV promoter. Unfortunately, such a vaccine 
produces only erratically low levels of anti-Id antibody and no protection against 
tumor challenge. Similarly weak responses were reported when DNA encoding 
whole Ig was encoded, although stronger responses could be produced if the Ig 
constant regions were xenogeneic.19 

Our approach to enhancing the immune response was to fuse a gene encoding 
highly immunogenic protein from a pathogen to the 3' end of scFv. We chose the 
FrC of TT, a nontoxic COOH-terminal polypeptide of 50 kDa (Figure 2). This 
sequence had been previously shown to induce protective immunity to 
Clostridium tetani when delivered as a DNA vaccine. In mice, fusing FrC in this 
way strikingly amplified the antibody response against 4 human scFv 
sequences.20 The responses included anti-Id antibody, which is consistent with 
proper folding of the scFV. Anti-Id could not be generated unless the genes were 

Leader 

III Linker 
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Figure 2. The plasmid is derived from pcDNA3 and contains the cytomegalovirus (CMV) 
immediate/early promoter with the bovine growth hormone (BGH) poly(A) site. The single-
chain Fv (scFv) is assembled with its leader sequence and fused to fragment C of tetanus toxin 
vie a GPGP peptide linker. The markers are Hindlll and NotI restriction enzyme sites. 
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Figure 3. The single-chain Fvlfragment C (scFv-FrC) DNA fusion vaccine promotes anti-
idiotypic (anti-Id) antibody and protective immunity against the surface immunoglobulin 
(Ig)-positive A31 lymphoma. Controls ofscFv alone or an irrelevant scFVfused to FrC were 
ineffective. 

fused within the plasmid. This indicates that CD4 + T cells specific for FrC are 
acting as helper cells for B cells producing anti-Id in a manner similar to a 
cognate hapten-carrier effect.21 

To test the performance of this vaccine in protecting against lymphoma, we 
used a mouse model of B-cell lymphoma, A31. 2 2 The fusion vaccine induced anti-
Id antibodies in syngeneic mice and conferred protection against tumor cell 
challenge. Neither DNA scFv alone nor a control fusion gene from a different 
lymphoma conferred protection. From our previous studies using Id protein 
vaccination, we believe that protection against this tumor is antibody mediated 
(Figure 3). 

We also tested a similar vaccine in a myeloma model. 5T33 resembles human 
myeloma in secreting high levels of IgG paraprotein, producing osteolytic lesions, 
and lacking surface Ig. Because of this, the antibody is unlikely to mediate 
protection. In fact, vaccination with Id protein in complete Freund's adjuvant (CFA) 
completely failed to protect against tumor challenge. In contrast, vaccination with 
DNA scFv-FrC induced protection against tumor challenge, apparently mediated by 
T cells. Anti-Id antibodies were generated and were useful for monitoring, although 
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Figure 4. The single-chain Fvi'fragment C (scFv-FrC) DNA fusion vaccine promotes anti-
idiotypic (anti-Id) antibody and protective immunity against the surface immunoglobulin 
(Ig)-negative, Ig-secreting 5T33 myeloma. A control ofscFv alone was ineffective. Injection 
of5T33 IgG Id protein with complete Freund's adjuvant (CFA) generated high levels of anti-
Id antibody (not shown) but no protective immunity. 

they were not protective. As for the lymphoma model, DNA scFv alone was 
ineffective (Figure 4).22 

The success of the FrC fusion product should not seem too remarkable. The 
immune system is not set up to recognize self-antigens such as idiotype; rather, it 
is constructed to defend against pathogens. To interest APCs in this antigen, an 
alert or danger signal is necessary. The pathogen-derived FrC was in this respect a 
fortunate choice, though plainly not the only possible one. One concern about the 
use of FrC as a promotional sequence was the possibility that preexisting immunity 
against TT (which is present in most individuals) would interfere with the capture 
of the fusion protein by Id-specific B cells and abrogate the desired anti-Id 
response. This phenomenon of epitope suppression has been described for peptides 
coupled to TT. 

To investigate, we preimmunized mice with TT and then measured subsequent 
anti-Id responses to the DNA scFv-FrC vaccine. We found that even in the 
presence of very high levels of anti-FrC, there was no suppression of the protection 
against both A31 and 5T33.22 
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ALTERNATIVE TUMOR ANTIGENS 

Apart from idiotypic Ig on B-cell tumors, similar recombinatorial sequences 
produce the T-cell receptor, a target for T-cell tumors. Other glycoproteins include 
the mucin family. These heavily glycosylated macromolecules undergo aberrant 
glycosylation in some tumors, revealing hidden determinants on the core protein 
backbone that can function as tumor-specific antigens. At least one of these, 
MUC-1, can be detected on myeloma cells as well as on epithelial cancers.23 

The DNA FrC fusion gene approach may well be effective in a number of these 
areas. In preliminary unpublished experiments, we have demonstrated enhanced 
responses for carcino embryonic antigen and MUC-1 vaccines. 

CLINICAL TRIALS OF DNA VACCINES IN HEMATOLOGIC PATIENTS 

Although it is difficult to envisage toxic side effects for DNA scFv-FrC 
vaccines, we have carried out a small trial of intramuscular injection of DNA scFv 
alone in 7 patients with end-stage low-grade non-Hodgkin's lymphoma.24 There 
were no adverse side effects, but as expected in this heavily pretreated group with 
stage IV disease, no immune responses. This safe profile accords with the results 
of DNA vaccine trials in infectious diseases, which are now being carried out in 
normal individuals.25-26 The fears of integration into the genome or pathological 
anti-DNA antibodies have not materialized, reflecting the fact that bacterial DNA 
is harmlessly liberated during infections. 

We are currently using the scFv-FrC vaccine in a dose escalation study of 
patients with stage III or IV or bulky stage II follicular lymphoma in complete 
remission. This phase 2 study admits patients who have been in complete remission 
for at least 3 months following treatment with any chemo- or radiotherapy other 
than purine analogs or high-dose plus autograft. Patients must have fresh or fresh 
frozen tumor tissue from which to extract RNA or DNA and must be willing to 
undertake barrier contraception for a year after vaccination. All gene therapy 
patients must agree that their case records and those of any children born after the 
therapy be monitored by the Department of Health until death. 

The primary end points will be the generation of immune responses against Id and 
tetanus. The secondary end point will be elimination of minimal residual disease. 

Antibodies to TT and Id will be detected by enzyme-linked immunosorbent 
assay (ELISA), coating the wells with recombinant FrC and tumor-derived Fab, 
respectively. Detection of IgG anti-Id responses will be with horseradish 
peroxidase-conjugated anti-"y. Specificity will be controlled using Fab obtained 
from a different patient or from normal Ig. 

Proliferative T-cell responses will be measured before and after vaccination 
using mononuclear cells cultured in the presence of the idiotypic Ig or control Id 
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Ig. Responses to recombinant FrC protein will also be measured. Production of 
cytokines including IFN-7, GM-CSF, and tumor necrosis factor (TNF)-ct by 
responding T cells will be measured by ELISA. The contribution of CD4 + or CD8 + 

T cells to cytokine release will be assessed by the effects of adding monoclonal 
antibodies against major histocompatibility complex (MHC) class I or II antigens 
to the wells or by purifying T-cell subsets by negative selection. The ability to 
respond to whole tumor cells will be measured, with purified B cells as a control. 
CD4+ T-cell lines will be cultured using repeated stimulation with Id Ig irradiated 
autologous feeder cells and IL-2. 

Cytotoxic T-cell activity will be measured using autologous myeloma cells as 
targets where it is possible to achieve sufficient uptake of radiolabel. As an 
alternative, radiolabeled autologous fibroblasts transfected with scFv or FrC will be 
used. Transfection will be by using adenoviral or retroviral gene transfer. 
Stimulation in vitro will be with autologous dendritic cells either loaded or 
transfected with Id Ig/FrC. CD8+ cell lines will be cultured using repeated 
stimulation with dendritic cells/antigen and IL-2. Cytokine release by negatively 
selected CD8+ T cells will also be investigated. 

Five patients will be vaccinated with 6 injections of 500 pig DNA on weeks 0, 
1, 2, 4, 8, and 12. Dose escalations will be in 500-#g increments every 5 patients. 
If all 5 patients achieve an immune response, then a further 20 patients will be 
vaccinated at that dose and the next higher dose. Between 25 and 65 patients will 
be required for the trial. Twenty-five have so far been recruited, and 2 vaccinated. 
The first has produced an immune response to tetanus. 

We now have ethics committee and Gene Therapy Advisory Committee 
approval for the use of this vaccination strategy in chronic lymphocytic leukemia 
(CLL) and multiple myeloma. In CLL, we are aware of the poor immune function 
and have selected early stage A patients whose unmutated Ig V genes imply a poor 
prognosis.27 In myeloma, we do not believe immune deficiency to be a problem, 
since these patients easily produce human anti-mouse antibody (HAMA) responses 
when treated with monoclonal antibodies. We have chosen to vaccinate patients at 
maximum response following stem cell autograft. 

We also have approval to vaccinate transplant donors. There was some ethical 
debate about this, but donor vaccination has a long and honorable tradition in blood 
transfusion, and DNA vaccination in volunteers has already begun for infectious 
diseases. In myeloma, vaccination using the myeloma protein has been performed 
without apparent hazard. Intrinsically, DNA vaccination is less hazardous than 
protein vaccination, since there is no risk of viral transmission. The Ig genes within 
the plasmid are unrelated to the cause of the tumor and carry no risk of transmitting 
it, even to a close relative. 

We intend to vaccinate the donors of stem cells to myeloma patients receiving 
conventional or nonmyeloablative allografts who have resistant or relapsed disease. 
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After vaccination, donors will provide educated donor lymphocytes to generate a 
graft-vs.-myeloma effect without graft-vs.-host disease. 
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ABSTRACT 

The CD20 antigen is expressed on the majority of cases of non-Hodgkin's 
lymphoma (NHL) and is not expressed on other normal tissue cells, making CD20 
a suitable target for immunotherapy of NHL. Rituximab is a monoclonal antibody 
that has been extensively tested over the past few years and has been demonstrated 
to be clinically useful in patients with relapsed CD20+ NHL with an overall 
response rate (ORR) of ~50% and a time to progression (TTP) of ~1 year. 
Ibritumomab is the murine parent anti-CD20 antibody that was engineered to make 
rituximab. Tiuxetan is a MX-DTPA linker chelator that is attached to ibritumomab 
to form Zevalin (ibritumomab tiuxetan). Zevalin can react with indium-111 (u lIn) 
or yttrium-90 (?°Y) to form niIn-Zevalin, which is used for dosimetry, or ^ Y -
Zevalin, which is used for therapy of B-cell NHL. A multicenter phase 1/2 clinical 
trial (J Clin Oncol 17:3793-3803, 1999) was performed that tested single doses of 
0.2, 0.3, or 0.4 mCi/kg (maximum 32 mCi) ^Y-Zevalin; it was found that 
0.4 mCi/kg was the maximum tolerated dose (MTD) in patients with a baseline 
platelet count ^150,000, 0.3 mCi/kg in patients with a baseline platelet count of 
100,000-149,000//<L. Prophylactic growth factors or stem cells were not used. 
Tumor responses were demonstrated in 67% of all patients and 82% with low-
grade NHL. The phase 1/2 trial was followed by a phase 3 trial that randomized 
143 eligible patients to either rituximab or the ^Y-Zevalin radioimmunoconjugate. 
The specific aim of this trial was to demonstrate that the addition of the ^ Y 
radioisotope to the murine anti-CD20 antibody (ibritumomab) provided additional 
efficacy over the unconjugated (cold) human chimeric anti-CD20 antibody 
(rituximab) alone. A planned interim analysis of the first 90 patients demonstrated 
an ORR of 80% with ^Y-Zevalin vs. 44% for rituximab (P<.05). To provide 
additional evidence of the benefit of 9 0 Y radioimmunotherapy over 
immunotherapy, an additional trial enrolled patients who were nonresponsive or 
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refractory to rituximab and treated them with 0.4 mCi/kg ^Y-Zevalin. An ORR of 
46% was found in these rituximab-refractory patients; these data provide further 
evidence of the added value of '"Y. 

^Y-ZEVALIN RADIOIMMUNOTHERAPY 

The CD20 antigen is expressed on nearly all B-cell NHL, making it a suitable 
target for immunotherapy. Rituximab (Rituxan from IDEC Pharmaceuticals, San 
Diego, CA; MabThera from Genentech, South San Francisco, CA) is a chimeric 
monoclonal antibody that reacts with the CD20 cell surface antigen. Rituximab was 
the first monoclonal antibody approved by the US Food and Drug Administration 
(USFDA) for use in treating a malignancy and the first such drug to be approved 
for NHL. The mechanism of rituximab's ability to produce remissions is not 
entirely clear, but in vitro experiments have demonstrated induction of apoptosis in 
target cells and antibody-dependent cellular cytotoxicity.1 The largest clinical trial 
to date studied rituximab use in 166 patients with relapsed B-cell NHL and found 
an ORR of 48% with 6% complete remission (CR) and a 13-month TTP. 2 

Efforts to improve the treatment have led to studies combining immunotherapy 
with chemotherapy. This combination is feasible because rituximab usually does 
not suppress the bone marrow.3 There are several large cooperative group trials 
currently under way that address the efficacy of chemotherapy plus rituximab in 
newly diagnosed or relapsed NHL. 

Another method of improving the efficacy of monoclonal antibodies is to use 
the antibody to target radiation to the tumor cell. The most commonly used 
radionuclides linked to murine monoclonal antibodies are 1 3 1I, ^ Y , and ̂ Cu. 4 - * In 
radioimmunotherapy (RIT), the monoclonal antibody is used to focus the radiation 
on the target cell population while sparing the effects of radiotherapy on nearby 

Table 1. Recently Completed Clinical Trials of ̂ Y-Zevalin* 
Trial Number Phase Reference Goal 

IDEC 106-03 1/2 12 • Determine dose of rituximab before mIn-Zevalin 
• Determine MTD of 9 0 Y-Zevalin 

IDEC 106-04 3 13, 18 • Randomized trial of rituximab vs. '"Y-Zevalin to 
determine if efficacy of ̂ Y-Zevalin is superior 

IDEC 106-05 2 14 • Efficacy and toxicity of 0.3 mCi/kg '"Y-Zevalin 
for patients with platelet count of 100,000-
149,000//<L 

IDEC 106-06 2 15 • Efficacy and toxicity of 0.4 mCi/kg ̂ Y-Zevalin 
for patients refractory to rituximab 

^Y, yttrium-90; '"In, indium-Ill; MTD, maximum tolerated dose. 
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normal tissue. Recent studies of RIT have indeed demonstrated tumor regressions 
in patients with NHL, with very few side effects in normal organs other than 
myelosuppression due to radiation to the bone marrow . 4 , 5 7 ~ ' 2 

Ibritumomab is the murine monoclonal antibody that was engineered to form 
the chimeric antibody rituximab. Tiuxetan is a MX-DTPA linker chelator that is 
attached to ibritumomab to form Zevalin (ibritumomab tiuxetan). Zevalin is 
subsequently reacted with 11'In or to form '"In-Zevalin, which is used for 
dosimetry, or ̂ Y-Zevalin, which is used for therapy. There have been 4 recently 
completed trials of '"Y-Zevalin (Table l).' 2 -' 5 In each study, the complete ^ Y -
Zevalin radioimmunotherapy program was delivered over an 8-day period on an 
outpatient basis. On day 0, the patient received a dose of 250 mg/m2 rituximab 
followed by 5.5 mCi '"In-Zevalin. Between days 0 and 6, whole body scans were 
performed to predict the amount of radiation the tumor and normal organs would 
receive when '"Y-Zevalin was administered. The study protocols allowed the '"Y-
Zevalin to be given on day 7 if the predicted dose to normal organs was <2000 cGy 
and <300 cGy to the bone marrow. The indium images also provided evidence that 
the radioimmunoconjugate was targeting the known tumor sites. The dosimetry 
results are summarized elsewhere.16'17 

The initial study performed was a phase 1/2 trial of ^Y-Zevalin that aimed to 
learn the dose of rituximab necessary for optimal '"In-Zevalin dosimetry and to 
establish the maximum tolerated dose of ̂ Y-Zevalin that could be given to patients 
without the use of stem cells or prophylactic growth factors.12 Rituximab was given 
before each dose of Zevalin to bind to nonspecific CD20 antigenic sites and to 
deplete normal blood B cells; therefore, the infused Zevalin was more likely to bind 
to CD20 sites on the malignant cells. The phase 1 trial found that 250 mg/m2 was 
the optimal dose of rituximab to be used before '"In-Zevalin imaging and 9 0 Y -
Zevalin therapy. Dosimetry predicted that all patients were eligible for '"Y-
Zevalin; ie, all normal organs were predicted to receive <2000 Gy and the bone 
marrow <300 cGy. The median age was 60 years, and 24% of patients were >70 
years of age. Sixty-six percent of patients had low-grade histology, 28% 

Table 2. Overall Response Rates to ^Y-Zevalin for Patients in the Phase 1/2 Trial 
(IDEC 106-03)* 

Histology n 
Overall 

Response, % 
Complete 

Remission, % 
Partial 

Remission, % 

All patients 51 67 26 41 
Low grade 34 82 26 56 
Intermediate 14 43 29 14 
Mantle cell lymphoma 3 0 0 0 

*From Witzig et al.n Includes all patients treated at 0.2, 0.3, and 0.4 mCilkg. 
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Table 3. Response to Therapy From the Interim Analysis of the First 90 Patients Accrued 
in the Randomized Trial of ̂ Y-Zevalin vs. Rituximab (IDEC Trial 106-04)* 

Rituximab Zevalin P 
Overall response rate, % (95% CI) 44(28.1-58.9) 80 (64.2-89.7) <001 
Complete response, % 7 21 .06 
Partial response, % 37 59 

*From Witzig et al.'3 CI, confidence interval. 

intermediate grade histology, and 6% had mantle cell lymphoma. In the low-grade 
group, 6% had diffuse small lymphocytic, 27% follicular small cleaved, and 33% 
follicular mixed lymphoma. All patients had had prior chemotherapy (median of 
2 prior regimens), and 92% had received an anthracycline. Thirty-seven percent 
had received prior external-beam radiotherapy; 27% had >2 extranodal sites of 
disease; 59% had bulky disease (defined as a mass ̂ 5 cm), and 43% had positive 
bone marrow. Five patients received 0.2, 15 received 0.3 mCi/kg, and 30 received 
0.4 mCi/kg ^Y-Zevalin in the phase 1/2 trial. We found that 0.4 mCi/kg was the 
maximum tolerated single dose that could be delivered without the use of stem cells 
or prophylactic growth factors. The efficacy portion of the phase 1/2 trial (Table 2) 
demonstrated a 67% ORR in all patients, with 26% CR. In patients with low-grade 
NHL, the response rate was even higher at 82%, 26% CR. 1 2 The median time to 
progression for responders was 15.4 months. 

The phase 1/2 trial12 suggested that ^Y-Zevalin had a higher ORR than that 
found for rituximab2; therefore, it was necessary to confirm this important finding 
in a prospective randomized trial of '"Y-Zevalin vs. rituximab. Patients with 
relapsed CD20+ NHL were randomized to receive either 0.4 mCi/kg (maximum of 
32 mCi) Zevalin or rituximab 375 mg/kg per week X 4.13 Patients were eligible for 
this trial if they had a biopsy-proven low-grade, follicular, or transformed NHL, a 
performance status of 0-2, an absolute neutrophil count of sl500Xl0 6/L, and a 
platelet count sl50,000//<L. Pretreatment bone marrow was required to have <25% 
of the marrow cellularity occupied by NHL. Any prior external-beam radiation 
therapy had to have included <25% of the bone marrow. The patients could not 
have received prior anti-CD20 antibodies, recent colony-stimulating factors, or 
high-dose chemotherapy. They were also ineligible if they had human anti-mouse 
or anti-chimeric antibody (HAMA/HACA) or >5000 tumor cells in the blood. 
Patients with NHL related to the acquired immunodeficiency syndrome (AIDS) 
virus or those with chronic lymphocytic leukemia or central nervous system NHL 
were also ineligible. 

One-hundred forty-three patients were randomized in IDEC 106-04, and the 
trial was closed in August 1999 after reaching its accrual goals. A planned single 
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Table 4. Bone Marrow Toxicity Experienced by Patients in 4 Clinical Trials of 
IDEC-Y2B8* 

Study 
Number Reference 

Absolute Neutrophil Count Platelet Count 
Study 
Number Reference 

Nadir, 
XltflL 

Grade 4 
%f 

Median 
Duration, d 

Nadir, 
IjtL 

Grade 4 
%$ 

Median, 
Duration, d 

103 12 1100 27 10.5 49,500 10 14 
104 13 900 25 14 42,000 6 12 
105 20 600 25 NA 34,000 15 NA 
106 15 900 23 14 34,000 8 15 

*NA, not available; fgrade 4 neutropenia is kSOOXICP/L; fgrade 4 thrombocytopenia is 
<10,000ljiL. 

interim analysis was performed after 90 patients were enrolled and treated, and the 
results are available on this group.13 The patients were stratified by key clinico-
pathologic features so that the treatment arms were balanced. The interim analysis 
found an ORR of 80% with '"Y-Zevalin compared with 44% for rituximab (P<.05). 
The CR rate of 21 % in the ̂ Y-Zevalin arm was also higher than the 7% found with 
rituximab (P=.06) (Table 3). Additional data from the other 53 patients and longer 
follow-up is necessary to determine if there are any differences between the 
treatment arms in TTP or overall survival. Although there were small numbers of 
patients in the diffuse small lymphocytic histologic group, the response to Zevalin 
was superior at 80% vs. 17% with rituximab. In addition, the ORR to Zevalin in the 
group of patients who were chemotherapy resistant was 77% compared with 32% 
with rituximab.18 

In this trial, inIn-Zevalin was used for dosimetry in patients randomized to 
Zevalin. An additional goal of the study was to learn if this complex dosimetry was 
necessary for routine clinical use. In this trial, the biodistribution and dosimetry 
were acceptable in all cases; therefore, no patient was unable to be treated with a 
therapeutic dose of Zevalin. The calculated Zevalin half-lives and bone marrow 
dosimetry-estimated absorbed radiation doses did not correlate with hematologic 
toxicity. Patient tolerance to both Zevalin and rituximab was excellent, and there 
were no significant major organ toxicities except for transient and reversible 
hematologic toxicity in patients treated with Zevalin (Table 4). The median nadir 
platelet count was 42,000/^L; the median absolute neutrophil count was 
900X106/L; the median hemoglobin was 10.9 g/dL. Six percent of patients 
developed grade 4 thrombocytopenia (defined in this study as <10,000//*L) and 25% 
developed grade 4 neutropenia (<500X 106/L). Patients who developed grade 3 or 4 
thrombocytopenia or neutropenia recovered their counts in a median of 12 and 14 
days, respectively. Infection or hypogammaglobulinemia were uncommon.19 Only 1 
patient in each arm of the protocol has developed a HAMA/HACA to date. 
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The finding that bone marrow suppression was the main toxicity of Zevalin at 
0.4 mCi/kg led to a separate clinical trial of reduced-dose Zevalin (0.3 mCi/kg) for 
patients with platelet counts between 100,000 and 149,000/^L.14 Thirty patients 
were registered on this study, and it closed in August 1999 after meeting its 
targeted accrual. The results of the interim analysis on the first 24 patients were 
recently reported.14 The median age of the patients was 61 years, and 25% of the 
patients were 7̂5 years old. The tumor histology was 83% follicular, 4% diffuse 
small lymphocytic, and 14% transformed from low-grade to intermediate-grade 
NHL. All patients had relapsed disease after having received chemotherapy. 
Biodistribution of Zevalin was measured by luIn-Zevalin scans, and all patients 
met the dosimetry criteria to receive ^Y-Zevalin. As expected, hematologic 
toxicity was the main toxicity. The median nadir absolute neutrophil count was 
600X106/L, and 25% of patients experienced grade IV neutropenia. The median 
platelet count was 34,000//iL, and 15% of the patients experienced grade IV 
thrombocytopenia. The overall response rate was 68%, with 23% of patients 
obtaining CR and 45% a partial remission (PR). The duration of response and time 
to progression are not yet available. 

Since the response rate to cold rituximab is ~50% and the duration of response 
~1 year, there is a large group of patients who fail rituximab at some point. The 
goal of IDEC study 106-06 was to learn whether patients who had failed to respond 
with a PR or CR to rituximab or had a response that lasted <6 months would 
respond to RIT with ^Y-Zevalin. An interim analysis of the first 26 patients has 
recently been reported.15 The median age of the treatment population was 56 years; 
92% had tumors with a follicular histology, and the patients had received a median 
of 3 prior regimens. Forty-six percent of patients had bulky disease (defined as 
>7 cm), and 27% had bone marrow involvement. The dosimetry determined by 
ulIn-Zevalin was acceptable in all cases. The nadir absolute neutrophil count was 
900X106/L, and in 23% of patients, neutropenia was grade IV. The nadir platelet 
count was 34,000//iL, and thrombocytopenia was grade IV in 8%. The ORR was 
46% and indicated that indeed the added ̂ Y was beneficial. 

The interim analysis of the randomized controlled trial of rituximab vs. 
Zevalin13 and the ability of Zevalin to produce responses in patients who had failed 
rituximab15 indicate that the addition of a radioactive particle to the monoclonal 
antibody does in fact improve the response rate vs. essentially the same antibody 
used without '"Y. The only significant toxicity of Zevalin was hematologic, and 
this was reversible. The rare development of HAMA/HACA indicates that 
retreatment with Zevalin may be feasible; however, no clinical trials to date have 
recognized this. The lack of correlation between the special dosimetry performed 
in this trial and hematologic toxicity indicates that it may be optional in future trials 
of Zevalin. At this point, the first wave of studies on Zevalin have been completed, 
and the single-dose MTD and toxicity are now well established. The next 
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generation of clinical trials need to address the question of whether multiple doses 
of Zevalin can be safely provided and if they result in an increased complete 
remission rate and a longer time to progression. In addition, trials to integrate RIT 
with chemotherapy with or without stem cell support are needed to learn if these 
combinations can be safely given and if the cure rate can be increased. 
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ABSTRACT 

Multiple myeloma (MM)-produced immunoglobulin (idiotype [Id]) is a tumor-
specific antigen and a stable target for immune-based therapy. Vaccination of 
patients with Id can result in immune responses directed against idiotypic 
determinants. Multiple strategies have been used to induce or amplify anti-Id 
cellular immunity in patients with non-Hodgkin's lymphoma (NHL) or MM 
following treatment with standard-dose or high-dose chemotherapy. However, the 
optimal time of immunization with a tumor antigen after autologous bone marrow 
transplantation (autoBMT) has not been determined. We are conducting a phase 1 
trial of posttransplant vaccination of MM patients with purified Id conjugated to 
keyhole limpet hemocyanin (KLH) coadministered with granulocyte-macrophage 
colony-stimulating factor (GM-CSF) to determine the feasibility and safety of 
idiotype immunization and to assess humoral and cellular immune responses to 
KLH and to idiotype. Fourteen patients with disease responsive to high-dose 
chemotherapy or chemoradiotherapy have received 4 subcutaneous vaccinations 
with 1.0 mg Id-KLH given no earlier than 60 days posttransplant. One patient 
received 3 vaccinations. GM-CSF 250 //g was administered with Id-KLH and was 
repeated daily for 3 consecutive days. Serum was analyzed by enzyme-linked 
immunosorbent assay (ELISA) to detect antibodies to Id and KLH. T cells were 
assayed for response to Id, isotype-matched allogeneic immunoglobulin (Ig), and 
KLH. Vaccinations have been well tolerated, and most patients experienced only 
minor, transient side effects. Seven of 10 patients vaccinated >100 days after 
transplant developed robust humoral and/or cellular immunity to KLH. In contrast, 
all 4 patients vaccinated <100 days posttransplant had delayed or blunted humoral 
and cellular immune responses to KLH. Anti-KLH antibodies and T cells could be 
detected for many months following immunization. Anti-idiotype antibodies have 
not been detected. Eight of 10 patients vaccinated >100 days posttransplant 
developed a transient cellular response to Id. The 4 patients immunized <100 days 
posttransplant did not develop anti-Id cellular responses. Anti-Id cellular immunity 
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can be amplified by vaccination with Id-KLH conjugate coadministered with 
GM-CSF in patients after autoBMT if vaccination is initiated >100 days 
posttransplant. The transient nature of the idiotype-reactive T cells suggests that 
these cells are downregulated or eliminated shortly after amplification. The clinical 
impact of in vivo amplified anti-Id cellular immune responses has not been 
determined. Additional approaches to maintain an amplified Id-specific immune 
response may be required to affect the disease course. 

INTRODUCTION 

Multiple myeloma is a clonal disorder of late-stage B cells committed to the 
production of a single immunoglobulin (paraprotein). In 1998, an estimated 13,800 
new cases of myeloma were diagnosed, and 11,300 people died from the disease. 
Myeloma is usually incurable, and median survival is only 30-36 months following 
diagnosis. High-dose chemotherapy with autologous stem cell support can improve 
the duration of survival, but relapse appears inevitable.1 Allogeneic stem cell 
transplantation can cure a minority of patients, most likely through a graft-vs.-
myeloma effect,2 and infusions of allogeneic lymphocytes following relapse can 
induce antitumor responses, proving that M M is amenable to cellular 
immunotherapy.3,4 

Immunoglobulin produced by B-cell malignancies can serve as a tumor-specific 
antigen and can be recognized by immune cells. During B-cell ontogeny, immuno
globulin heavy- and light-chain somatic gene rearrangements occur, and the 
variable region hypermutates after immunoglobulin interaction with antigen. The 
resultant immunoglobulin has amino acid sequences in the complementarity 
determining regions (CDRs) and a structure unique to that of the mature B cell. 
These unique antigenic sequences are termed idiotypes. Early clinical studies 
showed that monoclonal antibodies directed against Id produced by follicular 
lymphoma could result in clinically meaningful disease responses.5 Relapse of 
disease was due to outgrowth of lymphoma with mutated Ig that did not react with 
the monoclonal antibody.6 Vaccines usually generate polyclonal antibody 
responses. More recently, clinical trials using idiotype vaccines to circumvent the 
problem of Ig mutation suggest that long-term control of follicular lymphoma can 
be obtained in some patients who produce anti-idiotype antibodies and/or T cells.7,8 

The importance of anti-idiotype antibodies vs. anti-idiotype T cells in causing 
control of lymphoma is not known. 

Analyses of M M Ig genes show somatic rearrangement and hypermutation but 
no intraclonal variation, implying that no further diversification occurs following 
malignant transformation.9,10 Myeloma-produced immunoglobulin, therefore, is a 
stable target for immune-based therapy. However, there are problems with 
targeting myeloma idiotypes. Myeloma cells usually lack surface Ig but contain 
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cytoplasmic Ig that is secreted and accumulates in the serum. In patients with 
secretory disease, a humoral anti-Id response would likely be blocked from 
reaching tumor cells by the paraprotein and may not be active against surface 
Ig-negative myeloma cells. However, the induction of T cells directed against 
peptide fragments of the Ig presented on HLA class I or II molecules should 
provide activity even in the setting of circulating paraprotein and low surface 
immunoglobulin expression. Another impediment to the use of idiotype vaccines is 
that patients with myeloma may not be able to mount an immune response when 
there is a high level of circulating paraprotein. Preclinical studies of myeloma have 
shown that high circulating paraprotein levels are associated with unresponsiveness 
or anergy to Id vaccines.11 Furthermore, Id-reactive T cells have been found more 
often in patients with early-stage than with advanced myeloma, suggesting that 
cellular immune responses are downregulated as the disease progresses.12 

Therefore, most trials of myeloma Id vaccines have enrolled patients after 
substantial cytoreduction of tumor, usually following high-dose therapy and stem 
cell transplantation. 

We initiated a phase 1 clinical trial of vaccination with autologous purified 
idiotype paraprotein chemically conjugated to KLH coadministered with GM-CSF 
in patients with M M following recovery from peripheral blood stem cell 
transplants. The primary objectives of this trial are to determine the feasibility of 
paraprotein purification and vaccine derivation, the tolerability of repeated 
vaccination with idiotype-KLH administered with GM-CSF, and the ability of 
patients to mount detectable anti-idiotype T-cell responses. We report the 
preliminary results of the first 15 patients treated in this ongoing clinical trial. 

MATERIALS AND METHODS 

Patients 

Fifteen patients enrolled in protocol 1104 at the Fred Hutchinson Cancer 
Research Center, the University of Washington, or the Seattle Veteran's 
Administration Medical Center between November 1997 and January 2000 were 
vaccinated with purified, autologous myeloma Ig conjugated to KLH as described 
below. Approval for the protocol was obtained from the Institutional Review 
Board, and an investigator sponsored an Investigational New Drug application with 
the US Food and Drug Administration. All patients provided written informed 
consent before treatment. Fourteen patients completed the planned series of 
vaccines; 1 withdrew from the study after receiving 3 vaccines because of rapidly 
progressive disease. Five patients underwent tandem autologous peripheral blood 
stem cell transplants using busulfan, melphalan, and thiotepa as conditioning for 
the first transplant and total body irradiation with lung and liver shielding as 
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conditioning for the second transplant. Four patients underwent single autologous 
transplants using busulfan, melphalan, and thiotepa for conditioning, and 3 of the 
4 patients received infusion of peripheral blood stem cells incubated for 24 hours 
with interleukin (IL)-2 followed by continuous intravenous administration of IL-2 
for 3 weeks. Four patients were conditioned with 20-40 Gy Holmium-166-
DOTMP delivered to the red marrow with or without total marrow irradiation and 
melphalan, and 2 were conditioned with melphalan alone. All of the patients had a 
partial remission of disease after high-dose therapy as defined by a >75% reduction 
in the serum level of paraprotein 2 months after transplantation compared with the 
pretreatment value. Additional criteria to be eligible for vaccination included 
successful production of a pure, sterile vaccine, a delay of at least 60 days from the 
date of stem cell infusion to administration of the first vaccine, no severe regimen-
related organ toxicities, and no concurrent use of systemic corticosteroids. 
Concurrent treatment with interferon-a was allowed. 

Treatment Schedule 

Patients received subcutaneous injections of 1.0 mg idiotype-KLH conjugate 
mixed with 250 pig GM-CSF (sargramostim; Immunex, Seattle, WA) at 0, 2, 6, and 
10 weeks, starting no earlier than 60 days after infusion of stem cells (see Figure 
1). GM-CSF 250 ptg was administered subcutaneously near the site of vaccination 
for 3 consecutive days after each dose of idiotype-KLH/GM-CSF. Myeloma was 
restaged before vaccination and at week 22. Five patients with disease at week 22 
and a diminished immune response to myeloma idiotype received 2-̂ 1 booster 
immunizations given 1 month apart. Patients were followed every 3-6 months until 
disease progression. 

Humoral Responses 

Microti ter plates (96-well Nunc-lmmuno Plate; Nunc, Denmark) were coated 
with 40 ^g/mL KLH or purified myeloma idiotype overnight at 5°C and blocked 
with 1% bovine serum albumin (BSA) (Fraction V; Sigma, St. Louis, MO) in 
phosphate-buffered saline (PBS). Preimmune and postimmune serum samples 
were diluted in PBS containing 1% BSA and dispensed into wells. Bound Ig was 
detected using IgM-specific or IgG-specific goat anti-human antibodies conjugated 
to horseradish peroxidase (Caltag Laboratories, Burlingame, CA), 2,2-azino-bis-
3(ethylbenz-thiazoline-6-sulfonic acid) (Sigma), and an ELISA plate reader (SLT 
Lab Instruments, Grodig, Austria) set to detect absorbance at a wavelength of 
405 nm. The relative antibody titer was the dilution of postimmune serum at the 
midpoint of the absorbance curve minus the dilution of preimmune serum at the 
midpoint of the absorbance curve. 
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Cellular Responses 

Heparinized blood was obtained before administration of each vaccine, at 1 and 
3 months after the fourth vaccine, and at other times as indicated. Peripheral blood 
mononuclear cells (PBMCs) were isolated by centrifugation of blood on a Ficoll-
Hypaque cushion. PBMCs were washed in PBS, resuspended in RPMI-HEPES 
medium containing 11 % heat-denatured human AB serum (Gemini Bioproducts, 
Woodlawn, CA), 4 mM L-glutamine, 100 U/mL penicillin, and 100 /<g/mL 
streptomycin, and plated at 2-3 X105 cells per well in 96-well, round-bottom tissue 
culture plates (Nunc). Cells were cultured with no antigen, 1 ^g/mL, 10 /ig/mL, 
50 ^g/mL, and 100 /<g/mL of purified idiotype, isotype-matched Ig. and KLH at 
37°C in 5% C 0 2 for 6 days. All cultures were performed in triplicate. [3H]thymidine 
1 /<Ci was added to each well for the final 18-20 hours of culture. DNA was 
harvested on microfiber filters, and the amount of [3H]thymidine incorporated into 
DNA was determined by scintillation counting using Scinti-safe Econo F (Fischer 
Scientific) and a Beckman LS 6000 SC counter. A stimulation index (SI) for each 
antigen was determined by the following calculation (SI >2 was evidence of 
reactivity to antigen): 

average cpm of cells cultured with antigen - background cpm in media 
cpm of cells cultured without antigen - background cpm in media 

Vaccination Schema 

day 1 Id-KLHl.Omg 
I • evaluate immune response 
• day 1-4 GM-CSF 250 meg y 

1 I 
• • • • 
6 10 14 22 

week ^ 
restage 

Figure 1. Schematic of treatment using purified myeloma idiotype (Id)lkeyhole limpet hemo-
cyanin(KLH) vaccines. Each patients' serum was collected and stored prior to high-dose ther
apy. Sixty or more days after peripheral blood stem cell transplant (SCT), myeloma was staged 
and the myeloma idiotype-KLH vaccine was administered with concurrent granulocyte-
macrophage colony-stimulating factor (GM-CSF) at weeks 0, 2, 6, and 10 of treatment. 
Before each vaccination and at 1 and 3 months after the fourth immunization, patient inter
val history was obtained, physical examination and laboratory analysis were performed to 
evaluate safety, and immune responses to idiotype and KLH were assayed. Myeloma was 
staged 3 months after the fourth vaccine was administered to follow disease response. 

1 1 
collect 
serum 

t 
restage 
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RESULTS 

Patient Characteristics 

Fourteen patients with multiple myeloma were vaccinated at least 4 times with 
purified, autologous myeloma idiotype conjugated to KLH after autologous 
peripheral blood stem cell transplants. One patient received 3 vaccines but 
withdrew from study because of rapidly progressive disease. All of the patients had 
a partial disease remission after autologous transplantation. Patient characteristics 
are shown in Table 1. Ten patients had IgGl myeloma, 3 had IgA myeloma, 1 had 
IgG4 myeloma, and 1 had IgM myeloma. Twelve of the 15 patients were male. A 
mean of 6.62X106 CD34+ cells/kg was infused after high-dose chemotherapy or 
chemoradiotherapy. At the time of vaccination, patients' ages ranged from 39 to 68 
years (median, 53 years). The first vaccine was given 65-376 days (median, 129 
days) posttransplant. The median level of myeloma paraprotein in the serum was 
700 mg/dL, and the level of polyclonal IgG was 428 mg/dL, with ranges of 
0-2300 mg/dL and 20-1480 mg/dL, respectively. 

Table 1. Patient Characteristics* 
UPN Sex Age, y Isotype CD34f Interval, dt M-spike, g/dL§ IgG, mg/dLlI 
27 F 56 IgAK 4.54 137 0.2 1250 
29 M 64 IgGlK 2.78 119 0.9 580 
33 M 45 IgG4K 6.91 114 0.5 780 
41 M 65 IgGlK 7.51 73 1.9 850 
44 M 46 IgGlK 5.90 95 1.8 20 
48 M 39 IgGlK 8.71 69 1.0 50 
51 M 68 IgGIX 5.18 65 0.7 410 
52 M 61 IgGIX 7.80 167 2.5 0 
64 F 58 IgA\ 6.24 376 0.4 120 
66 M 49 IgGlK 20.13 126 0.5 560 
78 M 42 IgMK 5.27 171 0.3 500 
82 F 46 IgGIX 4.36 132 0.2 1480 
86 M 53 IgAK 5.33 143 0.2 425 
88 M 59 IgGlK 3.26 233 1.4 280 
96 M 52 IgGlK NA 167 2.3 330 
*Ig, immunoglobulin; NA, not available; UPN, universal patient number. fDoseofCD34+  

cells per kilogram body weight infused for peripheral blood stem cell transplant. fTime 
from infusion of stem cells to administration offirst vaccine. §Level of paraprotein in 
serum at the time of the first vaccine. \\Level of normal immunoglobulin G in serum at the 
time of the first vaccine. 

file:////Level
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Toxicity 

Patients received 4 subcutaneous injections of 0.5 mg purified, autologous 
myeloma idiotype conjugated to 0.5 mg K L H and mixed with 250 /<g G M -
CSF. For 3 consecutive days after each vaccination, patients self-administered 
250 ]4g GM-CSF in the same site as the Id-KLH vaccine. All of the vaccines 
were given in the thigh. Side effects were monitored by patient self-report 
forms, patient history, physical examinations, analysis of complete blood 
counts, comprehensive serum metabolic panels, and urinalysis performed 
before each and 1 and 3 months after the fourth immunization. A total of 77 
vaccines were given to the 15 patients. Most of the vaccines were well 
tolerated, and adverse events were self-limited. Four patients reported no side 
effects with the first 4 vaccines. Thirty-three of the vaccines (44%) were 
associated with National Cancer Institute (NCI) grades 1-2 local skin 
erythema or induration. Twenty-one of the vaccines (28%) were associated 
with grades 1-2 arthralgia or bone pain, 19% with grade 1 nausea or diarrhea, 
12% with grade 1 headache, and 8% with grade 1 fever or chills. One patient 
developed a grade 3 pneumonitis 4 weeks after receiving the fourth vaccine, 
and 1 patient developed a grade 4 pneumonitis 2 weeks after receiving a sixth 
vaccine. Chest roentgenograms and computed tomography scans showed 
diffuse bilateral pulmonary infiltrates. Bronchoalveolar lavage and 
transbronchial biopsy failed to identify an infectious etiology. IgM and IgG 
anti-GM-CSF antibodies were not detected (data not shown). The grade 3 
pneumonitis resolved without treatment, and the grade 4 pneumonitis resolved 
with broad-spectrum parenteral antimicrobial agents and systemic corticos
teroids. One patient developed a central catheter-associated venous thrombus 
1 month after receiving the fourth vaccine. The highest grades of the adverse 
events experienced by each patient are shown in Table 2. Hematologic adverse 
events were determined using the lowest values obtained during study for each 
patient regardless of the values obtained before administration of the first 
vaccine. The hematologic abnormalities were mostly pre-existing mild to 
moderate pancytopenias from stem cell transplant. Two patients with rapidly 
progressive disease on study had a significant drop in circulating neutrophils, 
and 1 of the patients experienced a decline in circulating platelets accounting 
for 2 of the grade 3 neutropenia events and the grade 3 thrombocytopenia. The 
1 patient with grade 4 neutropenia and 1 patient with grade 3 neutropenia were 
also receiving concurrent interferon. Peripheral neutrophil counts recovered 
following discontinuation or dose reduction of interferon. One patient 
developed grade 3 neutropenia without an identifiable cause. One case of 
acute sinusitis and 1 case of lobar pneumonia occurred and resolved with 
antibiotic therapy. 
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Table 2. Adverse Events* 

Grade 1 Grade 2 Grade 3 Grade 4 

Local 1 10 0 0 
Skin 1 2 0 0 
Headache 5 0 0 0 
Bone pain 5 2 0 0 
Fever 4 0 0 0 
Chills 3 0 0 0 
Nausea 5 0 0 0 
Diarrhea 1 0 0 0 
Neutropenia 1 1 4 1 
Anemia 7 7 0 0 
Thrombocytopenia 7 2 1 0 
Pulmonary 0 0 1 1 
Alkaline phosphatase 2 0 0 0 
Thrombosis 0 0 0 1 

toxicities associated with myeloma idiotype-keyhole limpet hemocyanin vaccines and gran
ulocyte-macrophage colony-stimulating factor. The highest grade toxicity for each patient per 
category is listed. Toxicity grading is according to the National Cancer Institute system. 

Humora l a n d Cel lu lar Reponses to a Neoan t igen 

Keyhole limpet hemocyanin is a strongly antigenic protein. Anti-KLH IgM and 
IgG antibody titers and stimulation indices were determined to assess the 
competence of the immune system to a foreign antigen. Five of 15 patients 
developed anti-KLH IgM and IgG antibodies by 4 weeks after the second vaccine, 
and 11 of 15 patients produced anti-KLH antibodies by 4 weeks after the fourth 
vaccine. None of the 4 patients vaccinated earlier than 100 days after transplant 
developed anti-KLH antibodies after the second vaccine, compared with 5 of 11 
patients vaccinated more than 100 days after transplant. Relative anti-KLH IgM 
titers were 100, whereas IgG titers were 1000 at 4 weeks after the second vaccine 
and 10,000 at 4 weeks after the fourth vaccine. 

A cellular immune response to K L H developed earlier than anti-KLH 
antibodies in most patients. One patient who was an avid saltwater fisherman had 
a T-cell response to K L H prior to transplant that was significantly boosted by the 
myeloma-KLH vaccines. Two patients developed anti-KLH T-cell responses 
within 2 weeks of the first vaccine, 8 patients developed cellular anti-KLH 
responses within 4 weeks of the second vaccine, 1 patient developed a response 
after the fourth vaccine, and 3 patients did not mount anti-KLH T-cell responses. 
Overall, 12 of 15 patients had a T-cell response to K L H . Two of 4 patients 
immunized <100 days after transplant developed anti-KLH T-cell responses after 
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the second vaccine compared with 8 of 11 patients vaccinated >100 days after 
infusion of PBMCs. For most of the patients, the SI for KLH increased with each 
subsequent vaccine. The median SI for KLH in responders after 2 vaccines was 44, 
and after 4 vaccines was 205, with ranges of 7.4-230 and 5.6-895, respectively. 
T-cell responses to KLH have been detected for more than 1 year after vaccination 
in some patients. 

Humoral and Cellular Responses to Purified Idiotype 

Humoral responses to myeloma idiotype have not been observed. Circulating 
myeloma paraprotein would likely bind anti-idiotype antibodies in vivo and 
prevent the detection of anti-idiotype antibodies in ELISA. Anti-idiotype IgM 
antibodies have not been detected (data not shown). Serum from patients with non-
IgG paraprotein and from patients without detectable paraprotein by protein 
electrophoresis was assayed for anti-idiotype IgG antibodies. We were unable to 
detect IgG isotype anti-idiotype antibodies in these patients (data not shown). 

Cellular responses to purified myeloma idiotype were detected in 10 of 15 
patients. Two patients developed a response within 2 weeks of receiving the first 
vaccine, 4 patients developed a response within 4 weeks of receiving the second 
vaccine, 2 patients developed a response within 4 weeks of the third vaccine, 
1 patient developed a response after the fourth vaccine, and 1 patient developed a 
response after a fifth vaccine. Seven of 9 patients with a paraprotein level of 
<1 g/dL had a detectable T-cell response to idiotype, whereas only 2 of 6 with a 
paraprotein level of al g/dL had a response. None of the four patients vaccinated 
<100 days after transplant had a response. The magnitudes of the SI to idiotype 
were substantially lower than to KLH. The median maximal SI to idiotype in 
responders was 3.8, with a range of 2.0 to 5.8. T-cell responses to an insoluble 
glutaraldehyde conjugated form of idiotype in responders were reproducibly higher 
than to soluble antigen and may have been due to more efficient antigen uptake, 
processing, and presentation by antigen-presenting cells or to presentation of novel 
peptide sequences created through conjugation (data not shown). Cellular 
responses to idiotype were transient. In some patients, responses could be detected 
within a few days to 2 weeks after vaccination but not at 4 weeks. Long-term 
persistence of idiotype-reactive T cells has not been seen. 

Clinical Responses 

This phase 1 trial of idiotype vaccination was not designed to determine the 
response of myeloma to idiotype vaccines. However, myeloma was restaged using 
protein electrophoresis, bone marrow biopsy, and fluorescence-activated cell 
sorting (FACS) analysis of bone marrow aspirates before administration of the first 
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vaccine and 3 months after administration of the fourth vaccine. In 5 patients, there 
was a minor response in the serum paraprotein level and/or diminution of myeloma 
cells in the marrow, 7 patients had stable disease, and 3 patients had progressive 
disease. With longer follow-up, disease has remained stable in 8 patients, and 
4 patients have died from progressive myeloma. The Kaplan-Meier estimate of the 
median time to progression of myeloma from autologous stem cell transplant for 
all vaccinated patients is 800 days. 

DISCUSSION 

Multiple myeloma is a largely incurable disease despite sensitivity to cortico
steroids, chemotherapeutics, and radiation. Additional therapies are needed to 
eradicate myeloma, because chemotherapy and radiation are already given at 
maximally tolerated doses in stem cell transplant conditioning regimens. 
Immunotherapy is an attractive approach to treat myeloma, because disease 
responses to infusions of allogeneic donor lymphocytes and to nonmyeloablative 
allogeneic transplants have been documented, suggesting that myeloma can be 
eradicated by components of the immune system. The antigens and immune cells 
responsible for the graft-vs.-myeloma effect have not been identified. Myeloma-
produced immunoglobulin is a readily accessible tumor antigen, and studies of 
idiotype immunization in follicular lymphoma support the potential role of idiotype 
vaccines in B-cell malignancies. 

The isolation, conjugation, and administration of myeloma-produced immuno
globulin as an idiotype vaccine is feasible and safe. Purification of idiotype was 
possible in all cases where paraprotein was at least 1 g/dL of serum and when 
supplemental polyclonal immunoglobulin was not used before collection of serum. 
Administration of myeloma idiotype conjugated to KLH was well tolerated by 
most patients. Side effects were usually grades 1 or 2 and were self-limited. The 
most frequent adverse event was a local reaction of pain, erythema, and/or 
induration that was consistent with an immediate and/or a delayed-type hypersen
sitivity reaction to the immunogen or to GM-CSF. Local reactions tended to 
become more severe with subsequent administrations of the vaccine but never 
resulted in skin ulceration. The common systemic symptoms (eg, bone pain, 
headache, low-grade fevers, and nausea) were most likely due to GM-CSF. These 
symptoms usually occurred on the second day of cytokine administration and 
resolved 1-2 days after completion of GM-CSF. Two patients developed 
pneumonitis; 1 required corticosteroids for treatment. Bronchoalveolar lavage did 
not identify an infectious etiology. The cause of the pulmonary reaction was not 
determined. In some patients with high numbers of circulating malignant B cells, 
infusions of anti-CD20 antibody have been associated with an acute pulmonary 
syndrome.13 In both cases of pneumonitis in our patients, the level of paraprotein 
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in the serum was >1 g/dL, but anti-idiotype antibodies were not detected. The 
frequent development of nonneutralizing antibodies to GM-CSF in breast cancer 
patients vaccinated with a peptide-based vaccine using recombinant human 
GM-CSF as an adjuvant has been described,14 but the presence of anti-GM-CSF 
antibodies was not associated with any clinical adverse event, and anti-GM-CSF 
antibodies were not detected in the 2 patients with pneumonitis (data not shown). 
The frequency of side effects from repeated idiotype vaccinations in a similar trial 
conducted in Europe were not described, but no World Health Organization 
(WHO) grade 3 or 4 toxicities were seen, and most of the WHO grade 1 and 2 
toxicities were attributed to cytokines.15 Similar local reactions were described by 
Reichardt et al. 1 6 in patients who received infusions of idiotype-pulsed autologous 
dendritic cells followed by subcutaneous injections of idiotype conjugated to KLH. 
GM-CSF was not used in that study. Infusions of dendritic cells were well 
tolerated, although 2 patients developed low-grade fevers and 1 patient developed 
a postinfusion thrombophlebitis. 

The best immunization strategy and time to administer idiotype vaccines are not 
known. Patients ̂ vith a lower burden of disease are probably more able to respond 
to antitumor vaccines, but this hypothesis has not been tested. In early-stage 
myeloma with low levels of paraprotein, isolation of tumor antigen is more difficult. 
Patients who obtain a complete or partial remission of disease to treatment provide 
a rational setting to test the potential efficacy of anti-idiotype vaccines. Reichardt et 
al. 1 6 studied the anti-KLH and anti-idiotype cellular responses in 12 patients with 
myeloma 3-7 months after autologous peripheral blood stem cell transplant. The 
patients' immune systems were primed with 2 monthly infusions of idiotype-pulsed, 
autologous mononuclear cells enriched for dendritic cells by density gradient 
centrifugation. Subsequently, patients received 5 monthly subcutaneous adminis
trations of purified idiotype conjugated to KLH. Anti-KLH T-cell responses were 
detected in 11 of 12 patients. The patient who did not mount an anti-KLH response 
developed acute myelogenous leukemia shortly after administration of the second 
idiotype-KLH vaccine. The 2 patients who had a complete response to high-dose 
therapy developed anti-idiotype T-cell responses; in 1 patient, the response was 
detected after administration of the first idiotype-KLH vaccine, and in the other 
patient, the response was detected after administration of the fifth vaccine. The anti
idiotype T-cell response was 20-fold less robust than the anti-KLH T-cell response 
in the patient for whom a comparison was made. Antibody responses were not 
reported. The contribution of the idiotype-pulsed dendritic cell infusions to the 
efficacy of the immunization strategy is not known. 

Massaia et al. 1 5 used an immunization strategy similar to the regimen we are 
studying. They administered a series of 7 idiotype-KLH vaccines to 12 patients 
between 2 and 17 months after peripheral blood stem cell transplant. Five of the 12 
patients were 2 months posttransplant. The Id-KLH vaccines were administered 
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with 5 days of either IL-2 (2 patients) or GM-CSF (10 patients). Immune responses 
to idiotype and to KLH were analyzed 1 month after administration of the seventh 
vaccine. Anti-KLH antibodies were detected in all of the patients, and T cells were 
detected in 9 of the patients. Anti-idiotype antibodies using a sandwich ELISA 
were not detected. Anti-idiotype T cells were detected in 1 patient with myeloma 
in a partial remission vaccinated 2 months after infusion of stem cells and in 
another patient with a complete remission who was immunized 8 months after 
transplant. 

Immune responses to myeloma idiotype induced by vaccination have been 
difficult to detect. Osterborg et al. 1 2 detected low numbers of B cells that expressed 
idiotype-reactive IgM following vaccination of myeloma patients with idiotype and 
GM-CSF, but anti-Id IgM titers were not reported. We and Massaia et al. 1 5 were 
unable to detect anti-idiotype antibodies in serum using 2 different ELISA 
methods. If anti-idiotype antibodies were induced by vaccination, it is likely that 
myeloma paraprotein circulating in the serum would bind the antibodies and 
prevent their detection in assays. The importance of anti-idiotype antibodies in the 
control or eradication of residual disease is not known; however, the presence of 
anti-idiotype antibodies after vaccination of patients with follicular lymphoma has 
been associated with longer control of disease even in the absence of detectable 
anti-idiotype T cells.8 

In all 3 studies, idiotype-reactive T cells were more difficult to generate or detect 
than anti-KLH T cells (Table 3). The SI of lymphocytes exposed to idiotype was 
10- to 50-fold less than to KLH, suggesting a much lower frequency of circulating 
idiotype-reactive T cells, a lower proliferative capacity upon engaging antigen, or a 
low-affinity antigen binding site. T cells responding to idiotype were more readily 
detected in patients with a lower burden of disease. These findings are consistent 
with previous preclinical and clinical observations that idiotype-reactive T cells are 
eliminated in advanced myeloma and suggest that antimyeloma vaccines are more 
likely to elicit meaningful immune responses in the setting of minimal disease. In 
our observations, Id-reactive T cells could be detected within 4 days to 2 weeks but 
not at 4 weeks after vaccination in some patients. This may be due to trafficking of 
lymphocytes to sites of residual disease. Alternatively, idiotype-reactive T cells may 
be deleted by immunoregulatory mechanisms shortly after their generation. The 
induction of anti-idiotype T cells in a higher percentage of patients in our study (10 
of 15 patients) contrasted with that reported by Reichardt et al. 1 6 (2 of 12 patients) 
and Massaia et al.1 5 (2 of 12 patients) and may have been due to the earlier time after 
immunization that analyses were performed. Reichardt et al. 1 6 studied T-cell 
responses to idiotype 4 weeks after each vaccination with idiotype-KLH, and 
Massaia et al.1 5 looked for anti-idiotype responses 4 weeks after the seventh vaccine 
was administered. Anti-idiotype T-cell responses may be only transiently 
detectable; thus, the timing of analysis is likely to be important in determining 
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Table 3. Induction of Immune Responses to Idiotype-KLH Vaccines* 
Anti-KLHAb Anti-KLH Anti-Idiotype Anti-Idiotype 

Study Response T-Cell Response Ab Response T-Cell Response 

This study 11/15 12/15 0/5 10/15 
Massaia etal.15 12/12 9/11 0/12 2/11 
Reichardtetal.16 Not reported 11/12 Not reported 2/12 
Total 23/27 32/38 0/17 14/38 

*Ab, antibody; KLH, keyhole limpet hemocyanin. 

whether the immunization procedure was successful in eliciting a response. 
The optimal vaccine strategy for inducing anti-idiotype responses is not known, 

but the 2 reported approaches are the use of protein-pulsed autologous dendritic 
cells for primary immunization followed by booster injections of antigen and the 
subcutaneous or intradermal administration of antigen with an immunomodulatory 
cytokine such as GM-CSF. The collection, isolation or ex vivo differentiation, and 
reinfusion of autologous dendritic cells is a labor-intensive, expensive, and 
invasive process. GM-CSF is a commercially available cytokine that promotes 
differentiation of myeloid precursors into dendritic cells capable of uptake and 
processing of antigen.17 Vaccine studies using a mouse model of lymphoma have 
shown that GM-CSF administered with a weakly immunogenic idiotype antigen 
induced potent CD4 and CD8 responses directed against idiotype.18 Infusions of 
peptide or protein-pulsed dendritic cells have not been shown to be superior to the 
subcutaneous administration of GM-CSF and antigen for inducing protective 
antitumor immune responses in humans. Our ability to stimulate anti-KLH and 
anti-idiotype responses and that reported by Massaia et al.,1 5 using subcutaneous 
administration of antigen and GM-CSF, appear to be equivalent to using protein-
pulsed dendritic cells16 (Table 3). 

The clinical benefit of vaccination with Id-KLH coadministered with GM-CSF 
is not yet known. Most of the patients in our study had stable, detectable disease 
during the 6 months they were receiving the vaccines and follow-up care. Five 
patients had a <50% reduction in the serum level of paraprotein, but it is not known 
if this response was due to delayed effects of high-dose therapy or to effects of the 
Id-KLH vaccines. One minor disease response was seen by Reichardt et al. 1 6 in 
1 patient who was vaccinated 6 months after an autologous stem cell transplant. 
Significant clinical responses to idiotype immunization were not seen in the study 
repotted by Massaia et al.1 5 Only 4 patients (from the 3 studies) had progressive 
disease while receiving the immunizations; therefore, it is unlikely that Id-KLH 
vaccines accelerated myeloma recurrence. 

Our results and the findings of Reichardt et al. 1 6 and Massaia et al.1 5 show that 
myeloma paraprotein can be readily purified and formulated into a tumor-specific 
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vaccine and administered safely to patients after high-dose therapy and autologous 
peripheral blood stem cell transplants. The challenge is to devise a method of 
immunization that results in a greater likelihood and longer persistence of a cellular 
anti-idiotype response. We are administering idiotype-KLH vaccines along with 
daily, low-dose IL-2 to provide T-cell help to determine whether idiotype-reactive 
lymphocytes can be more easily detected and maintained. Additionally, we are 
administering idiotype-KLH vaccines to patients after allogeneic transplants with 
the hope of avoiding possible deletion of autoreactive T cells. Novel vaccine 
strategies may be able to eliminate residual myeloma after substantial cytore-
duction with chemotherapy and radiotherapy. 
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ABSTRACT 

Although encouraging results in murine hosts were reported more than a decade 
ago, the successful widespread clinical application of hematopoietic stem cell-based 
gene transfer methods using integrating vectors has been hampered predominantly 
by the low percentage of genetically modified cells attainable in large animals and 
humans to date. A number of approaches aimed at increasing the chances of vector 
and target cell interaction, such as pseudotyping of vector particles with alternative 
envelope proteins, colocalization of vector and target cells on recombinant human 
fibronectin fragments, and inclusion of various primitively acting hematopoietic 
growth factors during transduction, have been proposed based on both in vitro and 
murine in vivo data. To develop highly efficient, clinically feasible transduction 
methods appropriate for human clinical trials, we have focused on the rhesus 
macaque (Macaca mulatto.) competitive repopulation model, exploiting the 
similarities between rhesus and human cytokine influences, stem cell cycling 
kinetics, hematopoietic demand, and retrovirus cell surface receptor distribution. In 
this model, using a standard 4-day transduction with daily retrovirus exposure, we 
have recently obtained clinically relevant levels of genetically modified circulating 
progeny at 10% or higher over a prolonged follow-up period posttransplantation 
through the addition of Flt-3 ligand (FL) and autologous stroma to our standard 
growth factor combination including interleukin (IL)-3, IL-6, and stem cell factor 
(SCF). We have extended our studies to compare transduction on the fibronectin 
fragment CH-296 to that performed on autologous stroma and alternative cytokine 

285 



286 Chapter 6: New Avenues 

combinations including megakaryocyte growth and development factor (MGDF) 
with equivalent, high-level marking. This high-level marking has allowed retroviral 
integration site detection using an inverse polymerase chain reaction (PCR) 
technique. In 2 animals followed for >1 year posttransplantation, the contribution to 
hematopoiesis by genetically modified cells is polyclonal, with common integration 
sites among different hematopoietic lineages, suggesting successful transduction of 
truly pluripotent hematopoietic progenitors. The stable, high-level in vivo gene 
marking derived from multiple transduced clones attainable in our nonhuman 
primate model is encouraging for the eventual successful application of 
hematopoietic stem cell-based gene transfer in humans. 

INTRODUCTION 

Despite encouraging results observed in initial studies investigating 
hematopoietic progenitor gene transfer in murine and human in vitro models, pilot 
human trials using similar techniques were far less encouraging.1 Recognizing that 
further exploration was required in an animal model that was hematopoietically 
more closely related to humans, we focused on a nonhuman primate, the rhesus 
macaque. Specifically, we employed a competitive repopulation model. 

Our goals have been to optimize hematopoietic stem cell gene transfer to develop 
techniques that would be clinically applicable as an approach to curing diseases with 
genetic etiologies. By comparing a variety of cytokine combinations and support 
media, we have increased engraftment of genetically modified rhesus peripheral 
blood (PB) hematopoietic progenitor cells posttransplant from previously 
undetectable levels to a not only detectable, but also clinically relevant range 
upwards of 10%.2 Engraftment in that range has enabled us to further investigate and 
characterize hematopoiesis in the rhesus. We have found that in rhesus monkeys 
transplanted with retrovirally transduced PB progenitors, hematopoiesis is derived 
from multiple stem or progenitor cells. Furthermore, our work has demonstrated that 
those cells give rise to multilineage hematopoietic cells, and certain individual 
clones can contribute to hematopoiesis over the course of at least 1 year. 

MATERIALS AND METHODS 

The Rhesus Competitive Repopulation Model as Applied in These Studies 

Methods are described elsewhere in detail; a brief description follows. Figure 1 
also summarizes the general model. Young rhesus macaques used in all studies 
were handled and housed in accordance with National Institutes of Health (NIH) 
guidelines. Peripheral blood progenitors were obtained by mobilization and 
apheresis and enriched for the primitive compartment by CD34 selection.3 
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Figure 1. Rhesus competitive repopulation model. Rhesus macaques underwent mobiliza
tion with stem cell factor (SCF) and granulocyte-macrophage colony-stimulating factor 
(GM-CSF) for 5 consecutive days. Mobilized peripheral blood progenitors were then collect
ed by apheresis, enriched for primitive progenitors by CD34 selection, and split into 2 equal 
fractions. Each fraction was placed under different transduction conditions and marked with 
1 of the 2 phenotypically identical but genotypically differing retroviruses containing the 
G418 resistance gene neo. Rhesus monkeys were conditioned with 500 cGy, and on day 3 or 
4 following apheresis, both aliquots of transduced cells were simultaneously reinfused into 
the same monkey. 

The GINa and LNL6 retroviral vectors used in all studies carry identical 
bacterial neomycin phosphotransferase (neo) genes that confer G418 resistance. 
The vectors differ by a 16-base-pair polylinker 5 to the neo gene, which enables 
differentiation by PCR.1 

For each animal, PB progenitor cells were divided equally and transduced for 4 
days with freshly collected GINa or LNL6 retroviral supernatant. Each aliquot was 
cultured under unique conditions to test the effects of those conditions on 
engraftment by genetically modified cells. On the 2 days following apheresis, the 
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animals were conditioned with 500 cGy total body irradiation. Following 
transduction, the cells from the 2 aliquots of each animal were collected, 
recombined, and infused into the same animal. 

Blood and bone marrow samples were collected at regular time intervals up to 
1 year posttransplantation and analyzed by PCR and Southern blot for vector 
sequences. Colony-forming units-granulocyte/macrophage (CFU-GM) and burst-
forming units-erythroid (BFU-E) from G418-containing as well as G418-free 
media were also analyzed by PCR to search for the genomic presence of the neo 
gene, and positively marked cells were subjected to inverse PCR analysis for 
flanking sequence identification. 

Inverse PCR for Insertion Analysis 

Colonies containing 500-1000 cells were plucked, and genomic DNA was 
isolated as previously described.2 The DNA was cut with Taql and self-ligated 
by the addition of T4 ligase. The first round of amplification of circularized DNA 
was performed with the primers INVa and INVb. Nested PCR was then done on 
the amplified product with the primers INVc and INVd. The resulting PCR 
products were electrophoresed on a 2% gel, and the corresponding PCR product 
bands were excised. DNA from the excised bands was recovered and sequenced 
(Figure 2). 

RESULTS 

Experimental Design 

Our studies have relied on the rhesus competitive repopulation model, which 
allows the use of 1 animal to test the engraftment of 2 (or more) populations of 
transduced stem and progenitor cells. In a non-inbred animal, individual 
differences in PB stem cell mobilization or other variables could make comparison 
of results in small groups of individual animals misleading. The competitive 
repopulation design remedies this problem. In this model, purified progenitors 
from an individual animal were split into 2 aliquots and transduced with either 
LNL6 or GINa, 2 vectors containing an identical neomycin phosphotransferase 
gene that are distinguishable by differences in the vector backbones. The aliquots 
were then cultured under different conditions and infused back into the same 
animal. At regular intervals up to a year posttransplant, peripheral blood and bone 
marrow samples were obtained for analysis. Lymphocyte and granulocyte fractions 
were also isolated from the blood for analysis by semiquantitative PCR. Marrow 
samples were grown in G418-containing or G418-free media, and percentage 
engraftment by genetically modified cells was calculated from colony PCR 
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Figure 2. DNA analysis by inverse polymerase chain reaction (PCR). Cellular DNA con
taining integrated provirus was extracted and digested using Taql. The long terminal repeat 
(LTR)-containing fragments were self-ligated and amplified using nested, LTR-specific primers 
in an inverse PCR technique. DNA was electrophoresed, and bands were isolated, cloned, 
and sequenced to identify unique flanking sequences. 

analysis. G418-resistant CFU-GM as well as BFU-E colonies were then analyzed 
by means of PCR and inverse PCR to confirm engraftment quantification and 
identify individual transduced clones. 

Detection of Transduced PB Progenitor Engraftment 

In 1 cohort of 4 animals that compared PB progenitors expanded ex vivo after 
transduction to progenitors transduced and not further expanded, transduction in the 
presence of cytokines IL-3, IL-6, and SCF led to only 0.01% or 1/10,000 of 
circulating PB progenitor cells containing the vector. Moreover, marking from 
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Figure 3. Engraftment quantification by Southern blot. DNA samples from peripheral blood 
mononuclear cells and granulocytes derived from animals numbered RC501 and 95E003 were 
isolated at regular intervals, as indicated by the posttransplant week number in this figure, and 
analyzed by Southern blot for GINa proviral DNA content. The hematopoietic contribution of 
2 aliquots of progenitor cells transduced with support from fibronectin fragment CH-296 ( FN) 
or autologous stroma (STR) was thereby quantified and found to be equivalent in 2 animals. 

transduced cells in the cohort that had not undergone ex vivo expansion out
numbered marked cells that had been expanded by a broad margin. 

FL and autologous stroma (STR) were then both tested as additions to 
transduction media in another cohort to investigate the reported ability of FL to 
stimulate division in primitive hematopoietic cells. Ex vivo expanded cells cultured 
in the presence of IL-3/IL-6/SCF/FL exhibited an even greater relative defect 
compared with nonexpanded cells with respect to engraftment, becoming 
completely undetectable by PCR in some animals. Conversely, nonexpanded cells 
engrafted at levels as high as 1% long term (vs. the 0.01% obtained without FL). 
The addition of STR to transductions already supplemented with FL resulted in 
nonexpanded cells achieving yet better engraftment, stabilizing at >10%.4 Later 
experiments demonstrated that fibronectin fragment CH-296 (FN) and STR led to 
similar levels of engraftment that stabilized at the clinically useful levels of 11% to 
20% by 48 weeks.2 These engraftment percentages represented a significant 
increase, up to 3 logs, over the extremely low levels of engraftment seen in early 
clinical marking trials and prior primate studies. 

Southern blotting was employed to verify PCR-based quantification of 
engraftment and made evident that ~10% marking was present in both 
mononuclear cells and granulocyte fractions overall, with an equivalent contri-
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bution by the fractions supported by either STF or FN (Figure 3). No benefit could 
be ascribed to the replacement of IL-3 and IL-6 by MGDF. 2 

Clonal Tracking by Inverse PCR 

Given the relatively high-level long-term marking, inverse PCR was pursued to 
determine the complexity of the contribution of transduced PB progenitors to the 
various hematopoietic cell lineages. 

Two hundred thirty-eight well-defined CFU-GM and BFU-E colonies were 
obtained from 1 animal (termed animal 1 for our discussion) and 292 from another 
(animal 2) by plating PB progenitor cells in G418-containing media at regular time 
intervals posttransplantation. Inverse PCR was performed on those colonies, and 
75 and 111 colonies from each animal yielded distinct bands. Their DNA was 
subsequently sequenced. In animal 1, 35 unique provirus-flanking sequences were 
identified among these clonal progenitors, and 12 of the 35 appeared at 2 or more 
time points. In animal 2, 44 unique sequences were identified, of which 20 
appeared at multiple time points. Furthermore, several identical flanking sequences 
were recognized to be present in both myeloid and erythroid colonies in both 
animals. Analysis of lymphoid cells following isolation of T and B cells similarly 
identified numerous unique flanking sequences, some of which were shared with 
cells of myeloid and/or erythroid lineage. Data from myeloid, erythroid, and 
lymphoid cells derived from animal 2 are presented in Figure 4.5 

DISCUSSION 

Optimization of hematopoietic gene stem cell transfer using retroviral vectors 
for clinical treatment of genetic diseases such as sickle cell anemia, cancer, and 
inborn errors of metabolism has been the subject of intensive scientific labors for 
more than 10 years. Early studies demonstrated successful transduction of murine 
stem cells, and human peripheral blood progenitors have similarly proven 
themselves to be amenable to in vitro transduction. The undertaking of clinical, in 
vivo human gene transfer, however, has been much more daunting, as fewer than 
1 in 1X106 circulating transduced cells were seen in vivo in early marking and 
therapeutic trials.1 Although many genetic diseases can be successfully treated with 
5%-20% engraftment by transduced stem cells and their progeny, such pioneering 
in vivo human studies undershot those values by a broad margin. The obvious 
inconsistency between the murine model and human clinical realities necessitated 
the pursuit of better models. 

A nonhuman primate, the rhesus macaque, was selected as a model for several 
key reasons. It is phylogenetically closely related to humans, many of the growth 
factors and other reagents required in rhesus stem cell transduction are the same as 
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Figure 4. Clonal analysis of hematopoietic cells. Isolated colony-forming units-granulo
cyte/macrophage (CFU-GM) and burst-forming units-erythroid (BFU-E) colonies underwent 
DNA extraction, and that DNA was processed by inverse polymerase chain reaction for the 
identification of unique, long terminal repeat-flanking genomic sequences and hematopoiet
ic clonality. Each sequence identified was given a number as indicated on the y-axis. The 
results from 2 animals, one of whose is depicted here, demonstrate the presence of identical 
sequences in cells of different hematopoietic lineages. Further, the persistence of several 
sequences over the course of the year is evident as well. 
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those used in humans, human and rhesus hematopoietic demands are similar, and 
retroviral cell surface receptor distribution on rhesus cells is similar to that found 
in humans. All in all, such similarities, in conjunction with the fact that the rhesus 
can be easily bred and housed in captivity, suggested to us that the rhesus would be 
a well-suited model for investigating hematopoietic stem cell-based gene transfer 
methods in humans. 

The rhesus competitive repopulation model was employed to study transduction 
conditions that would be required for the preservation of engraftment capacity, 
because loss of that capacity was suspected in human clinical trials. Early 
experiments done primarily to explore the possibility of stem cell ex vivo 
expansion, comparing the multicytokine combination of IL-3, IL-6, and SCF with 
the same combination plus FL demonstrated that the addition of FL during an 
initial brief transduction period resulted in improved engraftment by genetically 
modified cells. Cocultivation with autologous stroma further increased engraftment 
to the clinically relevant range of -10% of circulating cells. Ex vivo expansion 
posttransduction, however, was found to be detrimental under all experimental 
conditions tested despite marked increases in the total number of genetically 
modified cells or committed progenitors infused. In some animals, in fact, a contri
bution by expanded marked cells to engraftment was not detectable. Overall, these 
results suggested that expansion of peripheral blood stem cells is feasible ex vivo, 
but their contribution to short- and long-term engraftment is markedly impaired by 
such expansion. Nevertheless, a brief initial transduction period with certain 
cytokines such as FL in the presence of autologous stroma was found to facilitate 
engraftment with marked cells at levels that were encouraging for future clinical 
application.4 

Concurrent work in baboons shed further light on transduction protocols by way 
of the discovery that bone marrow cells transduced in flasks coated with FN 
achieved higher engraftment levels than cells cultured in control bovine serum 
antigen-coated flasks or those cocultivated with vector-producing cells.6 

Our efforts then turned to consolidating the various assertions regarding 
transduction conditions made in several studies into an optimal stem cell 
transduction protocol with potential clinical utility. Again applying the rhesus 
competitive repopulation model, we first evaluated the substitution of FN-coated 
flasks for STR cocultivation during transduction, given the very laborious, time-
intensive nature of cultivating STR and its therefore poor suitability for clinical 
application. Transduction for 96 hours with either FN or STR resulted in similar in 
vivo marking levels as detected by PCR and Southern blotting, indicating that FN 
could replace STR. We went on to address whether the detrimental effect on 
engraftment could be ascribed to the presence of IL-3 in cytokine combinations and 
whether earlier-acting cytokines such as MGDF and FL would more effectively 
facilitate engraftment, as had been suggested in other studies. Seventy-two hours of 
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cultivation in the presence of either cytokine combination led to engraftment that 
typically stabilized between 1 and 10%, with no significant difference between the 
combinations. However, the 72-hour transduction was found to be inferior to the 
96-hour transduction period previously employed.2 

The high engraftment of genetically modified cells allowed direct tracking of 
individual cells posttransplantation based on the unique insertion sites of a retro
viral vector. Some earlier work in mice using direct retroviral tagging suggested a 
clonal succession model, which purported that at any one moment only a select few 
progenitors contribute to hematopoiesis and that the contribution of any individual 
stem cell is of limited duration. Further, those experiments indicated that murine 
hematopoiesis is oligoclonal,7 which boded poorly for human gene transfer. 

To explore these issues in the rhesus, an animal more closely related to humans, 
we analyzed 2 animals transplanted with retrovirally tagged cells, using inverse PCR 
to identify specific genomic sequences flanking retroviral integration sites. Because 
retroviral proviruses integrate semirandomly, the genomic flanking DNA would be 
expected to be unique for each transduced progenitor and its progeny. We observed 
that certain colonies of both myeloid and erythroid lineage derived from PB 
progenitors collected at regular intervals over 1 year contained identical integration 
sites, which indicated that they were derived from the same clone. Lymphoid cells 
also analyzed by inverse PCR were likewise found to contain unique sequences, 
some of which matched those found in myeloid or erythroid cells or both. From those 
observations, we were able to draw the conclusion that the transduced PB progenitors 
were capable of giving rise to cells of multiple hematopoietic lineages and served at 
least practically as true primitive hematopoietic stem cells.5 X-inactivation studies 
have suggested that transplanted hematopoietic progenitors can give rise to multiple 
hematopoietic lineages in humans as well.8 

Our data from that clonal tracking study additionally allowed us to estimate the 
total number of stem cells contributing to hematopoiesis over the first year. In 
animal 2, the overall level of gene marking was estimated by Southern blot and 
PCR performed on individual CFUs, and the 44 unique insertion sequences found 
were estimated to approximate 5% of the total gene marking. In other words, the 
hematopoietic contribution of transduced cells comprised ~5% of all hematopoiesis 
occurring in that animal over the course of that year. Using those values within a 
mathematical model known as capture and release,9 we could estimate the total 
number of hematopoietic stem cells actively contributing to hematopoiesis. 
Analyzing the number of recaptured clones over the year (indicated by repeats in 
unique sequences at different time points), we estimated that 5 to 44 clones (± 1 SD) 
were hematopoietically active in animal 2, and 8 to 60 in animal 1, at any one time 
point. The number of transduced PB progenitor cells we originally infused into 
each animal following conditioning was ~20 million, and CD34+ cells are known 
to comprise ~1% of the total bone marrow mononuclear cell compartment. Thus, 
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our estimation was that 5 cells per 107 mononuclear cells were hematopoietically 
active over the course of the first year, or a minimum of 1000 clones.5 These 
numbers concur with results obtained by means of a completely different 
mathematical model in the cat, a large animal with similar hematopoietic 
demand,10 as well as results obtained by an alternate insertion site analysis 
technique (C. von Kalle, data presented in these proceedings). Absolute claims of 
primate hematopoietic polyclonality cannot yet be made, as the kinetics of primate 
hematopoiesis extend over years and will require longer-term investigation, but the 
indirect evidence provided from these various sources, indicating an active 
hematopoietic stem cell population of >1000 cells, substantiates the case for 
hematopoietic polyclonality in large animals. 

Despite these recent advances in PB progenitor transduction and transplan
tation, however, immediate clinical utility of these protocols is hampered by the 
toxicities associated with the myeloablative conditioning employed in these 
studies. Although clinically relevant engraftment of genetically modified cells 
would be predicted in humans using the optimized methods after myeloablative 
conditioning, the risks of such conditioning are not justifiable in the experimental 
setting of nonmalignant disease. In mice, hematopoietic engraftment without 
conditioning is achievable, but requires prohibitively high stem cell doses.11 Low-
dose irradiation is sufficient to allow engraftment and expression of foreign trans-
genes in the murine model,12 and studies in the nonhuman primate suggest that 
moderate irradiation doses may suffice for low-level engraftment of genetically 
modified cells.1 3 1 4 The further extension of studies focused on the development of 
nonmyeloablative conditioning regimens with low toxicity in large animals, with 
the aim of reaching similar or higher levels of engraftment of genetically modified 
cells to those in the myeloablative setting, will be required before embarking on 
clinical trials, at least for disorders where no selective advantage is conferred on the 
successfully transduced cells. 

Our work has therefore consisted of optimizing conditions and techniques for 
efficient transduction of PB stem cells, and using those techniques to bolster 
engraftment into a detectable and clinically relevant range. High-level engraftment 
has subsequently enabled us to more thoroughly question the clonality of cells 
derived from transduced PB stem cells, as well as to characterize these progenitors' 
ability to contribute to hematopoiesis over the short and long term. Our choice of 
the rhesus macaque was made with the intention of surmounting past inconsis
tencies arising from extrapolating results obtained in the murine model as well as 
various human in vitro models to humans, by working with a more closely related 
nonhuman primate model to develop clinically feasible transduction methods. Such 
methods could be used for the treatment of a broad spectrum of heritable human 
diseases, such as sickle cell anemia, as well as other nonheritable diseases with 
genetic etiologies, such as cancer. The data and discussion provided here serve to 
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illustrate some of our work that now allows us to reassert the initial claim made 
almost a decade ago that hematopoietic stem cell gene transfer is indeed a likely 
possibility for the treatment of genetic disease in the future. 
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ABSTRACT 

The semi-random nature of retroviral integration introduces a marker in the 
form of a genomic/proviral fusion sequence into the cellular genome unique to each 
transduced cell and its clonal progeny. Detection of these fusion sequences with 
high sensitivity can be used to track the clonal contributions of individual, marked 
hematopoietic progenitor cells in vivo. Our data demonstrate that the marked 
hematopoiesis in this transplantation model is repopulated by polyclonal, long-
lived (>19 months) progenitor cell clones and strongly suggest that the retroviral 
transduction occurs into a pluripotent cell that contributes to both myeloid and 
lymphoid lineages. 

INTRODUCTION 

Gene transfer into hematopoietic stem cells can establish the presence and 
expression of a therapeutic gene in a large number of progeny leukocytes, possibly 
for the lifetime of the recipient. Once this transfer is accomplished efficiently, it 
will enable the therapy of a number of inherited and acquired genetic diseases that 
directly affect or can be supplemented by the blood-forming system. 

To achieve reliable transfer of the gene of interest to multiple generations of 
progeny cells, most trials on gene transfer into hematopoietic stem cells have been 
conducted with murine leukemia virus-derived retroviral vector systems. Their 
advantages include a high transduction efficiency, unsurpassed biosafety to date, 
and inherent genetic stability. A major drawback of retroviral vectors has been their 
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dependence on cell division, which is required for the nuclear entry of the preinte-
gration complex before genomic integration. Recently, new culture conditions have 
been developed in simian hematopoietic stem cells that result in very efficient 
retroviral gene transfer of ex vivo repopulating hematopoietic stem cells.12 

Exciting progress has also been made with new generations of lentivirus-derived 
vector systems that do not require cell cycling for efficient integration.3 

In humans, the first clinical application of stable gene transfer by retrovirus 
vectors has been the gene marking of ex vivo cultured autologous stem cell 
transplants. This approach has been based on the rationale that ex vivo culture in 
the presence of hematopoietic growth factors before transplantation can 
potentially deplete tumor cells from autologous hematopoietic stem cells. Gene-
marking by adding retrovirus during this ex vivo culture can be used to track the 
in vivo activity of nonmalignant and malignant stem cells derived from such 
transplants by polymerase chain reaction (PCR) analysis of peripheral and other 
blood cell samples. 

Pioneering clinical retroviral marking trials have demonstrated that repopu
lating hematopoietic cells can be transduced at low efficiency, and that in most 
entities tested, the autologous transplants contained malignant cells at the time of 
transplant.4 We are currently performing a retroviral gene-marking trial intended to 
learn more about the therapy for chronic myeloid leukemia patients. It applies 
several improvements of the retroviral gene transfer strategy compared with first-
generation trials, using serum-free media, long-term exposure, different growth 
factors, and 3 purging procedures to purify the transplanted cells (early apheresis, 
subselection of CD34 +/DR l o w cells, subject to availability, and extended 5-day 
serum-free ex vivo culture). Retroviral gene transfer into normal and malignant 
repopulating stem cells is assessed. 

In model systems where gene transfer into stem cells could be established, new 
tools have emerged that extend our analytical capability to look at the in vivo clonal 
activity of hematopoietic stem cells on the molecular level. This work uses the fact 
that the localization of retroviral and lentiviral integration into the cellular genome 
is semi-random. The fusion sequence between the vector and the host genomic 
sequence is characteristic of each transduced cell, and its clonal progeny and can 
be used to identify their derivation. Using inverse PCR, Nolta et al.5 have detected 
common integration sites in 3 of 24 xenotransplanted BNX mice. This finding 
demonstrates self-renewal at the level of a pluripotent repopulating human 
hematopoietic progenitor cell, establishing the first molecular evidence for human 
stem cell renewal. Kim et al.6 have used inverse PCR to identify insertion 
sequences from colony-forming units (CFUs) over a period of 1 year after trans
plantation of transduced peripheral blood stem cells in a rhesus macaque model 
(Tisdale et al.2). Marrow CFUs were derived from >40 transduced repopulating 
progenitor cells over this time period. 
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With this newly developed method, we were able to perform clonality analysis 

directly on peripheral blood cell populations from one of the same animals Kim et 

al.6 have studied (collaboration with C. Dunbar and J. Tisdale, National Institutes 

of Health) and in our clinical retroviral gene-marking trial (Figure 1). 

METHODS 

We recently developed a new rapid and reliable PCR technology for the charac

terization of such unknown flanking DNA sequences. Proviral integration sites can 

be sequenced directly from peripheral blood samples. The extension primer tag 

selection ligation-mediated (LM) PCR technique is highly sensitive. It enables 

sequencing of a proviral integration site even if only 1 per 1000 cells is derived 

from the same clone. 

This technology involves the multistep process of digesting, capturing, ligating, 

and amplifying the DNA (Figure 1). In brief, target DNA is digested by a specific 

endonuclease. A primer extension from a vector-specific primer is conducted in the 

L M - P C R Strategy 

1. 
DNA Digest 

2. 
Primer Extension Complementary ?trand L T R Í * 

Linker Ligation 
4. 

Linker Tag 
Selection 

Amplification » „ 
End t@ 3£ 

Figure 1. Graphic representation of the sequencing strategy. Note that the primer exten
sion primer and its internally nested analogon are the only required elements of this process 
that have to be specific for the integrated sequence, rendering the adaptation of this technology 
to other sequences extremely simple. LM-PCR, ligation-mediated polymerase chain reaction; 
LTR, long terminal repeat. 
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direction of the genomic fusion site. This product is captured on solid phase and 
ligated to an asymmetric oligonucleotide cassette. The resulting interim product is 
then amplified by 2 rounds of exponential nested PCR followed, if required, by 
preparation and bidirectional PCR sequencing. 

RESULTS AND DISCUSSION 

Rhesus Monkey Large Animal Model 

Of >70 different 5' integration sites we have sequenced from peripheral blood 
cells, 35 were identified from purified granulocytes. Two integration loci detected 
by this method in the peripheral blood 6 and 12 months after transplantation were 
identical to sequences identified by Kim et al.5 in CFUs by inverse PCR. 

To follow specific clones identified in the 6-month sample over time, we 
designed conventional PCR primers to span specific integration sites. Of 
4 integration clones tested, 3 could be detected again in purified peripheral granulo
cytes from the same animal 12 months after transplant, ie, 6 months after the original 

Analysis of Retroviral Integration Sites 

Template: Peripheral Blood (1ug DNA) 

M I d8 d13 d14 d15 d21 d124 d-7 +C -C 

3'LTR 

cn 

33 

Figure 2. Southern blot of the integration site analysis on patient material within the first 
year after autologous transplantation of a gene-marked product. Numbers indicate the day 
after transplantation. +C, positive control of a transduced HeLa cell clone; -C, negative con
trol conducted on nontransduced human cell line DNA; LTR, long terminal repeat; M, mol
ecular weight marker. 
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clone had been identified. The contribution of these 3 clones to blood formation was 
studied at 15 different time points within 2 years after transplantation. Molecular 
evidence for the activity of these clones was detectable in most samples collected on 
day 42 or later, including those from purified T and B cells. These data strongly 
suggest that the ex vivo transduction has accomplished gene transfer into repopu-
lating pluripotent stem cells capable of contributing blood cells to the peripheral 
circulation in multiple lineages and over prolonged periods of time. 

Clinical Marking Study 

From the peripheral blood of 1 patient, we have been able to identify multiple 
PCR products of integration sites (Figure 2). Up to now, 9 of these have been 
sequenced and identified as integration site sequences. Despite the lower 
transduction efficiency in the clinical transplantation setting, we are currently 
attempting to track some of these clones, in a way similar to the approach taken in 
the large animal model. 

SUMMARY 

Our analyses provide molecular evidence for a polyclonal hematologic repopu-
Iation after autologous transplantation of blood stem cells. Long-term activity of 
transduced clones could be detected and was highly likely to be pluripotent. These 
findings indicate that ex vivo gene transfer can be obtained in the hematopoietic 
stem cells that contribute to blood formation over extended periods of time. 
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ABSTRACT 

Over the last decade, the incidence of myelodysplastic syndrome (MDS) 
appears to be on the rise, yet little progress has been made in improving therapies 
for patients with MDS. Growth factors, differentiating agents, and chemotherapy 
have failed to substantially improve the outcome for most patients. Transplant is 
potentially curative, but it is an option for <5% of cases, because the disease 
predominates in the elderly. It is therefore not only timely but essential that the 
biology of these disorders be aggressively studied to develop better treatment 
options. Patients with MDS generally present with a variable cytopenia in the blood 
and a monoclonal, dysplastic, hypercellular bone marrow (BM). A cytokine-
induced excessive apoptosis of hematopoietic cells in the BM may account for the 
cytopenia. Suppression of these cytokines with a consequent attenuation of 
programmed cell death in the marrow can logically be considered a new therapeutic 
option. Unfortunately, a plethora of proinflammatory cytokines have been found to 
be upregulated in the marrow of MDS patients, making it unlikely that each could 
be individually neutralized. Recognition that tumor necrosis factor (TNF) acts as 
the proximal initiator of this inflammatory cascade has rendered this ubiquitous 
protein an excellent therapeutic target. Over the last several years, anticytokine, 
cytoprotective, and immunosuppressive therapies have been tried with variable 
success. Despite significant benefit in some patients, all these approaches remain 
essentially palliative at best. Curative treatment depends on developing a better 
understanding of the etiologic issues involved. This article summarizes our view of 
MDS as an inflammatory disease rather than a malignant one. We have developed 
novel techniques to examine the stromal as well as the parenchymal cells from 
MDS marrow. The role of DNA and RNA viruses and the unique problems related 
to proving an association between pathogens and chronic diseases have been 
discussed at length. Detection of reverse transcriptase activity in the supernatant of 
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cultured MDS cells provides the first exciting hint that a retrovirus may be involved 
in some MDS cases. 

INTRODUCTION 

Myelodysplastic syndrome is an array of clinically frustrating hematopoietic 
disorders that are being found to be more biologically complex than previously 
suspected.1"3 The variable cytopenias that form the pathognomonic features of the 
disease do not appear to represent failed marrow function, because intramedullary 
hematopoietic cells are in a state of heightened proliferation.4 Rather, as novel 
recent insights have demonstrated, cytokine-mediated apoptotic death of 
hematopoietic cells is the likely basis for these quintessential cytopenias.5-8 In the 
midst of this excessive proliferation, excessive apoptosis, and enormous upregu-
lation of proinflammatory cytokines in the BM are aggregates of lymphoid and 
plasma cells, and a significant increase in neoangiogenesis, as well as an increase 
in the factors that drive the formation of new blood vessels.9 Finally, the disease is 
monoclonal.10 What that implies is a clonal expansion of an early stem cell capable 
of terminal, albeit dysplastic, differentiation into all lineages. To speculate on 
possible etiologies for these very peculiar findings, a more detailed examination of 
some of these features is warranted. 

Apoptosis in MDS 

Bone marrow cells belonging to all 3 lineages (myeloid, erythroid, and 
megakaryocyte) have been found to be apoptotic at every stage of their maturation. 
Blasts as well as CD34+ cells show evidence of increased apoptosis, especially when 
examined in a mixture containing both CD34+ and CD34~ cells. When propensity to 
undergo premature apoptosis is studied in separated cells, CD34+ cells appear to be 
indistinguishable between MDS and normal marrow, implying that the signal for 
apoptosis may reside within the CD34" compartment. Whether the primitive 
hematopoietic stem cells in MDS patients have an increased propensity to undergo 
premature apoptosis remains undetermined as of now, since several independent 
studies have provided conflicting data.11-15 In sections of bone marrow biopsies 
studied for apoptosis by in situ labeling techniques, blasts are generally 
nonapoptotic. There is also a significant difference in the level of apoptosis between 
peripheral blood (PB), BM aspirate, and BM biopsies. We and others have 
demonstrated that biopsies have the highest incidence of apoptosis, making up as 
much as 75% of the cellular component. On the other hand, BM aspirates have a 
much lower percentage of apoptotic cells, ~0-5%, and the cells may remain 
undetected unless unmasked following short-term cultures in complete medium. 
Finally, cells in PB are actually more resistant to apoptosis than are normal cells.16 
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Despite the different sensitivity toward early death within cells of the 3 different 
compartments, all cells are descended from the same transformed MDS clone. Cells 
bearing a spectrum of propensity toward apoptosis, with the most sensitive residing 
in the biopsy and the most resistant in the circulation, also suggest that the 
proapoptotic signals are highly concentrated in the marrow biopsies. Because 
parenchymal cells are easily aspirable, this observation also indicates that proteins 
initiating programmed cell death may be originating in the marrow stroma, a 
compartment whose cells are generally nonaspirable in appreciable quantities. What 
these signals are will be discussed below. 

Role of Proapoptotic Cytokines 

The excessive cell death in MDS appears to be cytokine mediated. A number 
of proinflammatory cytokines have been found to be expressed in higher than 
normal amounts; however, the proximal initiator of this cascade is the ubiquitous 
tumor necrosis factor.17-19 Appreciation that TNF may act as the master switch 
capable of turning the cascade of proinflammatory cytokines on and off has also 
opened the possibility of using TNF as a therapeutic target. Attempts to neutralize 
or suppress this upstream cytokine via the use of anti-TNF agents such as pentox
ifylline (Enbrel)—and more recently, thalidomide—or the cytoprotective agent 
amifostine have resulted in improved blood counts in a subset of MDS 
patients.20-23 This provides further in vivo support for the hypothesis that 
apoptosis in hematopoietic cells is being mediated by cytokines, particularly TNF. 
The precise source of these cytokines remains obscure, but because the incidence 
of apoptosis is the highest in BM biopsies, it is highly likely that stromal or 
accessory cells are secreting these proteins. 

Immune Abnormalities in MDS 

In addition to an inflammatory reaction in the marrow, there is increasing 
evidence that all is not normal with the immune system of MDS patients.24 There is 
often a lymphocytopenia in these patients, especially that affecting the CD4 cells. 
There are aggregates of lymphocytes and plasma cells infiltrating the marrow. These 
are composed of both T and B cells and have been found to be polyclonal. 

Cytogenetic Abnormalities in MDS 

Recurrent, nonrandom karyotypic abnormalities in MDS include those affecting 
chromosomes 5, 7, 8, 20, and Y . 2 5 With the exception of trisomy 8, all others 
involve loss of part or a whole chromosome. By sorting CD34+ cells into further 
subsets, we have found that karyotypic abnormalities affect even the earliest stem 
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cells. Interestingly, both the cytogenetically normal and abnormal cells are found 
to descend from the transformed MDS parent cell, implying that cytogenetic 
abnormalities are not causally related but represent derivative populations of an 
evolving clone. 

Etiology of MDS 

Given the complicated biology described above for MDS, it is difficult to 
envision a simple explanation for the cytopenias that epitomize the clinical 
syndrome. The marrow biopsy appears to be the site of an inflammatory reaction, 
resulting in a peculiar cytopathic effect on the nonlymphoid cellular 
compartment, particularly the erythroid series. Some cases of MDS present with 
excess blasts, whereas in others there is a gradual increase in immature cells— 
although sudden transformation of refractory anemias to acute leukemia has been 
described. On the whole, there is an increased risk of leukemic transformation in 
MDS, the risk and rapidity being relatively proportional to the percentage of 
blasts at presentation. Excessive proliferation—matched by an excessive 
cytokine-induced apoptosis as well as increased amounts of proapoptotic 
cytokines in the background of a hypercellular, monoclonal marrow with an 
intrinsic immunologic defect in the patient—suggests that MDS may not be a 
malignant disease, but is rather an inflammatory process. In fact, we hypoth
esized that MDS begins as a viral disease. Now we have some circumstantial 
evidence to support that hypothesis and new leads to pursue, leads that should 
provide incontrovertible proof for our hypothesis. 

Concilience Across Dysplastic States 

Because nature is highly parsimonious as a rule, it is likely that a number of 
dysplastic tissues in the body follow the same algorithm. A comparison between 
the biologic peculiarities of dysplasias affecting the bone marrow, cervix, liver 
cells, and stomach cells shows extraordinary similarities.26 All 4 dysplastic states 
are characterized by increased proliferation, increased apoptosis, elevated levels of 
proapoptotic cytokines/genes (p53), and attenuated antiapoptotic genes (bcl-2). All 
dysplastic tissues are also monoclonal, and at least in the case of cervical dysplasia, 
it has been demonstrated that 2 dysplastic areas separated by normal tissue are both 
monoclonal, whereas the intermediate normal tissue is polyclonal. Interestingly, 
the 2 monoclonal tissues may be descended from different parent cells, implying 
that the etiology could very well be outside the dysplastic cells. In fact, it is 
possible that the dysplastic morphology merely represents an adverse microenvi-
ronment resulting in 1 or 2 cells acquiring a growth advantage, leading to their 
clonal expansion and an eventual monoclonal state. If this is true, then the role of 
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the microenvironment must be intensely studied. In addition, there is a 30% chance 
of a frank malignancy arising in the background of the dysplastic tissue in every 
dysplastic state. Finally, cervical, liver cell, and stomach cell dysplasias have all 
been associated with an infectious pathology. The human papilloma viruses (HPV) 
as well as human herpesviruses (HHV) 1 and 4 have been linked to cervical 
dysplasia; hepatitis B and C viruses (HBV and HCV) with liver cell dysplasia; and 
a bacterium, Helicobacter pylori, with stomach cell dysplasia. It is time that we 
seriously consider the possibility of a pathogen being responsible for marrow 
dysplasia as well.2 7 , 2 8 

Which Virus? 

If MDS is indeed an infectious disease, then the virus involved may be a 
recently acquired new virus or one that has been living in symbiosis with the 
BM cells. 

Reactivated Viruses. A compromised immune function, a second virus 
infection, or toxic/chemical exposure could be responsible for reactivation of a 
resting virus from an inert, quiescent state to one of active proliferation. This is 
not a situation unique to the marrow. A prominent example is that of varicella 
virus causing chicken pox. After producing a self-limited, brief illness—mostly 
in children—the clinical signs and symptoms subside, but the virus never leaves 
the body, assuming permanent residence in the neural ganglia. Yet, only 1% of 
those struck with chicken pox in childhood develop shingles as adults due to its 
reactivation from the neural ganglia. Depending on whether the host is immuno
competent or immunocompromised, this reactivation can cause myelitis, small 
vessel arteritis, or a large vessel encephalitis. It is worth noting here that only 
some of the diseases caused by the reactivated virus are contagious in nature, 
underscoring the point that a lack of epidemiologic evidence for clustering of 
MDS cases does not necessarily rule out an infectious pathology. Candidate 
viruses that have been known to acquire latency in bone marrow cells include 
several of the HHVs, such as HHV-4 (Epstein-Barr virus [EBV]), HHV-5 
(cytomegalovirus [CMV]), and the recently characterized HHV-6, -7, and -8. All 
of these are capable of causing a variety of diseases not only upon direct 
infection, but also upon reactivation from a quiescent state. Their role in 
producing variegated pathology, especially in the hematopoietic cells, has only 
recently been recognized and is being intensely investigated. In our studies of 
cultured BM stromal cells from MDS patients, we have found evidence for 
expression of activation marker genes for both EBV and CMV in 10-50% of 
cases.29 It is not unusual to see a number of latent viruses become activated in 
immunocompromised patients, as has been shown in the case of acquired 
immunodeficiency syndrome (AIDS) patients. Whether the activated 
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herpesviruses in MDS marrow represent an etiologic association or merely an 
enormously immunosuppressed state of the host remains to be determined. 
Because there is a cytopathic effect in the nonlymphoid cells in MDS patients, 
and the herpesviruses are lymphotropic, if these agents are involved in etiology, 
then the apoptosis in nonlymphoid cells may merely represent innocent bystander 
cell death. The role of retroviruses in this latency-reactivation type pathology 
cannot be ignored, because human T-cell leukemia virus (HTLV)-l is known to 
cause not only leukemia but also a neurologic disease called tropical spastic 
paraparesis (TSP).30 In this latter disease, live HTLV-1 has been demonstrated in 
marrow monocytes. Activated HTLV-1 has also been found in AIDS patients, so 
much so that in the early 1980s, it was a serious contender for the cause of the 
disease and may still be a possible cofactor with human immunodeficiency virus 
(HIV) in causing AIDS. It is not entirely improbable for a lymphotropic virus 
such as HTLV to be responsible for a myeloid disease of the marrow, and its role 
also needs to be vigorously tested in marrow disorders, including MDS. 

A New Virus. Only 4 retroviruses have so far been associated with human 
diseases, HTLV-1 and -2 and HIV-1 and -2. The reason is clearly not that no 
other retroviruses cause human diseases; rather, it lies with the difficulty in 
isolating these pathogens with previously available techniques. With the surge in 
new and sophisticated technology, the time is ripe for the search to restart. It is 
not unlikely that a slow-growing lentivirus, acting alone or in the company of 
cofactors, is responsible for the chronic inflammatory reaction in the marrow of 
MDS patients. 

Which Cell? 

So far, most biologic studies in MDS have concentrated on examining 
parenchymal cells obtained from BM aspirates. It is highly probable that such a 
virus is missed because of its sanctuary in the stromal cells. After all, it has been 
demonstrated that herpetic infection of a few dendritic/stromal cells in myeloma 
can dramatically alter the cytokine milieu in the marrow and provide growth 
advantage to cells of lymphoid origin.31 Unfortunately, there are very few studies 
directed at the stroma in MDS patients, for the obvious reason that bone marrow 
cells have been difficult to culture in vitro, since they undergo rapid apoptosis. 
Using modified techniques developed recently, much success has been achieved in 
growing bone marrow stromal cells in long-term in vitro cultures. Supernatants 
from these cultures have begun to yield interesting new biological information as 
reverse transcriptase activity has been demonstrated in the cultured stromal layers 
from some MDS cases. These data appear to implicate a retrovirus either as a sole 
causative agent or as a cofactor in at least a subset of MDS cases. These studies 
need to be vigorously pursued for confirmation. 
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THE PROBLEM OF ASSOCIATING VIRUSES 
AS ETIOLOGIC AGENTS FOR CANCERS 

There are several reasons it has not been easy to demonstrate the role of viruses 
in human malignancies despite morphologic proof of virus-like particles and 
genetic evidence for activated viral genes. In summary: 
• There is usually an extended lag between the actual viral infection and the 

appearance of a malignancy. In the case of HTLV, a vertical transmission of 
the virus from mother to baby has been clearly demonstrated, yet the 
leukemia associated with this agent does not become clinically apparent for 
decades. 

• As a consequence of the above, it is clear that cofactors must play a critical 
role in the carcinogenic process, some of which have been graphically 
illustrated recently. The case of HIV and HHV-8 acting in concert to cause 
a higher incidence of Kaposi's sarcoma (KS) in patients with AIDS is a 
prime example. The coactivation of several pathogens simultaneously has 
been shown to cause more profound disease, as seen in HIV and AIDS, in 
the presence of other sexually transmitted diseases. Because of patients who 
have remained positive for HIV without developing AIDS for more than a 
decade, the need for a cofactor in both known retroviruses has been further 
underscored. In fact, much debate surrounds the question of what precisely 
causes the clinical syndrome of AIDS. It is the view of several respected 
researchers that without the simultaneous infection of HIV-positive patients 
with other pathogens such as mycoplasma, the syndrome of AIDS remains 
clinically silent. The same may be true for cancers and infectious agents. In 
a way, the situation is analogous to a safety deposit box where 2 keys need 
to be turned simultaneously to open the lock. Especially because of the 
abundance of micro-organisms in our midst, it is highly probable that 
ingenious strategies have materialized over millennia of evolutionary 
pressures to best the ever-escalating battle between host and pathogen. Thus, 
the need for cofactors; otherwise, cancer would be far too common a disease. 

• Cancers do not follow the rules of quotidian infectious diseases, in that very 
rarely, if ever, has clustering of cases been demonstrated via large-scale 
epidemiologic studies. Gastric ulcer does not show clustering, but does that 
mean H. pylori is not an etiologic agent? 

• Pathogens provide only 1 step in a complex, multistep pathology that 
eventually converts a normal cell into a frankly malignant one. Frequently, 
therefore, it is a hit-and-run situation, where the virus may have been 
responsible for switching on a cellular process that, following a series of 
subsequent events, snowballs into a life of its own, with the final product 
only remotely connected with the proximal initiator. Associating the end 
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organ damage with the master initiator is extremely difficult. This also has 
therapeutic implications, since cessation of smoking fails to cure lung cancer 
for this reason despite the proved association between the two. 

• Recent demonstration of the association between H. pylori and stomach 
cancer and HBV or HCV and hepatocellular carcinoma provides yet another 
baffling variable, since it appears that pathogens causing cancer could be 
familiar, common ones. Why these common pathogens produce pathology in 
a selected few once again reinforces the requirement for multiple factors in 
the complex process of carcinogenesis. 

THERAPIES PAST AND PRESENT 

Myelodysplastic syndrome is a group of bone marrow disorders marked by 
monoclonal, dysplastic hematopoiesis with or without an excess of blasts, a 
hyperactive marrow filled with rapidly proliferating and dying cells, and a plethora 
of proinflammatory cytokines. Clinically, this translates into ever-worsening 
cytopenias and transformation toward acute leukemia, predominantly in those 
individuals who present with an excess of blasts. The universally grim nature of 
this illness can best be appreciated by the fact that the median survival for MDS 
patients is only 2 years. Given the highly complex biology described above, it is no 
surprise that therapeutic approaches have been many and varied, and most of them 
have failed to produce the desired benefit. Standard treatment of MDS, as a result, 
continues to be supportive care. The only curative therapy is transplantation,32 but 
that remains an option for <5% of patients. Palliative measures directed at inducing 
differentiation (vitamins), hyperproliferation (growth factors), and cell kill 
(chemotherapy) have failed to provide long-term benefit for most patients. Recent 
therapeutic strategies have been directed at reducing the cytokine-induced death of 
hematopoietic cells by neutralizing the cytokine directly (TNF receptor Enbrel) or 
indirectly (pentoxifylline, amifostine, thalidomide) or by eliminating the cells 
producing the cytokines (cyclosporin, antithymocyte globulin [ATG]).33 Results 
obtained with these agents appear to be no better than those with previous 
approaches, producing improved counts in 30%-50% patients for a period of time. 
In summary, therefore, nontransplant therapies for MDS to date have provided only 
palliation. Future trials need to judiciously combine these agents for better results. 
Any hope for cure must take into account more etiology-related issues, thereby 
underlining the extreme urgency for aggressive basic research. 
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In 1949, Jacobson et al.1 reported that mice could be protected from the 
marrow-lethal effects of ionizing total body irradiation (TBI) by shielding their 
spleens with lead. This finding marked the beginning of the modern era of 
hematopoietic stem cell transplantation (HSCT). It led to further animal 
experiments, which showed in 1956 that the radioprotection was effected by 
transplantable HSCs.2"4 Further experiments in large random-bred animal species 
resulted in the development of an HSC transplant schema for human patients with 
marrow-based diseases, such as leukemias.5 The schema involved the adminis
tration of very high doses of systemic chemoradiation therapy to destroy the 
patients' underlying diseases, followed by rescue through subsequent infusion of 
HSCs. The therapy's intensity would be limited only by serious toxicities to 
nonmarrow organs, for example, gut, lung, heart, and liver. 

Most current HSCT approaches are based on the original treatment schema. 
Even so, at least 2 findings have raised questions about whether the current 
transplant concepts are universally valid. One is that many hematologic 
malignancies cannot be wiped out by high-dose therapy, even though it has been 
intensified to a point at which serious organ toxicities are common.5'6 The other is 
that many of the observed cures can be ascribed to immunologic graft-vs.-tumor 
reactions.7-10 In fact, donor lymphocyte infusions are now commonly used to 
reinduce remissions in patients who have relapsed after conventional H S C T . 1 1 1 2 

The 2 findings, that regimen-related toxicities have limited conventional HSCT to 
younger patients with good organ function and a better understanding of how to 
control both host and donor immune functions, have led to a radical rethinking of 
how allogeneic HSCT might be done in the future. For example, instead of trying 
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to wipe out tumor cells through intensive and toxic therapy, the HSCT donor's 
immune cells are used for that purpose, invoking a graft-vs.-tumor effect. 
Eliminating the high-dose pretransplant therapy from transplant regimens would 
allow extending HSCT to include patients who are too old or medically infirm to 
qualify for conventional allotransplants. 

The development of the new nonmyeloablative HSCT approach used in Seattle, 
Stanford, Denver, and Leipzig was firmly based on 2 experimental findings 
showing that both host-vs.-graft (HVG) and graft-vs.-host (GVH) reactions are 
mediated by T lymphocytes in the setting of major histocompatibility 
complex-identical HSCT. This has opened up the possibility of identifying post-
transplant immunosuppression that not only controls GVH disease (GVHD) but 
also reduces HVG residual reactions and, thus, eliminates the need for intensive 
and potentially organ-toxic pretransplant therapy. Studies in a preclinical canine 
model enabled us to substitute nonmyelotoxic posttransplant immunosuppression 
for cytotoxic pretransplant conditioning therapy in a stepwise fashion.13,14 The new 
transplant schema evolving from these studies includes some immunosuppression 
delivered before HSCT to reduce host immune reactivity and a slightly more 
extended course of immunosuppression administered after transplant, which has 
the dual purpose of both controlling GVHD and eliminating residual host immune 
responses. After discontinuation of posttransplant immunosuppression, mutual 
graft-host tolerance develops, which may become manifest as either stable mixed 
donor/host or all-donor hematopoietic chimerism. 

A well-tolerated and effective transplant regimen in dogs uses a low and 
nonmyeloablative dose of 200 cGy (given at the very low rate of 7 cGy/minute) 
TBI before DLA-identical HSCT and the de novo purine synthesis inhibitor 
mycophenolate mofetil (MMF) combined with the T-cell activation blocker 
cyclosporine (CSP) for 4 and 5 weeks, respectively, after transplant.14 Successful 
donor engraftment was also accomplished when dogs were given pretransplant 
irradiation limited to cervical, thoracic, and upper abdominal lymph nodes instead 
of TBI. 1 5 In these dogs, donor cells became permanently established as soon as 
6 weeks after HSCT even in lead-shielded, nonirradiated marrow and lymph node 
sites. This result challenged the long-held concept that creation of marrow space 
by cytotoxic agents was needed for stable allogeneic engraftment and indicated 
that the grafts could create their own space, presumably helped by subclinical 
GVH reactions. It also raised the hope that future regimens might employ 
nontoxic T-cell immunosuppression rather than low-dose pretransplant 
irradiation. A first step in this direction was taken in a study in which blocking 
T-cell costimulation through CTLA4Ig fusion protein, and at the same time 
stimulating the T-cell receptor with HSC donor antigen, resulted in lowering of 
the pretransplant TBI dose needed for stable allogeneic engraftment from 200 to 
100 cGy. 1 6 
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Figure 1. Conceptual schema for outpatient transplants. CSP, cyclosporine; GVHD, graft-
vs.-host disease; HSCT, hematopoietic stem cell transplantation; MMF, mycophenolate 
mofetil; TBI, total body irradiation. 

Figure 1 shows a new conceptual schema for allogeneic HSCT in patients with 
nonmalignant and malignant hematologic diseases that was developed on the basis 
of the results of the preclinical canine studies.1718 The schema postulates that 
patients with T-cell deficiency diseases, such as common variable immunodefi
ciency disease, do not need pretransplant conditioning; the validity of this concept 
has already been verified in several transplanted patients.19 A dog model of 
hereditary hemolytic anemia has allowed evaluation of the nonmyeloablative 
HSCT approach in the treatment of another nonmalignant genetic disease,20 and 
findings in that model have now been successfully translated to human patients 
with sickle cell anemia (unpublished data). 

In patients with malignant hematologic diseases, initial mixed chimerism was 
expected to spontaneously convert to all-donor chimerism either during an episode 
of acute GVHD or after an injection of donor lymphocytes. The concept has been 
successfully applied as therapy in patients with acute and chronic leukemias, 
myelodysplasia, Hodgkin's and non-Hodgkin's lymphoma, and multiple myeloma 
who were deemed ineligible for conventional transplants because of age or medical 
infirmity.21 The regimen included pretransplant TBI 200 cGy administered as a 
single fraction at a rate of 7 cGy/minute, CSP 6.25 mg/kg bid po on days -3 to 35 
with subsequent taper through day 56, and MMF 15 mg/kg bid po beginning in the 
afternoon of day 0 through day 27. Granulocyte colony-stimulating 
factor-mobilized unmodified peripheral blood stem cells from HLA-identical 
sibling donors were infused on day 0. Forty-four patients with a median age of 
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56 years (range, 31 to 72 years) were entered on protocol. Follow-up was at a 
median of 429 days (range, 320-769 days). Diagnoses were acute myeloid 
leukemia (AML) (n = 11), chronic myeloid leukemia (CML) (n = 8), chronic 
lymphocytic leukemia (CLL) (n = 8), multiple myeloma (MM) (n = 6), Hodgkin's 
disease (n = 4), non-Hodgkin lymphoma (NHL) (n = 3), Waldenstrom's disease 
(n = 2), acute lymphoblastic leukemia (ALL) (n = 1), and myelodysplastic 
syndrome (MDS) (n = 1). Transplants were well tolerated, with mild myelosup-
pression, no mucositis, no new-onset alopecia, and reversible hyperbilirubinemia 
in 3 patients. Among the 32 patients who were eligible for outpatient allografting, 
the median number of hospitalization days (through day 60) was 0 (range, 0-26). 
Nonfatal graft rejection occurred in 9 patients (20%). Grade II acute GVHD was 
seen in 36% of engrafted patients, grade III in 11%, and grade IV in none. Three 
patients (6.8%) died of transplant complications between days 54 and 360, and 
26.7% of patients died from relapse. Twenty-nine patients had pretransplant 
exposure to intensive chemotherapy, including failed autologous transplants, or 
had received multiple cycles of purine analogs, and 28 of them had sustained donor 
cell engraftment. Major disease responses were observed in 48% of patients who 
had measurable disease pretransplant and sustained donor engraftment. These 
included all 5 CML patients with complete molecular responses, 5 of 7 C L L 
patients, 1 of 3 A M L patients, the 1 A L L patient, 4 of 6 M M patients, 2 of 
4 Hodgkin's disease patients, 1 of 3 NHL patients, and 1 of 2 Waldenstrom's 
disease patients. Five patients with CML and 2 with CLL achieved complete 
molecular (polymerase chain reaction) remissions. Although the follow-up of 429 
days is too short to assess definitive antitumor effects, this novel approach has 
dramatically reduced the acute toxicities of allografting even in elderly patients and 
has allowed for the induction of graft-vs.-tumor effects in an ambulatory care 
setting. Addition of 3 doses of fludarabine, 30 mg/m2 per day for 3 days, to the 
immunosuppression has enhanced engraftment, even in the unrelated transplant 
setting; extending the postgrafting immunosuppression might reduce GVHD 
without significantly increased toxicity, thereby facilitating further studies of 
adoptive immunotherapy in various malignancies and also for cure of selected 
nonmalignant diseases. 
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ABSTRACT 

Mixed lymphohematopoietic chimerism (MLC) has been reliably induced in 
preclinical models and in preliminary clinical trials using nonmyeloablative 
preparative therapy and allogeneic bone marrow or peripheral blood stem cell 
transplantation. Based on a murine model in which MLC was induced and then 
converted to full donor hematopoiesis without graft-vs.-host disease (GVHD) 
using delayed donor leukocyte infusions (DLIs), we developed a treatment 
regimen for hematologic malignancies. The regimen involved cyclophosphamide 
(CY), in vivo T-cell depletion (TCD) using anti-T-cell antibodies, cyclosporine, 
and HLA-matched or -mismatched bone marrow transplantation (BMT). DLIs 
were administered beginning 5 weeks posttransplant to patients who had MLC 
and no evidence of GVHD. Thirty-six patients received an HLA-matched BMT 
for advanced hematologic malignancies including non-Hodgkin's lymphoma 
(NHL) (« = 20), Hodgkin's disease (n = 6), acute myeloid leukemia (AML) (n = 5), 
acute lymphoblastic leukemia (n = 1), multiple myeloma (n = 1), and chronic 
lymphocytic leukemia (CLL) (n = 3). Preparative therapy for matched BMT 
consisted of CY 150-200 mg/kg days -5 to -3 or -2, antithymocyte globulin 
(ATG) 15-30 mg/kg days -2, -1, and 1 or -1, 1, 3, and 5 and thymic irradiation 
700 cGy day -1. Nine of 34 (26%) évaluable patients developed grade >II GVHD 
(6 grade II; 3 grade III—IV). MLC was demonstrated in all 34 évaluable patients. 
Eleven patients (29%) ultimately lost their grafts 28 to 144 days post-BMT. Six 
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of the 12 évaluable recipients of prophylactic DLIs converted to full donor 
hematopoiesis. Sixteen (47%) of 34 évaluable patients achieved a response (11 
complete response [CR]; 5 partial response). Disease-free survival (DFS) and 
overall survival rates at 24 months were 25% and 38%, respectively. Twenty-one 
patients received a BMT mismatched for the HLA-1 to -3 antigen (in the GVHD 
direction). Fourteen recipients of an HLA-1 to -2 antigen-mismatched BMT 
received ATG (15 to 30 mg/kg days -2, -1, and 1 or, -1, 1, 3, and 5); 7 patients 
received anti-CD2 monoclonal antibody therapy (MEDI-507; Biotransplant, 
Charlestown, MA) for in vivo TCD. Of the 14 ATG recipients (11 NHL, 1 AML, 
1 CLL, 1 multiple myeloma), 11 were évaluable for chimerism. Seven patients 
achieved sustained MLC, and 4 converted spontaneously to full donor 
chimerism. Twelve developed grade all GVHD (6 grade II, 6 grade III—IV). Four 
patients are alive, and 2 are in a durable CR at 15 and 36 months post-BMT. 
MEDI-507 was given to 7 recipients. Transient mixed chimerism followed by 
graft loss was seen in the first 4 patients; in the subsequent 3 patients, who 
received an altered MEDI-507 regimen, grade >II GVHD occurred in 2 patients 
who achieved full donor chimerism without DLIs, and 1 patient had a low 
percentage of donor cells by day 28. Five of the 7 MEDI-507 recipients are alive, 
<2 to 9 months post-BMT. This novel nonmyeloablative transplant regimen is 
associated, with the reliable induction of MLC following HLA-matched and 
mismatched BMT. Durable remissions with minimal GVHD and conversion to 
full donor hematopoiesis have been achieved in some patients with refractory 
hematologic malignancies following DLL MEDI-507 may be more effective than 
ATG in preventing GVHD following HLA-mismatched donor BMT. 

INTRODUCTION 

A fundamental question in bone marrow transplantation is how to maximize 
graft-vs.-tumor effects in the early posttransplant period (when tumor load has been 
minimized by the chemoradiotherapy of the conditioning regimen and residual 
tumor eradication is left to the immune system), while minimizing the deleterious 
effects of GVHD. Long-term DFS of patients with advanced hematologic 
malignancies depends greatly on the generation of allogeneic immune responses 
against the tumor, with the kinetics of graft-vs.-tumor reactivity and of tumor 
regrowth ultimately deciding the remission status following the transplant. Thus, 
the development of transplant regimens that are associated with a reduced risk of 
GVHD and a rapid generation of antitumor immune capabilities is a major goal of 
transplantation biology. 

Although allogeneic BMT is potentially a curative therapy for a variety of 
hematologic malignancies, successful application has been limited by several 
complications, including rejection, GVHD, and prolonged immunoincompetence.1"11 
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These complications are more common (and more severe) following HLA-
mismatched donor allogeneic B M T . 1 2 - 1 8 However, the major potential advantage of 
successful transplantation across HLA barriers is an improved antitumor effect attrib
utable to an enhanced graft-vs.-host alloresponse that also eliminates malignant 
cells.19-22 Experience from Seattle and the International Bone Marrow Transplant 
Registry has shown that BMT using HLA-genotypically or -phenotypically identical 
or single-antigen-mismatched related donors is associated with statistically similar 
survival probabilities,1617 probably because the increased risks of graft rejection and 
GVHD associated with non-HLA-identical donor transplants are offset by a reduced 
probability of relapse (secondary to an increased GVL effect). With the use of HLA 
2- or 3-antigen-disparate family donors, increased antitumor effects may not be 
realized due to an increase in transplant-related mortality.16 Novel approaches are 
clearly needed to expand the availability of BMT to allow transplants from HLA-
mismatched donors, improve the safety profile, and enhance the graft-vs.-malignancy 
effects associated with allogeneic transplantation. 

Recently, attempts have been made to minimize transplant-related mortality 
with less intensive, nonmyeloablative conditioning regimens while maximizing the 
antitumor properties with adoptive cellular immunotherapy via donor leukocyte 
infusions.23-25 Whereas several investigators report intriguing results using 
nonmyeloablative transplant strategies, transplantation across HLA barriers, the 
optimization of innovative nonablative conditioning therapies, and the definition of 
the optimal dosing and timing of DLI represent major challenges to the cure of 
advanced, treatment-refractory hematologic malignancies. 

In several animal models, mixed lymphohematopoietic chimerism has been 
achieved following nonmyeloablative conditioning therapy26-29 and transplantation 
across full MHC barriers.26 Mixed chimerism is achievable in mice following 
nonmyeloablative conditioning therapy that includes T-cell-depleting monoclonal 
antibodies (mAbs) with either low-dose whole body irradiation (3 Gy) or 
cyclophosphamide (200 mg/kg) followed by thymic irradiation.29,30 In this murine 
model, a T-cell-depleting mAb is used in the preparative regimen to deplete the 
host T cells, and because it persists for several weeks posttransplant, it also depletes 
donor T cells, thus avoiding GVHD. These mixed chimeras are resistant to GVHD 
when delayed DLIs are given, even though the DLIs mediate lymphohematopoietic 
GVH reactions that convert their mixed chimerism to full allogeneic chimerism.30 

The nonmyeloablative preparative regimen combined with the deliberate induction 
of a mixed chimeric state—with time allowed for recovery from conditioning-
induced injury—may be protective against acute GVHD by allowing donor allo-
reactivity to occur in the presence of nonspecific host tissue injury, and possibly by 
allowing the recovery of host cell populations that resist GVHD. In addition, the 
use of a nonmyeloablative preparative regimen circumvents the problem of 
permanent aplasia in the event of allograft rejection. 
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Based on our murine model, we initiated a clinical trial to define the optimal 
strategy for the intentional induction of mixed lymphohematopoietic chimerism 
following a nonmyeloablative conditioning regimen and HLA-matched or 
-mismatched related allogeneic bone marrow transplantation for patients with 
hematologic malignancies.21'31 This approach offers several potential advantages 
over conventional allogeneic BMT. Cyclophosphamide at a dose of 150 mg/kg is not 
myeloablative, as is evidenced by the robust host marrow reconstitution observed in 
our patients who have rejected their donor graft, and is associated with less regimen-
related morbidity and mortality than most conventional transplant preparative 
regimens. Whereas the decreased aggressiveness of chemotherapy could also mean 
less tumor cell elimination, the diminished cytoreductive effects of chemotherapy 
could be outweighed by an enhanced graft-vs.-malignancy effect, particularly if DLIs 
can be given without causing GVHD and/or if HLA barriers can be overcome. 

The ultimate goal of our T-cell-depleting regimen is to deplete both donor and 
recipient T cells so that donor marrow engraftment can be achieved and the GVHD 
that would otherwise be induced by donor T cells in the marrow inoculum will be 
avoided. Since this has been achieved in most HLA-matched transplants, we have 
been able to administer DLIs at day 35 to patients with mixed chimerism who had 
no evidence of GVHD to capture the graft-vs.-tumor effects of this potent GVH 
reaction. However, the high probability of acute GVHD in the first 13 recipients of 
HLA-mismatched BMT conditioned with ATG indicated that ATG was 
insufficient to reliably eliminate GVH-reactive donor T cells in the donor marrow. 
MEDI-507, a humanized anti-CD2 monoclonal antibody, was therefore substituted 
for ATG in recipients of HLA 2- or 3-antigen-mismatched BMT. MEDI-507 has 
been shown to result in marked T-cell depletion of peripheral blood and lymph 
nodes in animal models and has been well tolerated in early studies. 

PATIENTS AND METHODS 

Patient Characteristics 

Sixty patients with advanced hematologic malignancies were enrolled; 
57 patients with a median age of 43 years (range, 16-62 years) were transplanted 
(Table 1). This included 35 patients with NHL, 8 with Hodgkin's lymphoma, 
2 with multiple myeloma, 4 with CLL, and 8 with acute leukemia (1 lymphoblastic 
and 7 myelogenous). Thirty-six were recipients of a HLA-matched BMT, and 
21 recipients received an HLA-mismatched BMT (4 one antigen, 15 two antigens, 
and 2 three antigens in the GVH direction; only mismatches of HLA-A, -B, or -DR 
alleles were considered). Eleven patients had disease recurrence shortly after an 
autologous stem cell transplant, and 2 patients had disease progression during or 
shortly after radiation therapy. 
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Table 1. Patient Characteristics 
Number of patients enrolled 60 
Number of patients transplanted 57 
Median age, y (range) 43 (16-62) 
Sex, M/F 34/23 
Diagnosis 

Non-Hodgkin's lymphoma 35 
Hodgkin's disease 8 
Acute myelogenous leukemia 7 
Acute lymphoblastic leukemia 1 
Chronic lymphocytic leukemia 4 
Multiple myeloma 2 

Donor/recipient HLA status 
HLA matched 36 
HLA mismatch 21 

1 antigen 4 
2 antigens 15 
3 antigens 2 

Previous autologous stem cell transplant 11 

Treatment Schema 

The preparative therapy consisted of CY 150-200 mg/kg, ATG 15-30 mg/kg per 
day on days -2, -1, and 1 or -1, 1, 3, and 5, and thymic irradiation 700 cGy as a 1-
time dose on day -1 in patients who had not previously received mediastinal radiation 
therapy. The first 14 HLA-mismatched BMT recipients received ATG. The subsequent 
7 HLA 2- and 3-antigen-mismatched recipients were treated with MEDI-507 as the 
T-cell-depleting antibody. The first 4 recipients of MEDI-507 were treated with a test 
dose (0.1 mg/kg) on day -2 followed by 3 treatment doses (0.6 mg/kg) on days -1,0, 
and 1. Due to the loss of donor hematopoiesis and higher than expected MEDI-507 
serum levels beyond day 35 posttransplant, the next 3 patients were treated with a test 
dose on day -7 and 2 treatment doses given on days -6 and -5. 

Intravenous cyclosporin A (CsA) was begun on day -1 for GVHD prophylaxis. CsA 
was tapered and discontinued as soon as day 35 in patients who did not have GVHD or 
suspicion of GVHD. Following a successful CsA taper, a prophylactic DLI (IX 107/kg 
CD3+ cells) was given beginning on day 35 to patients who had mixed chimerism and no 
evidence of GVHD in an effort to maximize the GVL effect and convert the mixed 
chimerism to a state of full donor hematopoiesis. DLIs were initially abrriinistered on days 
35 and 56 posttransplant. Due to the development of severe GVHD in 2 patients following 
the day 56 DLI, the second prophylactic DLI was omitted from the treatment protocol. 
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RESULTS 

Transplant-Related Toxicity 

Significant transplant-related morbidity included cyclophosphamide-induced 
cardiac toxicity in 4 patients and ATG infusion-related toxicities in 3 patients, 
necessitating dose reductions in subsequent patients. Of 60 patients enrolled on this 
protocol, 3 had disease progression before receiving a transplant. One patient died 
on day 12 secondary to pulmonary hemorrhage, 1 patient died due to unexplained 
central nervous system toxicity on day 63, and 1 patient died on day 77 due to 
posttransplant lymphoproliferative disease. Late posttransplant deaths (days 108, 
180, 405, and 559) have occurred due to opportunistic infections in 3 patients and 
a myocardial infarction in 1 patient who had a history of coronary artery disease 
before transplant. All 4 patients were in complete clinical remission at the time of 
their death. 

An engraftment syndrome, consisting in most cases of fever, fluid retention, and 
rash, was seen in 41 patients (72%). Although a clear distinction of GVHD from 
the engraftment syndrome was not always possible, skin biopsies were usually not 
diagnostic of GVHD and the clinical manifestations often resolved quickly 
following the administration of corticosteroids, which were rapidly tapered and 
discontinued in many cases. Results of chimerism analyses and mixed lymphocyte 
reaction assays, moreover, suggested that, in some instances, a host-vs.-graft 
reaction may have been at least partially responsible for the clinical manifestations 
of the engraftment syndrome . 

Graft-vs.-Host Disease 

Grade sll acute GVHD occurred in a total of 23 of 56 évaluable patients (40%) 
initially posttransplant, including 9 of 34 (26%) HLA-matched BMT recipients 
(6 grade II, 3 grade III-IV) and 14 of 21 (66%) HLA-mismatched BMT recipients 
(7 grade III-IV). Of these 14 HLA-mismatched recipients, 11 had received ATG 
and 2 had received MEDI-507. Five of 12 évaluable HLA-matched recipients 
developed grade >II GvHD following DLI given for chimerism conversion. Two 
of the recipients of 2 prophylactic DLIs developed severe (grade III-IV) GVHD, 
prompting the omission of the day 56 DLI in subsequent patients. Only 3 of the 7 
évaluable recipients of a single prophylactic DLI have developed grade >II GVHD. 
Of HLA-matched recipients who developed early grade >II GVHD (thus 
precluding a prophylactic DLI), 6 developed grade II GVHD limited to the skin. 
Chronic GVHD has developed in 6 (43%) of the 15 évaluable HLA-matched 
recipients. Limited chronic GVHD (requiring minimal immunosuppression) has 
developed in 3 HLA-mismatched transplant recipients who have been followed for 
more than 18 months. 
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Chimerism Analysis 

Chimerism was assessed by flow cytometry analysis, or if HLA allele-specific 
mAbs could not distinguish donor and host, by variable number of tandem repeats 
(VNTR) analysis of weekly blood samples beginning 7-12 days post-BMT 
(through day 100, then every 6 months) and bone marrow aspirates (days 28 and 
100 and 6 months posttransplant). Fifty-three of 55 évaluable patients achieved at 
least initial lymphohematopoietic mixed chimerism following transplantation, 
defined by the presence of >1% donor cells, including all 34 évaluable recipients 
of an HLA-matched BMT and 18 of 20 évaluable recipients of an HLA-
mismatched BMT. 

Thirteen patients who received an HLA-matched BMT converted to full donor 
chimerism, defined as >99% donor by VNTR analysis (without DLI administration 
in 3), and 11 recipients lost evidence of (reverted to <1%) donor chimerism at a 
median of 45 days (range, 28-144 days) posttransplant. Eighteen of the 20 
évaluable HLA-mismatched marrow recipients achieved initial mixed chimerism. 
The initial 4 MEDI-507 recipients lost evidence of their donor grafts early 
posttransplant (between days 14 and 75 posttransplant). Of the 3 recipients who 
received the second MEDI-507 dosing regimen, 2 achieved full donor chimerism 
by day 21 and day 42 without DLI, and the third recipient had very a small 
population (1%) of donor cells at day 28 posttransplant. Of the 13 évaluable 
recipients of ATG, 11 achieved mixed chimerism, 4 converted to full donor 
chimerism, and 7 had mixed chimerism at the time of last follow-up. All patients 
showed varying percentages of donor chimerism (split-lineage chimerism) among 
lymphocytes, monocytes, and neutrophils. 

Effects of DLI 

Donor leukocyte infusions have been administered to 23 HLA-matched donor 
BMT recipients, 13 for the conversion of mixed chimerism to full donor 
hematopoiesis (prophylactic DLI) and 13 for the treatment of posttransplant relapse 
(in 3 patients following a prophylactic DLI). Six of the 11 évaluable recipients of 
prophylactic DLI converted to full donor hematopoiesis in both the T-cell and the 
non-T-cell subsets (Figure 1A). Seven of these 11 patients developed grade >II 
acute and/or chronic GVHD. Among the 7 évaluable recipients of a single DLI, 4 
developed acute and/or chronic GVHD. Of the 13 patients who received DLI for the 
treatment of progressive malignancy, de novo or progressive GVHD occurred in 6. 

Because of acute GVHD or absence of mixed chimerism, none of the HLA-
mismatched recipients who received ATG were given DLIs. The first 4 recipients 
of MEDI-507 antibody therapy were given DLIs during a progressive loss of donor 
hematopoiesis (day 35 to 76 posttransplant). All 4 patients subsequently lost 
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evidence of their donor graft. Of the second cohort of MEDI-507 recipients, 
1 received a DLI at day 44 during a decline in the percentage of donor cells. 

Response 

Twenty (42%) of 48 évaluable patients achieved a clinical response. Fourteen 
recipients (11 HLA-matched and 3 HLA-mismatched) achieved a clinical complete 
remission, and 6 recipients (5 HLA-matched and 1 HLA-mismatched) achieved a 
partial remission. Twenty-three (39%) patients are alive, 13 (23%) of whom are 
progression free at a median of 261 days (range, 25-1139 days) posttransplant. 

7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 

Days Posttransplant 

7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 

Days Posttransplant 

Figure 1. The pattern of chimerism as demonstrated by the median percentage of donor 
cells found in the peripheral white blood cell count (WBC) over time in 12 recipients of an 
HLA-matched donor bone marrow transplantation who received a prophylactic donor leuko
cyte infusion (DLI) beginning on day 35 and in 4 who received a second DLI beginning on 
day 56 posttransplant (arrows indicate time of DLI administration )(A) and in 7 patients who 
did not receive DLI posttransplant due to the presence or suspicion ofGVHD (B). Chimerism 
was determined by microsatellite analysis and is shown as estimates of the percentage of donor 
DNA present in the total WBC and in the CD3+ and CD3~ subsets. 
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Seven (12%) patients died of transplant-related complications, and 27 (47%) died 
as a result of recurrent or progressive malignancy. 

DISCUSSION 

Striking antitumor responses have been seen in a significant percentage of 
patients with chemoradiotherapy-refractory hematologic malignancies following 
this novel nonmyeloablative preparative regimen. Mixed lymphohematopoietic 
chimerism has been seen at least initially in all évaluable cases, including after 
HLA-mismatched transplants. Mixed chimerism following conditioning with a 
nonmyeloablative regimen has also for the first time been demonstrated following 
HLA-mismatched BMT. The conversion to full chimerism with mild or absent 
GVHD in association with marked leukemia/lymphoma responses in several 
patients thus far demonstrates the principle that GVH reactions can be largely 
confined to the lymphohematopoietic system if, after a delay, DLIs are given to 
patients with mixed chimerism without GVHD. 

The deliberate induction of mixed hematopoietic chimerism using this nonmye
loablative conditioning approach that includes in vivo posttransplant T-cell 
depletion with either ATG or MEDI-507 represents an innovative strategy for 
separating GVL effects from GVHD, even across HLA barriers. The achievement 
of durable complete remissions, predominantly in patients who received prophy
lactic DLIs, demonstrates that mixed chimerism is an important platform for the 
potent immunotherapeutic effects of DLL 

In contrast to the murine model, GVHD was not prevented by an ATG-
containing conditioning regimen. Significant GVHD was seen in most recipients of 
an HLA-mismatched transplant, precluding use of DLL GVHD was also seen in 
approximately half of the HLA-matched transplant recipients of a single prophy
lactic DLL Central to the success of the murine model has been an effective in vivo 
depletion of host and donor T cells. With the use of the MEDI-507, a profound 
T-cell depletion has been achieved, and in the first 4 recipients of a 2- or 3-antigen 
mismatched transplant, GVHD was prevented. Because of the lack of sustained 
engraftment and higher than anticipated serum MEDI-507 levels beyond day 35 
posttransplant, a change in the dose and schedule of MEDI-507 was instituted. 
More stable engraftment, albeit with GVHD in 2 of 3 recipients of an HLA-
mismatched transplant, has been achieved, demonstrating that complete deletion of 
donor T cells was not achieved with this regimen and additional anti-T-cell therapy 
and higher stem cell doses may be needed to overcome the delicate balance 
between GVHD and HVG alloreactivity so that DLIs may ultimately be given to 
this group of patients. 

The achievement of mixed chimerism using this nonmyeloablative transplant 
strategy without GVHD has important implications for the treatment of malignant 
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and nonmalignant disease, as well as for the inducement of donor-specific allo-
tolerance. Future efforts will focus on the optimal delivery of the components of 
this regimen and on the study of posttransplant immunological responses. 
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INTRODUCTION 

Donor T cells specific for recipient minor histocompatibility antigens 
(mHAgs) mediate both graft-vs.-host disease (GVHD) and a graft-vs.-leukemia 
(GVL) response following allogeneic hematopoietic stem cell transplantation 
(HCT) from an HLA-identical donor. Thus, the rate of leukemic relapse is higher 
in recipients of syngeneic HCT or T-cell-depleted allogeneic HCT compared 
with recipients of unmodified HCT. 1 New approaches to allogeneic HCT reduce 
the intensity of the conditioning regimen and rely largely on a GVL effect to 
eradicate the malignancy.2,3 These nonmyeloablative transplants have less early 
treatment-related toxicity but are often complicated by GVHD. Several strategies 
that could be applied after myeloablative or nonmyeloablative HCT to potentially 
separate the beneficial GVL effect from GVHD are being investigated. The 
approach being pursued by our group is based on the finding that mHAgs may 
exhibit restricted or preferential expression on recipient hematopoietic cells, 
including leukemic cells. Thus, augmenting T-cell responses to tissue-restricted 
mHAgs by adoptive transfer to T-cell clones might selectively induce a GVL 
effect without GVHD. 

mHAgs DEFINED BY T-CELL CLONES 

Recent studies have demonstrated that mHAgs recognized by CD8 + T cells 
consist of peptides that are derived from polymorphic genes and presented by 
major histocompatibility complex (MHC) class I molecules on recipient cells. 
In an ongoing study at the Fred Hutchinson Cancer Research Center involving 
HLA-identical allogeneic bone marrow transplant (BMT) donor recipient pairs, 
CD8 + cytotoxic T lymphocytes (CTLs) specific for mHAgs are being isolated 
by stimulating peripheral blood mononuclear cells (PBMCs) obtained from the 
recipient after HCT with aliquots of 7-irradiated PBMCs obtained from the 
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recipient pretransplant and cryopreserved. mHAg-specific T-cell clones are 
generated from these polyclonal cultures by limiting dilution cloning 
techniques. A large number of CTL clones that recognize individual mHAgs 
encoded by autosomal genes have been isolated, including 10 mHAgs 
presented by HLA-A2 or -B7. These mHAgs appear to be distinct from the 
previously described HA-1, -2, -4, -5, -6, and -7 mHAgs on the basis of the 
tissue expression and/or population frequency of the minor H allele.4,5 mHAgs 
presented by other class I HLA molecules including HLA-A3, - A l l , -A29, 
-B37, -B41, -B44, -B53, and -Cw7 (Warren EH, Riddell SR, unpublished 
data).4 All of the mHAg-specific CTLs we have generated recognize recipient 
hematopoietic cells, a finding that was expected because the cultures were 
initiated using hematopoietic cells for in vitro stimulation. However, approxi
mately one half of the T-cell clones failed to lyse skin fibroblasts in vitro, 
suggesting that the genes encoding these mHAgs were not ubiquitously 
expressed in nonhematopoietic tissues.4 

Other groups have also isolated T-cell clones reactive with mHAgs that are 
selectively expressed in hematopoietic cells. Goulmy5 has characterized CD8 + 

CTL clones that define 7 mHAgs designated HA-1 to HA-7 and encoded by 
autosomal genes.7,8 HA-3, -4, -5, -6, and -7 are expressed by hematopoietic cells, 
endothelial cells, epithelial cells, and fibroblasts, suggesting broad, if not 
ubiquitous, expression of these mHAgs. However, HA-1 and HA-2 are not 
expressed in nonhematopoietic cells such as keratinocytes, fibroblasts, and renal 
epithelial cells, and these mHAgs were suggested as potential targets to induce a 
selective GVL response.6 Dolstra et al.9 isolated a CD8 + CTL clone specific for a 
mHAg denoted HB-1, which is presented by HLA-B44 and is distinct from the 
B44 restricted mHAg defined by the CTL clones studied by our group (Dolstra H, 
Warren EH, unpublished data). Epstein-Barr virus (EBV)-transformed B cells and 
B-cell acute lymphocytic leukemia (B-ALL) cells were lysed in vitro by HB-1-
specific CTLs, but skin fibroblasts, T cells, and monocytes were not recognized, 
suggesting that HB-1 expression is limited to a subset of hematopoietic cells. The 
gene encoding HB-1 has recently been identified, and its selective expression in 
transformed B cells and B-ALL cells but not normal hematopoietic cells was 
confirmed by molecular analysis.10 

mHAgs encoded by the Y chromosome have also been described. Three H-Y 
antigens that are presented by HLA-A1, -A2, and -B7 and expressed by both 
hematopoietic and nonhematopoietic lineage cells have been described.5 CD8+ 

T-cell clones specific for a fourth H-Y antigen presented by HLA-B8 have recently 
been isolated by our group after transplantation of marrow from a female donor 
into a male recipient.11 However, in contrast to previously described H-Y antigens, 
the B8-restricted CTLs lysed hematopoietic cells including leukemic blasts but not 
skin fibroblasts. 
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IDENTIFICATION OF GENES ENCODING mHAgs 

The isolation of T-cell clones with defined reactivity for individual mHAgs 
provided reagents to pursue the identification of the genes encoding mHAgs. Three 
primary strategies have been employed to identify the genes encoding mHAgs: 
(1) positional cloning to define the chromosome location of the gene12; (2) the 
elution of peptides from cell surface MHC molecules, separation of the fraction 
containing the mHAg peptide using biochemical techniques, and derivation of the 
sequence of the peptide using mass spectrometry13; and (3) screening of cDNA 
expression libraries constructed from mHAg-positive cells using mHAg-reactive 
T cells.10'14 

The peptide elution method has been used to identify the amino acid sequence 
of 5 human mHAgs: the HA-1 and HA-2 antigens,1516 a newly identified HLA-
A2-restricted mHAg termed HA-8 identified by our group (Brinckner AG, Warren 
EH, Caldwell JA, et al., unpublished data), and 3 H-Y antigens.17"19 The peptide 
corresponding to HA-1 is encoded in a gene designated KIAA0223, which was 
derived from an acute myeloid leukemia (AML) cell line and is present in at least 
2 alleles that differ at only a single amino acid in the nonamer epitope recognized 
by HA-l-specific CTLs. 1 6 As predicted from in vitro cytotoxicity assays, the 
expression of KIAA0223 mRNA is restricted to hematopoietic cells, suggesting it 
may be a suitable target to induce a GVL response.20 The amino acid sequence of 
HA-2 closely matches but is not identical to that of a class I myosin gene.15 The 
failure to conclusively assign a gene to HA-2 has precluded definitive studies of 
tissue expression. The peptide corresponding to HA-8 is encoded by a gene 
designated KIAA0020 (Brinckner AG, Warren EH, Caldwell JA, et al., 
unpublished data). Remarkably, the critical polymorphism responsible for the HA-
8 epitope results in an alternation in peptide processing or transport rather than 
affecting binding of the peptide to HLA-A2 or the peptide/MHC complex to the 
T-cell receptor. The T-cell clone SKH-13 is specific for HA-8 lysis in both 
hematopoietic and nonhematopoietic cells, and molecular analysis of tissue 
expression has confirmed the broad expression of KIAA0020. 

The amino acid sequences of 2 H-Y antigens identified by peptide elution 
corresponded to sequences encoded by the SMCf gene, which shares 85% identity 
at the amino acid level with a homologous X-chromosome gene, SMCX. The 
HLA-A2-restricted SMCY epitope, FKDICQV, was found to contain a modifi
cation of the cysteine residue at position 7, consisting of the attachment of a second 
cysteine via a disulfide bond.18 A third H-Y antigen presented by HLA-A1 was 
recently shown to be encoded by the DFFRY gene.19 

cDNA expression cloning has also been used successfully to identify genes 
encoding CD8 + CTL-defined mHAgs. This approach involves cotransfection of 
antigen-negative target cells with pools of cDNA from a library derived from an 
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antigen-positive cell and a cDNA encoding the MHC class I restricting allele. The 
proteins expressed by the introduced cDNAs will be processed and the derived 
peptides presented with the introduced MHC class I molecule. Recognition of the 
transfected cells by T cells can be assessed by cytokine release into the media, and 
cDNA pools inducing a positive response are then progressively subdivided and 
screened in an identical fashion until a single cDNA encoding the antigen is 
identified. cDNA expression cloning has been used to identify the gene encoding 
the HB-1 mHAg 1 0 and a gene (human nucleophosphoprotein) encoding a mHAg 
presented by HLA-A3 (Gavin M, Warren EH, unpublished data). Our lab has also 
combined deletion mapping and cDNA transfection to identify an epitope in the 
Uty gene that is presented by HLA-B8." The recipient did not develop clinical 
GVHD, and the Lfry-specific CTL lysed only hematopoietic cells and not cells from 
nonhematopoietic tissues. Based on the large number of mHAg-specific T-cell 
clones now available, it is anticipated that many additional genes encoding mHAg 
will soon be identified. 

ROLE OF mAgs IN GVHD 

The availability of mHAg-specific T-cell clones and the identification of the 
polymorphic genes encoding mHAgs has made it possible to begin to examine the 
role of individual antigens in GVHD. A study was conducted in which T-cell 
clones were used to tissue type donors and recipients to detect donor/recipient 
mismatching for HA-1, -2, -4, or -5.21 This finding was initially surprising because 
cells derived from tissues that are targets of GVHD were not recognized by HA-1-
specific CTLs in vitro. However, in a subsequent study in which >200 donor-
recipient pairs were genotyped for HA-1 also found an association between HA-1 
mismatching and acute GVHD, 2 2 an analysis of the frequency of HA-l-specific 
T cells in the blood of HCT recipients using HLA A2/HA-1 tetramer complexes 
demonstrated an association between high levels of HA-l-specific T cells and 
GVHD. 2 3 It is still unclear whether HA-1 is the actual target of T cells mediating 
GVHD or whether recognition of HA-1 on resident host hematopoietic cells serves 
to initiate inflammation and leads to the recruitment of T cells specific for other 
mHAgs involved in the GVH response. These results suggest that efforts to 
augment GVL responses using HA-l-specific T cells should proceed cautiously 
and use a suicide gene to permit ablation of the cells if severe GVHD were to occur. 

Minor H antigens with broad or ubiquitous expression in tissues have also been 
implicated in GVHD. Using HLA-A2 and HLA-B7 tetramers complexed to SMCY 
epitopes, Mutis et al.2 3 demonstrated a highly significant correlation between 
elevated levels of SMCY-specific CTLs and acute GVH. Similarly, elevated levels 
of HA-8-specific CTLs were detected by tetramer staining in the blood of a patient 
who developed multisystem chronic GVHD (Akatsuka Y, Riddell SR, unpublished 
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data). These correlative studies illustrate how the identification of mHAg peptides 
and the genes encoding them can be used to decipher the role of individual mHAgs 
in GVHD. 

ROLE OF mHAgs IN GVL 

The analysis of antileukemic activity of mHAg-specific T-cell clones has until 
recently relied largely on in vitro assays of T-cell recognition of leukemic cells. 
mHAg-specific T-cell clones have been shown to lyse leukemic blasts in vitro and 
to inhibit the outgrowth of leukemic colonies in soft agar, demonstrating that 
mHAgs are expressed on at least a proportion of the leukemic blast 
population.4 2 4 ' 2 5 However, the leukemic cell population is composed of a 
hierarchy, with subsets of cells differing in their potential for self-renewal, and the 
putative leukemic stem cell is present in very low frequency (<1/105 cells) in blood 
or bone marrow samples from A M L patients. 2 6 2 7 Thus, in vitro assays would not 
be sufficiently sensitive to assess recognition of early leukemic progenitors to lysis 
by mHAg-specific T cells. We have used an in vivo model in which human A M L 
samples are engrafted into NOD/SCID mice to determine if leukemic 
hematopoiesis can be eliminated by mHAg-specific CTLs. These studies show that 
the engraftment of A M L can be specifically prevented by CD8+ C T L clones 
specific for mHAgs that exhibit tissue-restricted expression in vitro, demonstrating 
that leukemic stem cells express such mHAgs and can be eliminated by C T L . 2 8 

Engraftment of stem cells that do not express the mHAg was not affected by C T L , 
suggesting that administering mHAg-specific T cells to B M T recipients should not 
interfere in a nonspecific fashion with engraftment of donor hematopoietic cells. 

ADOPTIVE T-CELL THERAPY USING 
mHAg-SPECIFIC T-CELL CLONES 

Despite the intensive chemoradiotherapy regimen administered to patients 
receiving allogeneic B M T for acute leukemia, relapse remains a major obstacle.29 

We have initiated a study for patients with advanced A M L or A L L in which T-cell 
clones specific for recipient mHAgs are prospectively isolated after transplant and 
stored for potential use in adoptive immunotherapy if the patient relapses. To 
ensure safety, the HSV-TK gene is introduced into the T-cell clones to permit their 
ablation in vivo by the administration of ganciclovir. This strategy has been used 
successfully to ameliorate G V H D that occurs following adoptive immunotherapy 
with unselected polyclonal donor lymphocytes modified with TK.30 The objectives 
of this study are to define mHAgs that can be safely targeted by adoptive T-cell 
therapy and to determine if this approach has antileukemic activity. It is anticipated 
that additional mHAgs and the genes encoding them will be identified in the future, 
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providing new insights into the role of specific T-cell responses in GVHD and 
GVL responses and new opportunities to manipulate these responses to improve 
the outcome of allogeneic HCT. 
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ABSTRACT 

We treated 80 patients with hematologic and nonhematologic malignancies with 
a low-intensity preparative regimen of cyclophosphamide 120 mg/kg and 
fludarabine 125 mg/m2 followed by an unmanipulated peripheral blood stem cell 
transplant from an HLA-matched or closely matched family member. Seventy-
seven patients (96%) engrafted. The main transplant-related complication was 
grade II-IV graft-vs.-host disease (GVHD) occurring in 50% of patients. 
Transplant-related mortality (TRM) was strongly affected by age: patients below 
the median age of 48 years had a 2.5% TRM compared with 36% for older patients 
(P=0.005). Overall, 40 patients survive with an actuarial probability of 35 ± 7%. 
There was evidence for a graft-vs.-malignancy (GVM) effect in patients with 
chronic myelogenous leukemia (CML), myelodysplastic syndrome (MDS), B-cell 
malignancies, and metastatic renal cell cancer (RCC); however, 8 patients with 
malignant melanoma showed no sustained disease response. Because nonmyeloab
lative conditioning was used, the sustained disease responses in RCC and 
molecular remissions in CML indicate a powerful alloimmune GVM effect in this 
type of transplant. 

INTRODUCTION 

In the last decade, it has become increasingly clear that at least part of the 
therapeutic potential of allogeneic stem cell transplantation (SCT) is derived from 
an immune response of donor cells against the malignancy.1-2 Evidence for the 
existence of a powerful GVM effect in a widening group of malignant diseases has 
brought about a revolution in the perception of stem cell allotransplants as a means 
not only to eliminate malignancy by myeloablative high-dose therapy but also to 
confer a GVM effect from alloreacting immune cells.3-5 The current vogue in the 
application of nonmyeloablative transplants in hematologic and nonhematologic 
malignancies owes its origin in part to this concept of exploiting GVM effects to 
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cure malignant disease and in part to the perceived improvement in TRM achieved 
by reducing the intensity of the preparative regimen.6-8 For these reasons, we used 
a low-intensity preparative regimen to treat patients with malignant disease. We 
mainly selected patients already resistant to dose escalation with chemotherapy and 
radiotherapy, in whom a GVM effect remained the only possible means of cure, or 
elderly or debilitated patients in whom a reduced risk from regimen-related 
mortality was particularly indicated. 

PATIENTS AND METHODS 

We used a preparative regimen of cyclophosphamide 60 mg/kg on 2 successive 
days, followed by fludarabine 25 mg/m2 for 5 days. Patients received a stem-cell-
and T-cell-rich transplant of >5X106 CD34+ and approximately 5X108 CD3 + 

cells/kg. GVHD prophylaxis was primarily with cyclosporine, tapered as rapidly as 
possible after day 30. GVHD prophylaxis was guided by monitoring T-cell 
chimerism such that prophylaxis was withdrawn to increase donor T-cell 
engraftment but continued if full T-cell engraftment had already been established 
by day 30. The aim of posttransplant immune manipulation was to achieve 100% 
donor T-cell chimerism within the first 100 days. 

Between November 1997 and March 2000, we treated 80 patients with this 
regimen. Age range was 15-68 years (median, 48 years). Follow-up ranged from 3 
to 28 months. Seventy-seven patients had an HLA-matched family donor, and 3 
received transplants from an HLA 5/6-matched family member. Thirty-three 
patients had hematologic malignancies, 7 with chronic myelogenous leukemia in 
first chronic phase (CML CP1), 5 CML CP2, 10 MDS, 4 relapsed non-Hodgkin's 
lymphoma (NHL), 1 angioimmunoblastic lymphadenopathy, 2 relapsed Hodgkin's 
disease, 2 fludarabine-resistant chronic lymphocytic leukemia (CLL), and 2 
multiple myeloma. Forty-four had metastatic solid tumors (32 renal cell cancer, 8 
melanoma, 4 other). Three patients were transplanted for nonmalignant 
hematologic disorders (2 severe aplastic anemia, 1 paroxysmal nocturnal hemoglo-
binemia [PNH]). 

RESULTS 

Engraftment 

Seventy-seven patients showed stable lymphoid and myeloid engraftment. 
Three patients rejected the transplant, recovered autologous hematopoiesis, and 
had progressive disease, from which 1 patient died. Seven patients received donor 
lymphocytes in an attempt to increase donor T-cell chimerism. Posttransplant 
blood and platelet transfusion support was not required in almost half the patients. 
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Neutrophil nadirs were typically short, with recovery to 1000/mm3 at a median of 
15 days. Chimerism data and hematologic recovery in the first 14 patients have 
been reported in detail.9 

Graf t -vs. -Host Disease 

The most frequent complication posttransplant was grade II-IV acute GVHD 
occurring in 35 patients (actuarial probability 50%). Of these, 16 (28%) had grade 
II-IV acute GVHD. There was no difference in the frequency of severe acute 
GVHD (grade III-IV) according to age (25% vs. 20% for patients less than 48 
years old). 

Surv iva l a n d T R M 

Forty patients survive (actuarial probability of 35% ± 7%). Twenty-seven 
patients died from disease progression. Thirteen (actuarial probability 27%) died 
from transplant-related causes. The main cause of TRM was GVHD (8 acute, 1 
chronic) (actuarial probability 17% ± 6%). TRM was strongly affected by age: 
patients below the median age of 48 years had a 2.5% TRM compared with 36% 
for older patients (P=0.005) (Figure 1). The difference in survival was attributed to 
a higher mortality from GVHD in older patients (7 of 40 vs. 1 of 40 for patients 
under 48 years; P=0.05). 

Figure 1. Age and transplant-related mortality (TRM). 



Barrett and Childs 343 

Table 1. Outcome: Summary* 

Cause of Death 
Disease 

n Response Survival Progression TRM 

Metastatic renal cell carcinoma 32 11 16 12 4 
Metastatic melanoma 8 0 0 6 2 
CML CP1 7 4 7 0 0 
CMLCP2 5 1 3 2 0 
MDS 10 3 4 2 2 
B-cell malignancy 11 6 6 1 4 
Other metastatic tumors 4 0 1 2 1 
Aplastic anemia/PNH 3 3 3 0 0 

*CML, chronic myelogenous leukemia; CP, chronic phase; MDS, myelodysplastic syndrome; 
PNH, paroxysmal nocturnal hemoglobinemia; TRM, transplant-related mortality. 

Disease Response—Hematologic Malignancy 

Sustained remissions were achieved in 4 of 7 patients with CML transplanted in 
CP1. Three are now in molecular remission (2 of these were previously reported in 
detail10). One patient has stable mixed chimerism (90% donor T cells) and 
persisting CP CML; the other rejected the transplant and remains in CP. Five 
patients with CML in CP2 were transplanted. One remains in hematologic and 
karyotypic remission (Table 1). 

Four patients relapsed, 2 with myeloid and 2 with lymphoid blast crisis. The 
latter two survive in a further remission in CP. Three of 10 patients with MDS 
achieved hematologic remission with 100% donor chimerism. Six of 11 patients 
with B-cell malignancies achieved sustained remission, including 3 with NHL, 1 
with angioimmunoblastic lymphadenopathy, 1 with CLL, and 1 with Hodgkin's 
disease. However, 4 (including 2 responders) died from transplant-related causes 
(Table 1). 

Disease Response—Solid Tumors 

Eleven of 32 patients with renal cell cancer have responded. Four of these 
patients survive between 16 and 28 months with no detectable disease. Seven 
patients continue to show disease reduction on serial scans. The first 19 patients 
have been reported in detail.11,12 In contrast, none of the 8 patients transplanted for 
malignant melanoma showed a durable response. Four patients received transplants 
for metastatic soft-tissue sarcoma (2), colonic adenocarcinoma (1), and adenocar
cinoma with unknown primary (1). Two patients died of disease progression and 1 
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from acute GVHD, and 1 sarcoma patient is alive 60 days posttransplant with 
stable disease. 

DISCUSSION 

The dramatic responses and sustained remissions seen notably in CML, NHL, 
and renal cell cancer provide strong evidence that a GVM effect can be both 
necessary and sufficient to achieve cure in a variety of hematologic and nonhema-
tologic malignancies. There is evidence from the timing of the response that it was 
immune-mediated: responses began to occur beyond 60 days from transplant, they 
occurred only in the presence of full donor T-cell chimerism, and most patients 
who responded also had acute GVHD grade II-IV.9 

Although it could be argued that mortality from a standard transplant approach 
would have been higher in this patient population, our results in 80 recipients of 
this cyclophosphamide/fludarabine protocol clearly indicate an unfavorable impact 
of older age on transplant outcome. This appeared to be mainly due to a higher risk 
of mortality from acute GVHD in older recipients. For this reason, we are now 
evaluating additional GVHD prophylaxis with mycophenolate mofetil.13 However, 
the possible negative impact of increased GVHD prophylaxis on GVM requires 
careful monitoring. In the future, we plan to reduce TRM while conserving GVM 
by selective depletion of GVHD-reacting donor T cells14 and by adoptive immuno
therapy with tumor-specific alloreacting T cells. 
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INTRODUCTION 

High-dose chemoradiotherapy and irradiation are responsible for most of the 
treatment-related morbidity and mortality associated with conventional stem cell 
transplantation and restrict the use of conventional transplantation to younger, fitter 
patients. Nonmyeloablative allogeneic stem cell transplantation (NST) was 
developed after the observation that donor lymphocyte infusions could overcome 
relapse in patients who had received allogeneic transplants for hematologic 
malignancies.1-3 If donor lymphocytes can control, or even eradicate, malignant 
cells that have proven resistant to high-dose chemotherapy and irradiation, then 
these highly toxic therapies may not be necessary for the success of allogeneic stem 
cell transplantation strategies. The aim of NST is to use low-intensity preparative 
regimens to induce immunosuppression in the recipient. This immunosuppression 
allows donor cells to engraft, creating a hematopoietic chimera. This will generate 
a platform for cellular immunotherapy, with donor lymphocytes as the active agents. 

Fludarabine is a purine analog with potent immunosuppressive properties.4,5 In 
addition, it has antitumor activity against a range of hematologic malignancies, 
thus allowing disease control until the initiation of graft-vs.-malignancy after 
transplantation. For these reasons, we chose fludarabine as a backbone component 
for our NST protocols. 

NST FOR MYELOID MALIGNANCIES 

In a phase 1 trial based at the M.D. Anderson Cancer Center, 45 patients with 
either acute myeloid leukemia (AML)/myelodysplastic syndrome (MDS) or 
chronic myeloid leukemia (CML) were treated with NST. 6 The 2 regimens used are 
outlined in Figure 1. Patients without prior fludarabine exposure received FLAG-
Ida (fludarabine, cytosine arabinoside, and idarubicin). Those with prior exposure 
to fludarabine received cladribine and cytosine arabinoside. Patients were not 
eligible for conventional transplants because of their age or comorbid conditions; 
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most were in second or subsequent relapse or refractory to prior treatment 
(Table 1). 

Most patients (n = 34) received the FLAG-Ida regimen (Figure 1). Median age 
was 60 years (range, 29-75 years). Prophylactic treatment for graft-vs.-host disease 
(GVHD) consisted initially of cyclosporine and methylprednisolone, but was later 
switched to tacrolimus and minidose methotrexate. Engraftment occurred in 39 
patients, with the median percentage of donor cells at 95% on day 30 and 97.5% 
on day 120. By 6 months, 16 patients remained in complete response with donor 
cell engraftment. 

The incidence and severity of GVHD were not as high as had been anticipated 
in this study. In 38 évaluable patients, there were 5 cases of grade 2, 4 cases of 
grade 3-4, and 3 deaths from GVHD. For patients with a low tumor burden (no 
peripheral blood blasts and <10% bone marrow blasts) before transplant, the 
probability of disease-free survival was very encouraging: 40% at 2 years. Results 
were disappointing in patients with high tumor bulk, most of whom experienced 
rapid relapse; there was only one such patient surviving at 2 years. 

Table 1. Nonmyeloablative Allogeneic Stem Cell Transplantation for Myeloid 
Malignancies: Patient Characteristics* 

Purine Analog/ 
Ara-C Regimens 

Purine Analog/ 
Melphalan Regimens 

Patients 45 83 
Age, y 60 (29-75) 54 (24-70) 
Diagnosis 

AML/MDS 35 50 
CML 10 33 

Cytogenetics (diploid), % 27 48 
Time to transplant, mo 15(4-114) 15(1-220) 
Number of prior treatments 2(1-3) 2(1-8) 
Prior transplant 0 17 
Comorbidity, % 60 47 
Donor 

Matched related 35 38 
Mismatched related 10 5 
Matched unrelated — 40 

Preparative regimen 
Fludarabine-based 34 77 
Cladribine-based 11 6 

*Data are n or median (range) unless otherwise indicated. AML, acute myeloid 
leukemia; Ara-C, cytosine arabinoside; CML, chronic myeloid leukemia; MDS, 
myelodysplasia syndrome. 
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Days -5 -4 -3 -2 -1 0 

FLAG-lda 

Fludarabine 30 mg/m2 F F F F 
T 
R 

Cytarabine 2 g/m 2 cy Cy Cy Cy A 
Idarubicin 12 mg/m2 

Cladribine + cytarabine 

I I I I N 
S 
P 

Cladribine 12 mg/m2 c.i. CI CI CI CI CI L 
Cytarabine 1 g/m 2 Cy Cy Cy Cy Cy A 

N 
T 

Figure 1. Nonmyeloablative preparative regimens in AMLIMDS or CML patients. 

In a subsequent phase 1 trial, a more intensive regimen consisted of a 
combination of melphalan and a purine analog (Figure 2).7 This trial involved 
mainly patients with advanced disease (Table 1). Also, ~50% of these patients (40 
of 83) received a transplant from an unrelated donor. Patients received either 
fludarabine/melphalan or cladribine/melphalan preparative regimens (Figure 2). 

The cladribine arm of the study was closed early because of excessive 
toxicity. GVHD prophylaxis regimen was tacrolimus and minidose methotrexate. 
Most patients showed donor engraftment, and all patients who had mixed 
chimerism at day 30 showed complete donor-derived hematopoiesis at 3 months, 
either through gradual spontaneous evolution or subsequent to the withdrawal of 
immunosuppression. 

There was 1 graft failure and 1 autologous recovery among patients with 
unrelated donors, an indication that immunosuppressive regimens may need to be 
more stringent when there is more genetic disparity between donors and recipients. 
The incidence of GVHD was higher in patients with unrelated donors than in those 
with related donors, as would be expected, with 5 deaths from GVHD among 38 
evaluable patients with related donors and 12 deaths among 39 patients with 
unrelated donors. In comparing the trials, the more intensive regimen was also 
associated with a higher incidence of GVHD. More patients with matched 
unrelated donors were included in the second trial, but a difference in GVHD was 
seen even when the comparison was restricted to patients with matched sibling 
donors. However, greater intensity of conditioning may be necessary to achieve 
disease control. 

As in the previous trial, the most important prognostic factor for clinical 
response was the stage of disease at transplant. Approximately 20% of patients 
with advanced refractory high-risk disease, and almost 70% of patients with low-
risk disease, were alive at a median of ~2 years. These results are comparable with 
those obtained with conventional transplants in younger, fitter patients. In addition, 
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Days -5 •A -3 -2 -1 0 

Melphalan + fludarabine T 
Fludarabine 30 mg/m2 F F F F F R 

Melphalan 70 or 90 mg/m2 M M A 
N 
S Melphalan + cladribine 

A 
N 
S 

Cladribine 12 mg/m2 C C C C C P 
Melphalan 90 mg/m2 M M L 

A 
N 
T 

Figure 2. Reduced intensity preparative regimens in AML/MDS or CML patients. 

these results suggest that the more intensive purine analog alkylator regimen can be 
seen to result in a better outcome in patients with high-risk disease than the low-
intensity purine analog cytosine arabinoside regimen used in the first trial, whereas 
these regimens gave similar results in patients with low-risk disease. 

NST FOR LYMPHOID MALIGNANCIES 

Indolent lymphoid malignancies have also proven to be attractive target 
diseases for graft-vs.-malignancy and NST strategy.8,9 The use of allogeneic trans
plantation has been limited in these disorders, because they typically affect older 
and often debilitated patients. 

Ten patients with indolent lymphomas who were not eligible for myeloablative 
transplant regimens because of age, comorbidity, or poor performance status were 
treated. They received fludarabine 125 mg/m2 and cyclophosphamide 2 g/m2 

(Figure 3) with allogeneic hematopoietic transplantation from an HLA-identical 
sibling.10,11 Seven had follicular small-cleaved, 2 follicular mixed, and 1 small 
lymphocytic lymphoma. Median age was 50 years (range, 36-60 years). The 
median number of prior chemotherapy regimens was 2 (range, 1-6). One patient 
had hepatitis C and had failed to engraft with an allogeneic blood stem cell 
transplant from a different donor. Eight had sensitive and 2 had chemotherapy-
refractory disease at transplant. The median number of days of severe neutropenia 
(absolute neutrophil count [ANC] <0.5) was 6 days. Eight patients never required 
platelet transfusion. All patients engrafted. Donor cells >80% by restriction 
fragment length polymorphism were seen in 50% of patients by day 30 after 
transplant and in 90% of patients by day 100. No grade 2 or greater toxicity was 
observed. Acute GVHD grade 2 occurred in only 1 patient and was limited to the 
skin. All patients achieved complete remission, and none has relapsed. One patient 
who had refractory disease pretransplant had partial response by day 30 but 
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Figure 3. Preparative regimen in lymphomas. 

achieved CR late with the onset of GVHD. Overall and event-free survival rates are 
both 100%, with a median follow up time of 16 months (range, 8.5-32 months). 

Clonal cells were detected in 4 patients who were tested pretransplantation for 
lymphoma by marrow polymerase chain reaction (PCR) assay for bcl-2 gene 
rearrangement. Patients were followed prospectively after transplant for the 
presence of minimal residual disease by PCR, at 1- to 3-month intervals. Results 
obtained from the analysis of 22 samples are summarized in Figure 4. Three were 
PCR negative. Only 1 patient had a PCR-positive status. She converted to PCR 
negativity at 7 months posttransplant concomitant with chronic GVHD. No 
correlation was observed between the degree of mixed chimerism and the status of 
molecular remission. One patient had only 10% donor cells at 1 month 
posttransplant, and another who was PCR-positive pretransplant converted to a 
PCR-negative status 1 month after transplantation with 60% donor cells. The 
observation that a PCR-negative status could be obtained in patients with mixed 
chimerism suggests that in indolent lymphoid malignancies, full chimerism is not 
needed to achieve optimal results. Thus, one should be cautious in administering 
donor lymphocyte infusions posttransplant, considering the risk of morbidity that 
can be associated with this procedure. 

We evaluated the potential role of NST in lymphoma in patients with aggressive 
histologies who failed or who were not candidates for autologous transplantation. 
In a phase 2 study conducted at M.D. Anderson Cancer Center, 15 patients with 
aggressive lymphomas (diffuse large cell, 8; mantle cell, 4; and chronic 
lymphocytic leukemia in Richter's transformation, 3) were transplanted using the 
nonmyeloablative regimen of cisplatin (100 mg/m2), fludarabine (60 mg/m2), and 
cytosine arabinoside (2 mg/m2) (Figure 3).12 Median age of patients was 55 years 
(range, 31-64 years), and all patients had received extensive prior chemotherapy 
for their disease. The number of prior chemotherapy regimens was 1-6 (median, 3). 



Khouri, Giralt, and Champlin 351 

O 
V 

• n n 

n n n n n n n n o • 
o o n n n n o 

V 

Pretransplant 1 1 I I I I I I 1 1 1 1 
2 4 6 8 10 12 14 16 18 20 22 24 

• — • PCR-Positive 

O — • PCR-Negative 

Months post transplant 

Figure 4. PCR status posttransplant. 

All patients were ineligible for myeloablative regimens because of age or other 
comorbidities (prior autologous transplantation, 3; cardiac, renal, or pulmonary 
dysfunction, 3; and poor performance status, 2). Nine patients were stage HI/IV at 
the time of transplant, and 6 were refractory (or untested) to salvage therapy. The 
regimen was well tolerated. The median duration of severe neutropenia was 3 days, 
and the median requirement for platelet transfusions was 2 units. Fourteen of 15 
patients engrafted with donor cells. More than 80% donor cells were present in the 
bone marrow of 6 patients at day 30 and 9 patients at day 100. One patient failed 
to engraft, and another developed secondary graft failure. Eight patients achieved 
a complete remission (53%), 2 achieved partial remission (13%), 4 had stable 
disease or minor response (26%), and 1 patient had progressive disease (6%). At a 
median follow-up of 1 year, 9 patients (60%) are alive and 6 patients (40%) are in 
remission. Five patients relapsed, but 2 achieved a complete remission, 1 after 
withdrawal of immunosuppression and 1 with rituximab therapy. Early toxicity 
was mainly infectious (5 patients), and 1 liver toxicity grade 2 was observed. Two 
patients developed acute GVHD (grade 1-2), and 3 developed chronic GVHD. 
These preliminary results are encouraging, given the patient population selected for 
the trial. 
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CONCLUSION 

Fludarabine-based nonmyeloablative hematopoietic transplantation is feasible 
in the elderly and in patients with comorbidities precluding standard ablative 
conditioning. Engraftment with donor cells occurs in most patients. A more intense 
regimen is needed for engraftment of unrelated donors and for patients with high 
tumor burden to allow time for the development of an effective graft-vs.-tumor 
effect. Further clinical trials are required for prospective comparison of this 
approach with other chemotherapy techniques. 
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Massive Doses of CD34+ Stem Cells Allow Significant 

Reduction in the Myeloablative Regimen 

Without Sacrificing Complete Chimerism 

in Matched Sibling Allogeneic Transplantation 

Karel A. Dicke, Jami Mayorga, Deborah L Livingston, 
Sylvia Hanks, Lorene K. Fulbright 

Arlington Cancer Center, Arlington, Texas 

INTRODUCTION 

Peripheral blood progenitor cells from matched sibling donors have been used 
rather than bone marrow as an alternative source of stem cells. Not only more stem 
cells but also more lymphocytes are collected for transplantation, leading to a statis
tically shorter engraftment time and, surprisingly, not much more acute graft-vs.-
host disease (GVHD), although the incidence of chronic GVHD is higher.1 The 
M.D. Anderson group pioneered the use of smaller doses of conditioning agents to 
avoid treatment-related morbidity and mortality.2 On the basis of their results, we 
began to use busulfan alone without the addition of cyclophosphamide or total body 
irradiation (TBI). Busulfan at 16 mg/kg is an effective single agent for acute and 
chronic myeloid leukemia.3 We reasoned that with the infusion of a large number of 
peripheral blood stem cells (PBSCs), the need for immunosuppressive agents such 
as cyclophosphamide or TBI in the conditioning regimen could be avoided. We 
report here the results of the first 4 patients treated on a completely outpatient basis. 

METHODS 

Patients were treated according to our allogeneic PBSC protocol approved by the 
Arlington Cancer Center Institutional Review Board. Patients were treated with 
busulfan 16 mg/kg in divided doses of 1 mg/kg po every 6 hours. Table 1 defines 
patient characteristics. Antiemetics such as ondansetron (Zofran) 32 mg intravenously 
(IV) per day and a combination of haloperidol (Haldol), lorazepam (Ativan), and 
diphenhydramine (Benadryl) was administered. The time interval between completion 
of busulfan and the initiation of infusion of PBSCs was 48 hours. 

354 



Dicke et al. 355 

Table 1. Patients* 

Male 32 years old CML benign phase, Ph+ 

Male 46 years old CML benign phase, Ph+ 

Female 37 years old AML 2nd remission, previous autologous transplant 
Female 58 years old AML 1st remission, no previous autologous transplant, 

leukemia secondary to breast cancer 

*AML, acute myeloid leukemia; CML, chronic myeloid leukemia; Ph, Philadelphia 
chromosome. 

Peripheral blood stem cells were obtained from matched sibling donors after 
treating the donors with granulocyte colony-stimulating factor (G-CSF) 10 
//g/kg daily subcutaneously for 4-6 days. The CS3000 apheresis centrifuge was 
used for collecting stem cells. Up to 3 daily collections were necessary to 
obtain at least 7X106 CD34+ cells/kg. Cells were infused on separate but 
consecutive days. Table 2 depicts conditioning regimens and stem cell 
transplant. Table 3 depicts the phenotype analysis of transplanted cells. The 
anti-GVHD regimen consisted of solumedrol 25 mg IV every 24 hours 
beginning 1 day posttransplant for 30 days before tapering. Cyclosporine 
1.3 mg/kg continuous IV infusion was administered starting 3 days before 
transplant. Serum levels were monitored and kept to 250-350 ng/mL for 6-8 
months before tapering after 8 months. The antimicrobial prophylactic regimen 
is outlined in Table 4. 

Table 2. Conditioning and Transplant Regimens* 
Conditioning regimen 

Busulfan, 16 mg/kg over 4 days 
No cyclophosphamide or TBI 

Stem cell transplant 
Donor 
ABO typing, donor/recipient 

Stem cell source 

Number of cells, median (range) 
Infusion 

HLA-identical sibling, same sex 
0 +/A + 

0+/AB" 
o+/o+ 

A + /B + 

Peripheral blood apheresis after G-CSF 
(10 //g/kg every 24 h X 6 d) 

10.1 X106 CD34+ cells/kg (7.7-13.3X 106) 
48 and 72 h after final dose of busulfan 

*G-CSF, granulocyte colony-stimulating factor; TBI, total body irradiation. 
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Table 3. Phenotypic Analysis of Transplanted Cells 

Method 

Acquisition 

Cell numbers per kg, median (range) 
CD34+ progenitors 
B lymphocytes 
T lymphocytes 
T4 lymphocytes 
T8 lymphocytes 

Monoclonal antibody labeling and flow cytometry 
(CD34, CD19, CD3, CD4, CD8) 

75,000 cells for CD34 analysis 
5000 cells for lymphocyte analysis 

10.1X106 (7.7-13.3 X106) 
9.4X107(3.7-30.2X107) 
3.8X108 (3.0-7.5X108) 
2.6X108(1.0-5.5X108) 
1.2X108(1.0-2.0X108) 

Table 4. Antimicrobial Prophylaxis 

Vancomycin, 300 mg continuous IV q 24 h, serum levels a5 
Ceftriaxone (Rocephin), 2 g IV q 24 h 
Levofloxacin (Levaquin), 500 mg q 24 h 
Acyclovir, 5 mg/kg IV q 12 h 
Valcyclovir (Valtrax), 500 mg po q 24 h 
Fluconazole (Diflucan), 200 mg IV q 24 h 
Amphotericin B (Ambisome), 100 mg IV Monday, Wednesday, Friday 

Table 5. Engraftment, Transfusion Support, and Chimerism 

Time to engraftment, d 
Absolute neutrophil count >1000/mmJ, median (range) 
Platelets >50,000/mm3, median (range) 

Transfusion support 
Packed red cells 
Platelets 

Chimerism by restriction fragment length polymorphism 

11(10-13) 
14(12-17) 

2 units for 1 patient 
8 units for 1 patient 
16 units for 1 patient 
100% at 3-4 wk posttransplant, 
persisted for 9-19 mo 

RESULTS 

The results of engraftment, transfusion support, and chimerism are depicted in 
Table 5. Engraftment was rapid, and the need for transfusion support was minimal. 
Chimerism was documented 3 weeks after transplant. Table 6 documents the GVH 
symptoms in the 4 patients. In 2 patients, grade I and II GVH symptoms were 
noted. One patient suffered from delayed acute GVHD after stopping anti-GVHD 
prophylaxis after 7 months. Table 7 documents the current status of the patients. 
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Table 6. Graft-vs.-Host Symptoms* 

Acute 
Grade 1(1 patient) Localized rash, joint aches; abdominal 

cramping without diarrhea 
Grade II (lpatient) Localized rash; diarrhea with confirmed 

ulcerations in ileum 
Delayed acute 

Grade IV (1 patient) Skin, liver, kidneys; mouth sores  
*No veno-occlusive disease, adult respiratory distress syndrome, or grade III/IV acute 
graft-vs.-host disease was present. 

DISCUSSION 

Busulfan is an effective single agent for de novo acute myeloid leukemia 
(AML) and chronic myeloid leukemia (CML) with minimal extramedullary 
toxicity. Large numbers of mobilized peripheral stem cells can induce rapid 
engraftment and complete chimerism without cyclophosphamide or total body 
irradiation in the conditioning regimen. Acute GVHD can be minimized and 
managed on an outpatient basis using continuous IV cyclosporine and bolus IV 
solumedrol. We are investigating whether the addition of low-dose methotrexate in 
3 divided doses during the first 10 days after engraftment reduces further GVHD 
without jeopardizing early engraftment. Neutropenic precautions and rigorous 
prophylactic antimicrobial therapy have averted early infectious complications and 
nearly eliminated inpatient admissions during the first 3 months after transplant. 
The total number of hospital days within 3 months after transplantation was 6 for 
the entire patient population. Complications such as recurrence of leukemia and 
delayed acute GVHD still remain. 

Table 7. Current Status 

• The first chronic myeloid leukemia (CML) patient (32 years old) died in complete 
remission at 19 months posttransplant from a myocardial infarction related to juvenile 
diabetes. 

• The second CML patient (46 years old) died in complete remission at 6 months 
posttransplant from a pulmonary fungal infection arising from patient noncompliance 
to protocol. 

• The first acute myeloid leukemia (AML) patient (37 years old) died 9 months 
posttransplant with delayed acute grade IV graft-vs.-host disease. 

• The second AML patient (58 years old) relapsed at 5 months posttransplant and 
received donor lymphocytes but died from recurrent leukemia.  
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Autologous Stem Cell Transplantation vs. 

Chemotherapy for Acute Lymphoblastic Leukemia 

in First Remission 
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Department of Hematology and Bone Marrow Transplantation, 
Rambam Medical Center, Haifa, Israel 

ABSTRACT 

Over the past decade, considerable experience has been gained with autologous 
bone marrow transplantation (autoBMT) for acute myelogenous leukemia (AML), 
and it is becoming possible to identify the patients most likely to benefit from this 
approach. In contrast, in acute lymphoblastic leukemia (ALL), the precise role of 
autoBMT is much less clear, and there are few studies available from which to 
draw conclusions. This is an active area of clinical research, however, and the 
emerging data suggest that autoBMT has considerable promise in ALL. Formerly, 
most adult ALL patients who underwent bone marrow transplant did so in relapse, 
or in second or subsequent remission. The fact that some of these patients could 
become long-term survivors has encouraged the use of autoBMT in first remission. 
In most studies, 40%-50% of first-remission adult ALL patients attained long-term 
disease-free survival after autoBMT. Relapse rates are considerably higher in 
patients receiving autoBMT compared with those receiving an allogeneic 
transplant, but the latter group of patients experience significant morbidity and 
mortality due to graft-vs.-host disease (GVHD) and opportunistic infections. 
Autologous transplantation clearly has the potential to effect cures in patients with 
AML, and its role and timing are now the subject of major clinical studies. As the 
mortality of autoBMT for ALL in remission rapidly decreases to <5%, more 
widespread use of such a procedure may increase the number of long-term 
survivors of adult ALL and may replace the protracted maintenance therapy usually 
given in this disease. 

INTRODUCTION 

Although the treatment of childhood ALL has improved dramatically over the 
past 30 years, advances in the therapy of ALL in adult patients has been less 
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striking. Although 70%-90% of adult ALL patients attain complete remission, only 
about 20-35% experience long-term disease-free survival.1-8 

There are many reasons for this disparity in outcome. First, age is an extremely 
strong predictive factor, because increasing age is closely associated with a poorer 
outcome.9 Second, older patients may have a decreased ability to withstand the 
inherent hematologic toxicity of many of the antileukemic drugs. Third, adult 
patients tend to have a greater frequency of subtypes that portend a worse prognosis, 
for example leukemias that are Philadelphia chromosome (Ph)-positive (20%-30% 
of adults vs. 3% of children) and early-lineage B-cell A L L . ' 0 - 1 3 It is not surprising, 
therefore, that new therapeutic modalities have been developed in an attempt to 
improve the overall results in adults with ALL. The experience in autologous 
transplantation for ALL appears to be much less well defined than for AML, and 
neither the appropriate indications nor the timing have yet been clearly determined. 
This article summarizes the available data and the major ongoing studies that are 
designed to elucidate the precise role of autoBMT for adult patients with ALL. 

RATIONALE FOR THE USE OF AutoBMT 

Only about one third of patients will have a suitable histocompatible sibling 
who can be a donor for an allogeneic bone marrow transplant. The recent reports 
of the use of unrelated matched allogeneic donors14 or transplants from haplo-
identical donors15 are promising. However, the therapy-related morbidity and 
mortality due to GVHD, graft failure, and infection are significantly greater than 
those observed when matched sibling donor marrow is used. This makes these 
procedures more difficult to conduct and, at least in early-stage disease, to 
recommend. Furthermore, more than half of adult ALL patients are at least 40 years 
of age, posing greater hazards for successful allogeneic bone marrow transplan
tation. As a result, autologous transplantation has been used with increasing 
frequency in ALL. This approach does not require a histocompatible donor, lacks 
the risk of GVHD, and can be performed in patients up to the age of 65-70 years. 

There are many issues regarding the efficacy and toxicity of autologous 
transplants for adults with ALL in first remission. Will a transplant improve long-
term disease-free survival and overall survival? Does the use of peripheral stem 
cells significantly affect and reduce morbidity and mortality from autologous 
transplants in first-remission ALL? There are also several important considerations 
for the overall outcome from autologous or peripheral stem cell transplants. Is it 
possible to improve on the standard chemotherapy? If overall improvement of 
survival is not possible, is a single course of autoBMT as good as standard 
protracted consolidation/maintenance therapy with perhaps less toxicity? Are there 
specific subtypes for whom this may be more appropriate? As for most studies of 
acute leukemia, the answer will likely be found here. 
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The question regarding the use of autologous transplantation in ALL may not 
be similar to AML. Whereas in AML the focus has been on demonstrating that 
autologous transplants must have an improved efficacy over conventional 
chemotherapy, the considerations in ALL may be different. Conventional consoli
dation/maintenance chemotherapy is protracted and toxic, significantly affecting 
the quality of life of many patients for a long time. With the advent of peripheral 
stem cell transplants and the significantly reduced morbidity and mortality from 
such autologous transplantation, it may well be that if a single course of intensive-
dose chemotherapy with autologous transplant is at least as effective as protracted 
standard consolidation/maintenance therapy, a strong case may be made for its 
introduction as standard care. 

TO PURGE OR NOT TO PURGE? 

Because of the potential for infusing residual leukemia cells in autologous bone 
marrow, many protocols routinely provide for in vitro treatment or purging of 
harvested marrow in an attempt to eliminate occult leukemia cells.16-18 The role of 
in vitro purging is unclear, because the maneuver has not been demonstrated to 
enhance outcome.19 Data have been shown demonstrating that acute myeloid 
leukemia cells are more sensitive to cryopreservation than normal hematopoietic 
progenitors, so that freezing of marrow could eliminate these cells,20 but it is unclear 
whether such in vitro studies are relevant in ALL. Most data regarding the efficacy 
of purging have been gleaned from studies in patients in disease states beyond first 
remission, in those individuals thought to be at high risk of first relapse, and in 
pediatric patients.1617 ,21 -26 In most instances, investigators have used immunologic 
methods, eg, monoclonal antibodies, to purge the bone marrow, because it is usually 
possible to identify antigens on the surface of the leukemia cells to use as targets 
with antibodies. Because it is thought that agents such as 4-hydroperoxycyclophos-
phamide (4-HC) have significantly less activity against lymphoblasts than against 
myeloblasts,27,28 experience with chemical purging in ALL is more limited. 
However, the results of autoBMT in ALL in those studies using purged marrow are 
comparable to those reported for the reinfusion of unpurged bone marrow, in which 
a 48% 3-year disease-free survival was described.29 The benefit of in vitro purging, 
therefore, remains unclear and has not been demonstrated to enhance outcome.19 

Furthermore, there are no studies to demonstrate what contribution, if any, infused 
occult malignant ALL cells present in autologous marrow or peripheral blood make 
to relapse. At present, a prospective randomized international study conducted 
jointly by the Eastern Cooperative Oncology Group (ECOG) in the United States 
and the Medical Research Council (MRC) of the UK is evaluating the role of 
unpurged autologous bone marrow or peripheral stem cell transplantation in ALL 
patients in first remission. 
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RESULTS OF AutoBMT 

The results of several series using autoBMT in ALL in first complete remission 
are summarized in Table 1. In general, these studies involved small numbers of 
patients, many of whom were children. Leukemia-free survival rates range from 
25%-60% at 3 years after transplant.30 Interesting surveys published by the 
European Group for Blood and Marrow Transplantation (EBMT) allude to the 
increasing use of this modality and provide an idea of its effectiveness.36-38 These 
surveys reported leukemia-free survival rates of ~40% in patients with standard 
risk as well as in patients with high-risk. In some cases, the follow-up was >6 years. 
Despite a large sample size, this type of survey data has limited value, and 
meaningful conclusions and comparisons regarding the relative merits of autotrans-
plants are limited. Additionally, retrospective analyses from multiple centers 
represent selected patients and often do not define precisely the timing of the 
transplant, making it even more difficult to accurately assess the efficacy of this 
therapeutic modality. Thus, any information about the superiority, or otherwise, of 
autologous transplants compared with conventional chemotherapy cannot be 
inferred from these studies. 

On the other hand, Fiere et al. 3 2 reported on the only completed and published 
prospective randomized study. This multicenter French study compared 3 postre-
mission therapies. Patients <40 years of age with a histocompatible sibling were 
assigned to allogeneic transplantation. Patients without an HLA-matched sibling 

Table 1. Autologous Bone Marrow Transplantation for Acute Lymphoid Leukemia in 
First Remission* 

Number of Median Age, y 3-y Disease-Free 
Author Year Reference Patients (Range) Survival, % 
Blaise et al. 1990 30 22 31 (7̂ 17) 40 
Kantarjian et al. 1990 31 26 30 60 
Carey et al. 1991 29 15 30(18-51) 57 
Fiére et al. 1993 32 63 NS 39f 
Vey et al. 1994 33 34 29 (16-59) 27$ 
Powles et al. 1995 34 50 26(15-58) 53 
Attal et al. 1995 35 64 NS 29 
EBMT 1995 36 834 30(18-51) 42$ 
Fiére et al. 1998 37 63 NS 34§ 

*Data represent updated reports (several of these publications represent cohorts of 
patients previously described). EBMT, European Group for Blood and Marrow 
Transplantation; NS, not stated. Table modified from Rowe.42 fAt 5 years; tat 8 years; 
§at 10 years. 
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and those between ages 40 and 50 years were randomized to autologous transplan
tation vs. conventional maintenance therapy. The 3-year disease-free survival rate 
was not significantly better for autologous bone marrow transplantation (39%) vs. 
chemotherapy (32%).32 The validity of these data has been emphasized by a long-
term analysis and the publication of the 8- to 10-year follow-up37,39 in which these 
earlier data were confirmed, suggesting that autologous transplantation may be at 
least as effective as conventional protracted maintenance therapy and that about 
one third of patients can probably be cured with a single course of autologous 
transplantation without subsequent maintenance (Table 2). However, although this 
trial demonstrated that autologous transplants appear to be at least as good as 
conventional maintenance therapy for adult ALL patients in first complete 
remission, some confusion remains. First, the actual number of patients who 
received an autotransplant is relatively small (63), especially when subgroup 
analysis of high-risk vs. low-risk ALL is attempted. Second, those patients who 
were randomized to receive autologous transplantation vs. chemotherapy received 
3 courses of intensive consolidation before autologous transplantation. Thus, it is 
not easy to extrapolate data for true early autologous transplantation in ALL in first 
remission. Nevertheless, this trial is important, and these data were the first 
suggestions from a prospective study that autologous transplantation may be at 
least as good as conventional protracted maintenance therapy 

The issue of peripheral blood stem cell transplantation is fairly novel in ALL 
but is becoming increasingly used without any apparent attempt to obtain definitive 
comparative data. However, it seems that engraftment occurs at about the same rate 
as after mobilized peripheral blood stem cell transplants in ALL, and the published 
early data on hematopoietic engraftment from the Royal Marsden Hospital, 
London, UK, suggest that there is a significant improvement in the time to 
neutrophil and platelet recovery (Table 3).34 Unfortunately, in comparing 
peripheral blood stem cell with bone marrow transplants, one is not always 
comparing identical hematopoietic effects; the emerging data on peripheral blood 

Table 2. Randomized Study of Bone Marrow Transplantation (BMT) in First Complete 
Remission (CR): Long-Term Confirmation of Early Data From the French Group on 
Therapy of Adult Acute Lymphoblastic Leukemia 
Post-CR (Intent-to-Treat) Allogeneic BMT Autologous BMT Chemotherapy 

n 116 95 191 
Disease-free survival, % 

Fiére et al., 199333 43 39 32 
Fiére et al., 199834 46 34 30 

High risk 44 11 16 
Standard risk 49 49 39 
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Table 3. Significant Improvement in Neutrophil and Platelet Recovery Following 
Peripheral Blood Stem Cell Transplant (PBSCT) in Acute Lymphoblastic Leukemia* 

Autologous BMT PBSCT P 

Days to neutrophils >5007/<L 27.5 (15-57) 15.5(12-27) <.0O01 
Days to platelets >50,000/>L 39 (19-97) 17 (12-77) <.0OO2 

*Data are median (range). Adapted from Powles et al: 

stem cell transplants are almost invariably following mobilization with 
chemotherapy and cytokines, whereas the historical data on bone marrow 
transplantation are, in most cases, devoid of any stimulation by cytokines or 
chemotherapy. Thus, any differences may be related more to the effects of 
mobilization than to any specific and anatomic compartments. 

THE FUTURE 

A major ongoing study is underway that may provide important information in 
this regard. The International ALL Study Group represents a transatlantic effort 
between ECOG in the United States and MRC in Britain. This is a prospective 
study comparing the role of allogeneic transplantation for patients who have a 
matched histocompatible sibling and all other patients, who are randomized to 
receive either conventional chemotherapy or an autologous transplant (Figure 1). 
Whereas different risk groups have been identified in adult ALL, and many of the 
conventional protocols attempt to adapt therapy to each risk group, this study 
stratifies the patients only by risk groups, but maintains the study randomization for 
all such patients. The only exception is for patients with very-high-risk factors such 
as the presence of Ph, which may also be diagnosed by the presence of the abclabl 
oncogene (even in the absence of the 9;22 translocation using standard cytoge
netics). A search for a matched unrelated donor is recommended for these patients 
in preference to standard chemotherapy or autologous transplantation. 

In this prospective randomized study, all patients receive identical induction 
and intensification therapies. A direct prospective comparison may then be made 
between allogeneic transplantation, autologous transplantation using identical 
preparative regimens (fractionated total body irradiation [TBI] and high-dose 
VP-16), and conventional maintenance therapy. The overall study design is 
conceptually very similar to the recently completed US AML intergroup study.40 

All treatment strategies are decided before intensification to allow for an intent-to-
treat analysis and the avoidance of selection and other biases. Patients undergo 
induction with a standard regimen; those who achieve complete remission are 
placed into a decision tree. Furthermore, timing of transplants is rigorously defined 
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Figure 1. Study design of the International ALL Study Group. ALL, acute lymphoblastic 
leukemia; BMT, bone marrow transplantation; CNS, central nervous system; CR, complete 
remission; 1FN, interferon; MUD, matched unrelated donor; Ph, Philadelphia chromosome. 

to allow for reliable comparisons. Those who have a histocompatible sibling donor 
are assigned to allogeneic transplant, including patients in standard risk. Those who 
do not have a compatible sibling donor are randomized between autologous BMT 
and conventional consolidation/maintenance therapy. 

Following this allocation to specific treatment arms, all patients receive the 
same intensification therapy with 3 courses of high-dose methotrexate. After this, 
patients go on to receive their assigned arm: allogeneic, autologous, or matched-
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unrelated donor transplant or conventional chemotherapy. All patients are stratified 
by age, white blood cell count at presentation, time to complete remission, 
immunophenotype, karyotype (performed by conventional methods as well as 
molecular analysis), and the presence of central nervous system involvement at 
diagnosis. The rationale behind the study is to see whether the differences in 
therapy apply among all the groups, some of the groups, or none of the groups. The 
importance of this study is the large number of patients accruing in an effort to 
obtain meaningful data. The study is ongoing, and to date >1050 patients have been 
registered. As with all transplant studies, there is a significant drop-off in patients 
getting their assigned or randomized treatment.41 This study will thus remain open 
for another year or so until the target of 325 randomized patients is achieved. 

Such prospective collaborative efforts are critical to the understanding of the 
best therapy for adult ALL in first remission and are likely to influence treatment 
strategies over the next decade. Gene marking studies, as performed in AML, may 
assist in confirming whether reinfused leukemic cells contribute to relapse but will 
not answer the question as to whether purging will reduce relapse. 

SUMMARY 

Over the past decade, attempts have been made to define the role, if any, of 
autologous transplantation in patients with ALL. One major randomized study 
suggests that such a form of therapy may be at least as good as conventional 
therapy, and a current large international effort is under way to more clearly define 
the role of this form of therapy for ALL patients in first remission. 
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ABSTRACT 

Between 1991 and 1998, 22 patients with Philadelphia chromosome (Ph)-
positive acute lymphoblastic leukemia (ALL) (mean age, 28 years; range, 6-54 
years) received a stem cell transplantation (SCT) in Barcelona. Patients had been 
initially treated with standard induction therapy for high-risk ALL. Following 
consolidation, the patients received autologous or allogeneic stem cell transplan
tation (autoSCT or alloSCT), depending on the availability of a suitable related or 
unrelated HLA-matched donor. In the 8 patients of the autoSCT group, the bone 
marrow was ex vivo purged. Seven of these patients were in first complete 
remission (CR), and 1 was in first relapse. Fourteen patients received an alloSCT, 
13 of them from related donors (12 HLA-identical and 1 one-antigen mismatched) 
and 1 patient from an HLA-matched unrelated donor. Source of cells for alloSCT 
was bone marrow (n - 4), peripheral blood (n - 9), or umbilical cord blood (n = 1). 
Seven allografted patients were in first CR, 3 in second CR, 2 in first or second 
relapse, and 1 patient was resistant to chemotherapy. Conditioning regimen was 
total body irradiation (TBI) and cyclophosphamide (CY) in 13 patients, TBI, CY, 
and VP-16 (etoposide) in 5, and other combinations in 4. Graft-vs.-host disease 
(GVHD) prophylaxis consisted of cyclosporine (CSP) plus prednisone (n = 4), CSP 
plus methotrexate (n - 8), CSP plus T-cell depletion (n = 1), or CSP alone (n = 1). 

Although no transplant-related mortality was observed among patients treated 
with autoSCT, all of them relapsed and subsequently died. After a median follow-
up of 76 months, the actuarial survival at 3 years in first CR patients was 30% ± 
15%. The prognosis after allografts in more advanced stages of ALL was dismal. 
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This study indicates that autoSCT is not a good option for Ph+ ALL patients and 
confirms that alloSCT performed in first CR may be curative for a minority of patients. 

INTRODUCTION 

The Philadelphia chromosome is detectable in ~30% of adults and 2%-5% of 
children with ALL. 1 This chromosome abnormality consists of a reciprocal translo
cation of most of the c-abl protooncogene in the long arm of chromosome 9 and 
the breakpoint cluster region (bcr) gene in the long arm of chromosome 22: 
t(9;22)(q34;qll). 

The probability of achieving CR with chemotherapy in Ph+ ALL is ~70%. 
Unfortunately, almost all patients treated with chemotherapy alone develop a 
leukemia relapse, and therefore, long-term leukemia-free survival (LFS) is <15%.1 

Data from single institutions and from the International Bone Marrow Transplant 
Registry (IBMTR) indicate that allogeneic marrow transplant from related donors 
may provide long-term LFS for a substantial number of patients with Ph+ A L L . 2 - 5 

The development of a registry network including almost 6 million HLA-typed 
volunteers has extended the availability of allogeneic transplantation to patients 
without a family match. The results of marrow transplants from unrelated donors 
in this setting have been recently published, showing encouraging results.6 

This report summarizes the experience of 4 hospitals from Barcelona on 
hematopoietic SCT for patients with Ph+ ALL. The findings in this study confirm 
that allotransplants in first CR are a curative option for some patients. 

MATERIALS AND METHODS 

Between 1991 and 1998, 22 patients with Ph+ ALL (mean age, 28 years; range, 
6-54 years) received an SCT in Barcelona. The main clinical and biological 
characteristics appear in Table 1. This series included 3 (14%) children <18 years 
of age. Fourteen (64%) of the 22 patients were transplanted in first CR. 

Patients had been initially treated with standard induction therapy for high-risk 
ALL. Following consolidation, the patients received autoSCT or alloSCT, 
depending on the availability of a suitable related or unrelated HLA-matched donor 
(Table 2). Seven of the 8 patients of the autoSCT group were autografted with bone 
marrow ex vivo purged with monoclonal antibodies and complement or immuno-
magnetic beads. Seven of these patients were in first CR and 1 was in first relapse. 
Fourteen patients received an alloSCT, 13 of them from related donors (12 HLA-
identical and 1 one-antigen mismatched) and 1 from an HLA-matched unrelated 
donor. Source of cells for alloSCT was bone marrow (n = 4), peripheral blood (n = 9), 
or umbilical cord blood (n = 1). Seven allografted patients were in first CR, 3 in 
second CR, 3 in first or second relapse, and 1 patient was resistant to 
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Table 1. Clinical and Biological Characteristics of the Patients* 
WBCat Disease 

Age, Immuno-Diagnosis Status Typeq 
Patient Sex y phenotype (X109/L) Karyotype at SCT SCT 

1 M 23 CALLA+ 5 46 XY,t(4;15), 
t(9;22)(q34qll) 

CRI Auto 

2 F 44 CALLA+ 9 46 XX, t(9;22)(q34qll) CRI Auto 
3 M 33 CALLA+ 31 45 XY, t(9;22) 

(q34qll)12p+,-20 
CRI Auto 

4 F 33 CALLA+ 14.6 46 XX,t(9;22)(q34qll) CRI Auto 
5 M 39 Pro-B 14.3 46 XY, t(9;22)(q34qll)+ 

t(9;22)(q34qll) 
CRI Auto 

6 F 43 CALLA+ 13 46 XX, t(9;22)(q34qll) CRI Auto 
7 F 27 CALLA+ 650 46 XX, t(9:22)(q34qll) CRI Auto 
8 M 23 Pre-B 4.6 46 XY, t(9;22)(q34qll) First 

relapse 
Auto 

9 M 21 Pro-B 8 46 XY/44 XY, -7,t(9;22) 
(q34qll)-13,(12q;ql3q) 

CRI Alio 

10 F 27 Pro-B 161 46 XX, t(9:22)(q34qll) CRI Alio 
11 F 21 CALLA+ 1.6 46 XX, t(9;22)(q34qll) CRI Alio 
12 F 15 Pre-B 14.3 46 XX, t(9;22)(q34qll) CRI Alio 
13 F 48 CALLA+ 31 46 XX, t(9;22)(q34qll)+7 CRI Alio 
14 M 2 CALLA+ 3.6 46 XY, t(9;22) 

(q34qll),llq-
CRI Alio 

15 M 20 Pro-B 14.6 46 XY t(9;22)(q34qll)/ 
56 XXY +2,+3,+6,+8, 

+9,-ll,+ 13,+14 

CRI Alio 

16 M 27 CALLA+ 84 46 XY, t(9;22)(q34qll) First 
early 

relapse 

Alio 

17 M 10 CALLA+ 15.8 46XY,t(9;22)(q34qll)/ 
hyperdiploidy 56 XY 

First 
relapse 

Alio 

18 F 54 CALLA+ 43 46 XX,t(9:22)(q34qll) CR2 Alio 
19 F 23 CALLA+ 1.6 46 XX/46XX,t(l;7;ll) 

(pll;pll;pll),^l-7,9p+, 
t(9;22)(q34qll) 

CR2 Alio 

20 F 6 CALLA+ 5.1 46 XX, t(9;22)(q34qll) CR2 Alio 
21 F 42 Bipheno-

typic 
7.7 46 XX, t(9;22)(q34qll) Second 

relapse 
Alio 

22 M 19 CALLA* 161 46 XY, t(9;22) Refractory Alio 
(q34qll),del9 

*Allo, allogeneic stem cell transplant; Auto, autologous bone marrow transplant; CR, com
plete remission; WBC, white blood cell count. 
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Table 2. Characteristics of the Transplant Groups and Outcome* 
Autologous BMT Allogeneic SCT 

n 8 14 
Median age, y (range) 30 (10-48) 27 (7-55) 
Sex, M/F 4/4 6/8 
Disease status at transplant 

CR1 7 7 
CR2 0 3 
Relapse 1 4 

Source of stem cells 
Bone marrow 8 4 
Peripheral blood 0 9 
Cord blood 0 1 

Acute GVHDII-IV 0 4 
Chronic GVHD 0 1 
Nonleukemic death 0 8 
Relapse 8 4 

*BMT, bone marrow transplantation; CR, complete remission; GVHD, graft-vs.-host dis
ease; SCT, stem cell transplantation. 

chemotherapy. Conditioning regimen was TBI and CY in 13 patients, TBI, CY, and 
VP-16 in 5, and other combinations in 4. GVHD prophylaxis consisted of CSP plus 
prednisone (n = 4), CSP plus methotrexate (n = 8), CSP plus T-cell depletion (n = 1), 
or CSP alone (n = 1). 

RESULTS 

Autologous Transplants 

All 8 patients engrafted. Median time to achieve a neutrophil count >0.5X 109/L 
was 26 days (range, 12-52 days). A self-sustained platelet count superior to 
20X109/L was reached after a median of 55 days (range, 11-180 days). 

The results of the procedure are summarized in Table 2. No patient experienced 
transplant-related death. Leukemia recurrence after autoSCT developed in all 
cases, and the patients died due to disease progression shortly thereafter. 

Allogeneic Transplants 
Median time to achieve a neutrophil count >0.5X109/L was 16 days 

(range, 11-21 days). A self-sustained platelet count >20X109/L was reached 
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after a median of 12 days (range, 8-21 days). No case of primary graft failure 
was observed. 

As shown in Table 2, 4 patients (29%) developed grades II-IV acute GVHD, 
and 1 patient at risk suffered from chronic GVHD. Transplant-related mortality 
was high, occurring in 8 patients; in 4 instances in the first month after transplant 
and in 4 between months 2 and 6 after the procedure. Only 2 patients allografted in 
first CR were long-term leukemia-free survivors. After a median follow-up of 76 
months, the actuarial survival at 3 years in patients receiving an allogeneic 
transplant in first CR was 30% ± 15% (Figure 1). 

DISCUSSION 

The Philadelphia chromosome confers poor prognosis to children and adult 
ALL. They frequently achieve a first CR but almost invariably develop a leukemic 
relapse. Median CR duration in Ph+ ALL is 6-8 months.1 Because of this poor 
outcome after chemotherapy alone, allogeneic marrow transplantation has been 
recommended for patients with Ph+ ALL with an HLA-identical sibling. IBMTR 
data show that such approach is associated with a 31% LFS at 2 years for all 
patients and a 38% LFS for patients in first CR. 4 A review of the data on 47 patients 

ls,CR(n=7) 30 ±15% 

Advanced stage (n=7) 

0 10 20 30 40 50 60 70 80 

Time (months) 

Figure 1. Survival after allogeneic stem cell transplantation for Philadelphia chromosome-
positive acute lymphoblastic leukemia in Barcelona (1991-1998). CR, complete remission. 
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reported from 9 centers show similar results with 33% LFS. 2 ' 3 7 " 9 Recently, the 
outcome of 326 children with Ph+ ALL has been reviewed.10 Of the 267 patients 
who reached a CR, 147 were subsequently treated with chemotherapy, and 120 
received an SCT. Thirty-eight patients were transplanted from a matched related 
donor; 9 of them relapsed, 3 died due to complications of the procedure, and 26 
remained alive in remission. LFS at 5 years in this group of 38 children was 65% 
± 8%, significantly better than after chemotherapy alone. 

Patients without a HLA-compatible family donor are frequently offered an 
unrelated donor transplant or an autologous transplant. The data published to date 
show that 24 of 35 patients (69%) with Ph+ ALL included in 6 studies relapsed or 
died in remission after auto-SCT.3'57'8'9'11 

Our series confirms that allogeneic SCT is an option for early-stage Ph+ ALL. 
A recent analysis of the European Group for Blood and Marrow Transplantation 
(M. Labopin, personal communication) in adult patients in first CR agrees with this 
finding (Figure 2). Of note, SCT from unrelated donors appears to be an alternative 
for patients who lack a family match. The results from the EBMT in this setting are 
similar to those recently reported by the Seattle group.6 For a timely identification 
of an unrelated donor in patients with Ph+ acute leukemia, HLA typing should be 
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F i g u r e 2. Leukemia-free survival after allogeneic stem cell transplantation in adult 
patients with Philadelphia chromosome-positive acute lymphoblastic leukemia in first 
complete remission. Data of the European Blood and Marrow Transplant Group 
(M. Labopin, personal communication), id, identical. 
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studied at diagnosis and in absence of a compatible relative, the donor search 
should be initiated shortly after. 

Transplant-related mortality was high in our series. Transplant early in the 
course of the disease, before multiple cycles of chemotherapy are administered, 
may decrease patient morbidity and improve outcome. Relapses were also 
frequent; for this reason posttransplant administration of interleukin-2, interferon, 
or cellular immunotherapy needs to be investigated. Additionally, since recent 
studies have emphasized the usefulness of bcr-abl PCR monitoring for the 
prediction of leukemia recurrence in patients with Ph+ A L L , 1 2 a close follow-up of 
minimal residual disease after transplant seems mandatory. 
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Recurrent or high-risk acute lymphoblastic leukemia (ALL) is best treated with 
bone marrow or blood stem cell transplantation. With a histocompatible sibling 
donor, transplantation can yield 30%-50% survival and disease-free survival 
(DFS) after extended follow-up.1,2 For those lacking a sibling donor, however, 
transplantation using either autologous blood or marrow or unrelated donor (URD) 
marrow are available options. Autotransplantation is associated with relatively low 
treatment-related mortality but a higher risk of relapse.3-5 In contrast, allogeneic 
URD transplantation must be delayed until a suitable donor is identified6 and yields 
higher rates of complications, including graft failure, graft-vs.-host disease 
(GVHD), and prolonged immunodeficiency with later posttransplant infections.7-9 

However, URD transplantation has a powerful allogeneic antileukemic effect and 
a lower risk of posttransplant recurrence. The comparative value of these 
2 approaches in patients with A L L has been studied only infrequently.8,9 The 
analysis reported herein compares autotransplantation and URD allotransplantation 
in adults with ALL. Treatment-related mortality, engraftment, relapse, and survival 
outcomes are described. 

PATIENTS AND METHODS 

Two patient data sets were used for this analysis; the first included URD 
transplants facilitated through the National Marrow Donor Program (NMDP), and 
the second, autotransplants with data reported to the Autologous Blood and 
Marrow Transplantation Registry (ABMTR). Analyses were restricted to adults 
aged >18 years who received transplantation in first complete remission (CR1) or 
CR2 before December 31, 1998. Minimum follow-up was 1 year. The individual 
data sets were compiled and verified through the multicenter data collection and 
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audit processes of the NMDP and ABMTR, respectively. Comparative analysis of 
auto- and allotransplants used the x2 statistic to assess differences between groups. 
Outcomes were estimated using the Kaplan-Meier or cumulative incidence 
methods, and comparisons used the log-rank test. Cox proportional hazards 
regression was used for multivariate analysis. 

URD transplants included 246 adults and were compared with 80 autotransplant 
recipients. The autologous transplant recipients were slightly older, with a median 
age of 32 years (range, 19-51 years) vs. 28 years (range, 19-51 years) for the URD 
recipients (P=.05). Sixty-four percent of the autologous and 57% of the URD 
cohorts were male. More autologous patients were in CR1 (64% vs. 48%; P=.009), 
and accordingly, their time from diagnosis to transplant was shorter: a median of 
8 months vs. 12 months for URD transplants (P=.005). More patients with high-
risk ALL, manifested by adverse cytogenetic subsets, were present in the URD 
group, as only 10% of autologous and 28% of URD transplants had a high-risk 
karyotype [t(9;22), t(4;ll), or t(8;14)] (P=.002). Autotransplants occurred earlier: 
75% between 1989 and 1995 vs. 41% of URD transplants (P=.001). Fewer 
autografts used total body irradiation (TBI), 52% vs. 91% (/^.OOl). 

ENGRAFTMENT 

Neutrophil recovery was slower after autotransplants than after URD allo
grafting, especially after purged autotransplants. By day 28, in both CR1 and CR2 
patients, neutrophil recovery was significantly more likely after URD transplan
tation (CR1, 93% ± 3% vs. autologous 51% ± 13%, P<.0001; CR2, 89% ± 4% vs. 
autologous 73% ± 16%, P=.06). By day 100, however, nearly all patients had 
hematopoietic recovery, and the differences were no longer significant. Multi
variate analysis suggested slower engraftment after purged autografts and in CR1 
patients coming to transplant <6 months from diagnosis. Additionally, transplan
tation using TBI and transplantation during 1989-1995 (vs. 1995-1998) were 
independently associated with significantly slower engraftment. There were no 
effects of other variables examined. 

TREATMENT-RELATED MORTALITY 

As expected, treatment-related mortality (defined as death in continuous 
complete remission) was significantly more frequent after URD compared with 
autotransplantation. One hundred twenty-one of 246 (49%) URD vs. 11 of 89 
(12%) autologous transplant recipients died of complications relating to transplan
tation (P=.001). Multivariate analysis showed significantly higher transplanted-
related mortality after URD transplantation from either matched or partially 
matched donors and in older patients. Surprisingly, patients with normal cytoge-



382 Chapter 8: ALL 

netics also had a higher risk of transplant-related mortality vs. those with abnormal 
cytogenetics or those with unknown cytogenetics. There was no effect of sex, 
performance status, time to transplantation (¿6 months from diagnosis), time to 
initial CR1, or duration of CR1. 

LEUKEMIA RELAPSE 

Protection against leukemia recurrence was substantially greater after URD vs. 

autotransplantation. After transplantation in CR1, only 17% of URD vs. 43% of 

autologous recipients relapsed (P=.0006). Similarly, for CR2, 23% of URD vs. 

80% of autograft recipients relapsed. Multivariate analysis confirmed significantly 

increased risk of relapse in autotransplant and a trend to increased relapse in purged 

autotransplant as well as in CR2 patients. Additionally, a diagnostic white blood 

cell count (WBC) >50X109/L was associated with an increased risk of 

posttransplant relapse. There was no effect of age, sex, duration of CR1, T- vs. 

B-lineage ALL, cytogenetics, or prior extramedullar leukemia. 

SURVIVAL 

At 3 years following transplantation, survival for patients transplanted in CR1 
was 40% with URD vs. 48% with autotransplantation (P=A9). Results were not as 
good in CR2, with 27% of URD and 14% of autologous transplant recipients 
surviving (P=.87). Partially matched URD transplant recipients had significantly 
lower probability of survival than matched URD or autologous transplant 
recipients. Patient age, sex, performance status, T- vs. B-lineage ALL, time to CR1, 
and duration of CR1 had no significant impact on survival. 

DISEASE-FREE SURVIVAL 

After 3 years, URD and autotransplant recipients had similar DFS. URD 
transplants yielded 36% and autotransplants 46% DFS for patients transplanted in 
CR1; probabilities were 26% and 10% in CR2. Multivariate analysis demonstrated 
significantly poorer DFS in patients undergoing partially matched URD transplants, 
transplants performed in CR2, and patients with a diagnostic WBC >50X 109/L. No 
independent effect of age, sex, performance status, immunophenotypic lineage, time 
to CR1, duration of CR1, or cytogenetics was observed. 

DISCUSSION 

These results provide no definitive message about the comparative superiority 
of URD or autologous bone marrow transplantation (BMT) for adults with ALL, 
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although partially matched URD transplants and purged autotransplants were 
techniques resulting in somewhat poorer outcomes. In CR1, matched URD and 
unpurged autologous BMT resulted in similar survival and DFS. In CR2, the better 
protection against relapse with URD BMT might suggest superior survival and 
DFS, although this finding was not validated in multivariate regression analysis. 

A previous analysis of similar data compared URD transplantation with purged 
autografts from the University of Minnesota and the Dana-Farber Cancer Institute.9 

In that report, DFS was superior for children, men, and BMT performed during 
CR1 or CR2 compared with more advanced disease or older patients. In both 
regression analysis and recursive partition analysis, however, only a trend could 
suggest the advantage of URD vs. autotransplantation, and that was apparent only 
in patients <18 years old. Both techniques yielded ~25% survival in adults. An 
expert panel decision analysis offered no clear consensus about the best choice of 
transplant options.10 

The major barrier to capitalizing on the powerful antileukemic effect of URD 
transplantation is the substantial treatment-related mortality. Despite better 
matching and improved donor selection, nearly half of adult patients undergoing 
URD transplantation for ALL die of transplant-associated complications, and only 
one third of those transplanted in CR1 and one quarter of those in CR2 survive 
disease free. Improved prevention of both acute and chronic GVHD and correction 
of the continuing immunodeficiency resulting in an increased risk of late infection 
will be required to advance the outcomes of URD transplants for adult ALL. In 
contrast, however, the disappointing and persistent high rates of relapse after 
autografting limit its suitability to only selected patients with few or no allogeneic 
transplant options. Improved conditioning regimens or posttransplant antileukemic 
therapies will be required to improve the outcome of patients in CR2. Additional 
study will be needed to determine which subsets of patients having a defined mix 
of risk features will be best served by one or the other of these 2 transplant choices. 
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ABSTRACT 

Chronic myeloid leukemia (CML) is a clonal myeloproliferative disease of 
transformed, primitive hematopoietic stem cells. CML was the first leukemia in 
which the abnormal growth-promoting signal called p210b c r a b l oncoprotein was 
discovered. Recent studies have further defined the molecular events involved in 
its initiation and progression (Federl S, et al. N Engl J Med 341:164-172, 1999). 
Although effective treatments have been developed for CML, the majority of 
patients still die of their disease because they are not eligible for transplantation or 
do not respond to interferon (IFN). Allografting is the only curative procedure in 
CML, and for patients without HLA-compatible donors, current therapeutic 
options include conventional chemotherapy (hydroxyurea), IFN-a, and auto
grafting. Although IFN-a (± low-dose cytosine arabinoside [LD Ara-C]) is 
considered to be first-line therapy, autografting may allow us to develop a 
sequential treatment strategy in the management of CML patients. The genetically 
normal hematopoietic reservoir declines with time in CML, so it may be desirable 
to mobilize and collect these stem cells at diagnosis. 

INTRODUCTION 

CML is a neoplastic disorder originating in a primitive hematopoietic stem cell. 
The main characteristic of this mutation is the formation of a fusion gene (BCR-
ABL) with abnormal tyrosine kinase activity, leading to abnormal hematopoiesis. 
Clinically, CML is characterized by an initial chronic phase (CP) followed by 
inevitable progression to an accelerated and then terminal blastic phase. 
Allografting is currently the only curative treatment, but the majority of CML 
patients do not have HLA-matched sibling donors. Unrelated donor transplants are 
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associated with high transplant-related mortality within the first 100 days following 
the procedure and can be offered only to patients under 40 years of age. 

For older patients or those without compatible donors, therapy for CML 
includes hydroxyurea (HU), IFN-a, and probably tyrosine kinase inhibitors. HU 
does not modify the natural history of the disease. Randomized studies with IFN-a 
indicate that it can induce more cytogenetic remissions and prolong overall 
survival.1-4 Unfortunately, most IFN-a responders maintain molecular evidence of 
BCR/ABL expression, indicating that IFN-a is unlikely to cure CML. Recently, 
IFN-a combined with (LD Ara-C) has resulted in an improved cytogenetic 
remission rate and overall survival compared with IFN-a alone.5 We have yet to 
evaluate whether the high cost of IFN-a (± LD Ara-C or HU), the incidence of side 
effects in about 25%-30% of patients, and the low rate of long-term benefit 
outweigh the small increase in overall survival. 

Autologous stem cell transplantation has been explored as an option for the 
treatment of these patients. In this article, we focus on recent advances with this 
procedure, particularly on in vivo manipulation techniques. Tyrosine kinase 
inhibitors appear to be effective therapeutically and in inducing cytogenetic 
remission and are currently being studied in various trials.6 

RATIONALE FOR AUTOGRAFTING IN CML 

There are at least 2 reasons for autografting in CML to improve overall survival. 
Long-term culture-initiating cells (LTC-ICs) from CML patients have a poor self-
maintenance capacity7; therefore, reducing both normal and leukemic stem cell 
numbers should give normal hematopoietic stem cells a proliferative advantage. 
The normal hematopoietic reservoir declines with time in CML; therefore, one 
should mobilize and collect Philadelphia chromosome (Ph)-negative progenitors as 
soon after diagnosis as possible.8 These observations have been confirmed after 
treatment with IFN-a, 3 , 4 , 8' 1 1 intensive chemotherapy,12-15 and mobilization of Pfr 
progenitor cells after intensive chemotherapy.16-24 Cytogenetic and other clonality 
studies suggest but do not prove that these cells are "normal" hematopoietic 
progenitors.25-29 To obtain normal progenitor cells, in vitro and in vivo approaches 
have been evaluated. 

In Vitro Manipulations 

The Vancouver group demonstrated in a series of elegant experiments that Ph+ 

cell numbers declined when put in culture, whereas previously unidentifiable Ph -

cells emerged with preferential survival rates.6,7,30'31 The physiological reason for 
this is unclear; some of the emerging Ph - cells show features of very primitive 
hematopoietic cells. On the basis of these findings, the Vancouver group devised a 
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trial consisting of a 10-day culture of CML bone marrow and subsequent infusion 
into chemotherapy-conditioned patients previously selected on the basis of the 
ability of their bone marrow to produce an adequate number of normal LTC-ICs in 
vitro. Over a 5-year period, the group evaluated 87 patients and selected 36 for the 
10-day marrow culture, of whom 22 have been autografted. Sixteen patients 
remained alive up to 68 months postautograft, and 5 remain in complete or partial 
cytogenetic remission.32 This technique is technically demanding and not feasible 
for most transplant units. 

The Minneapolis group has shown that CD34+DR~ cells are predominantly or 
exclusively Ph"; in contrast, CD34+DR+ cells are Ph+. It has been reported recently 
that in patients in early chronic phase, CD34+DR~ cells are negative for BCR-ABL 
mRNA in 80% of cases.33 Large-scale selection with a high-speed fluorescence 
activated cell sorting, starting with a marrow harvest of 2-2.5 L, results in 1 to 
3X 105/kg CD34+DR" cells. The frequency of colony-forming cells (CFCs) and LTC-
ICs ranged from 2.6% to 8.6% and 0.187% to 0.233%, respectively. Both CD34+DR" 
cells and secondary CFCs were negative for BCR-ABL mRNA. Therefore, this large-
scale selection of CD34+DR~ cells allows a highly purified autograft and may 
represent a step in the development of curative therapeutic strategies. 

Other approaches include purging Ph+ marrow cells with interferon3435 or 
incubating marrow with antisense oligodeoxynucleotides directed at the BCR-ABL 
junctional sequences3637 or the upstream sequences of M Y B . 3 8 , 3 9 In a study 
conducted jointly by the Hammersmith Hospital (London) and the University of 
Pennsylvania (Philadelphia), autologous bone marrow cells have been collected 
from CML patients and subjected to an in vitro purging procedure using a 24-mer 
phosphorothioate antisense oligomer directed against codons 2-7 of the human 
MYB gene.39 Twelve patients have been recruited to this study, and 4 have been 
rendered entirely or predominantly Ph~ at the 3-month postautograft assessment. 
This Ph negativity has been transient in all cases.3839 

Another purging concept is to employ an agent that would preferentially protect 
normal progenitors from the effects of chemotherapy. Macrophage inflammatory 
protein (MlP)-la is a candidate molecule that inhibits normal but not CML 
progenitors and may have clinical potential as a protective agent during chemotherapy 
or for chemotherapeutic purging of CML autografts.40 Another novel approach 
involves incubation of marrow cells with ribozymes , 4 l J t 3 catalytic RNA species that 
can be tailored to recognize and disrupt leukemia-specific mRNA molecules. 

In Vivo Manipulations 

The Genoa team has now treated a large number of patients either resistant to IFN-a 
or previously untreated with intensive chemotherapy (idarubicin, Ara-C, and etoposide 
[VP-16]); ifosfamide, carboplatin, and etoposide (ICE); or mini-ICE followed by 
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administration of granulocyte colony-stimulating factor (G-CSF).1 6'1 7 , 4 4"4 6 In most 
cases, it was possible to collect predominantly or exclusively Ph~ myeloid progenitor 
cells. There is preliminary evidence that the Ph" progenitor cells were easier to collect 
in patients who had not received IFN-a. 

The Swedish study adopted a different approach to in vivo purging.47 CML 
patients were subjected to therapy of increasing intensity, with the aim of achieving 
Ph negativity in the bone marrow. Once Ph negativity was achieved, patients 
proceeded to bone marrow harvest which, despite interferon treatment, was 
successful. A total of 194 patients have been recruited to this study; only 4% of the 
118 patients who have received IFN-a and hydroxyurea for 6 months became Ph", 
but increasing numbers became Ph" following successive cycles of chemotherapy. 
Overall, 47 patients (18% of total) achieved Ph negativity, of whom 31 have been 
autografted with Ph~ bone marrow. Of these 31 patients, 15 remain completely Ph" 
35-65 months posttransplant. Sixty-eight percent of all patients in the study survive 
at 6 years. A proportion of patients entered into the study have been allografted, 
which may modified the survival data. Unfortunately, no further update of these 
data has been published since 1994.47 

CLINICAL RESULTS WITH IN VIVO TECHNIQUE EMPLOYED IN GENOA 

One hundred eighty-seven patients with Ph+ CML in different phases of the 
disease entered the Genoa protocol (Table 1). Thirty-eight patients were mobilized 
in blast phase, 28 patients in accelerated phase, and 121 patients in chronic phase. 
Fifty-five patients in early chronic phase were entered within a year of diagnosis 
and had not received IFN-a; another 66 patients received prior IFN-a therapy and 
were cytogenetically unresponsive. 

The treatment regimen for mobilization, ICE, consisted of idarubicin 8 mg/m2 

per day on day 1-5, Ara-C 800 mg/m2 by 2-h infusion on days 1-5, and etoposide 

Table 1. Clinical Characteristics* 

Number of patients 187 
Median age, y (range) 47 (21-62) 
Phase of disease 

Blastic phase 38 
Accelerated phase 28 
Chronic phase 66 
Early chronic phase 55 

Mobilization regimens ICE, mini-ICE 
Toxicity (>grade 2) 36 (22) 
Procedure-related deaths 8(5) 
*Data are norn(%) unless noted otherwise. ICE, ifosfamide, carboplatin, and etoposide. 
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Table 2. Clinical Characteristics of Patients in Early Chronic Phase* 

Number of patients 55 
Median age, y (range) 48 (21-62) 
Sex,M/F 44/11 
Median WBC at diagnosis (range) 100 ( 13-550) 
Sokal index 

Low 23 (42) 
Intermediate 19 (34) 
High 13 (24) 

Median time from diagnosis to mobilization, mo (range) 2 ( 1-12) 
Mobilization regimen 

ICE 17 
Mini-ICE 38 

*Data are norn(%) unless note otherwise. ICE, ifosfamide, carboplatin, and etoposide; 
WBC, white blood cell count. 

150 mg/m2 per day by 2-h infusion on days 1-3. The data from patients pretreated 
with IFN-a have been updated," but in this article, we focus on patients in early 
phase disease not previously treated with IFN-a (Table 2). Seventeen patients 
received ICE, and 38 patients, mini-ICE. In all cases, G-CSF was given at 5 /<g/kg 
from day 8 after chemotherapy. Leukapheresis was started when the white blood 
cell count exceeded 0.8-1 X 1 0 9 / L and >10 CD34+cells//<L were present in the 
peripheral blood. Daily apheresis was performed until the total CD34+ cells 
collected were 2X10 6/kg. All patients completed the mobilization protocol, with 
no procedure-related deaths. Toxicity consisted of alopecia, mild mucositis, and 
diarrhea, mainly in patients treated with the ICE protocol (Table 3). In 5 patients, 
oral mucositis grade 3 (World Health Organization [WHO]) and diarrhea occurred. 
In contrast, only a few patients treated with mini-ICE experienced oral mucositis 
and diarrhea (<grade 2, WHO). Cytogenetic analysis of collected peripheral blood 

Table 3. Toxicity after High-Dose Therapy in 33 Patients Autografted in Early Chronic 
Phase of CML* 
Grade CNS Renal Hepatic Stomatitis GI 

3 0 0 0 17 (52) 3(9) 
2 0 1(3) 4(12) 7(21) 3(9) 
1 0 1(3) 3(9) 3(9) 1(3) 
Total with any degree 

of toxicity 0 2(6) 7(21) 7(21) 7(21) 

*Data are n (%). CML, chronic myeloid leukemia; CNS, central nervous system; GI, 
gastrointestinal. 
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Table 4. Results* 

Cytogenic Response (% Ph*) Response on Peripheral Blood Progenitor Cells 

Complete (0) 33 (60) 
Major (1-34) 11 (20) 
Minor (35-94) 7(13) 
None (>95) 4(7) 

*Data are n(%). Ph, Philadelphia chromosome. 

progenitor cells (PBPCs) showed Ph" cells in 33 patients (60%) and <34% Ph+ cells 
in 11 patients (20%) (major cytogenetic remission [MCyR]). Forty-four of the 55 
patients (ICE, 14 of 17; mini-ICE, 30 of 38) therefore had Ph" or MCyR harvests 
(Table 4). In comparison, patients pretreated with IFN-a in late chronic phase had 
a lower rate of complete cytogenetic remission. These results were supported by 
the significantly greater numbers of CD34+ cells, colony-forming units-granulo-
cyte/macrophage (CFU-GM), and LTC-ICs in the newly diagnosed patients. 

In the last 2 years, minimal residual disease monitoring has been carried out in 
PBPC collections using quantitative competitive reverse transcription-polymerase 
chain reaction (QC RT-PCR) for BCR-ABL. Thirty-one consecutive patients have 
been analyzed, 18 in early disease phase. This study shows that multiple stem cell 
collections from the same patients contained different numbers of leukemic cells and 

Table 5. Clinical Characteristics of Patients Autografted in Early Chronic Phase* 

Median age, y (range) 47 (22-62) 
Sex, M/F 26/7 
Previous therapy (hydroxyurea) 33 
Median time from diagnosis to mobilization, mo (range) 2(1-12) 
Mobilizing therapy 

ICE 11 
Mini-ICE 22 

Cytogenics on peripheral blood progenitor cells 
Ph" 24 
Ph+ <34% 7 
Ph" >34% 2 

Median CD34+ cell dose, X 106/kg (range) 4.04(1.06-74.5) 
Median CFU-GM cell dose, X 104/kg (range) 19.2(0.11-108.25) 
High-dose therapy 

TBI-containing 6 
Busulfan 27 

*CFU-GM, colony-forming unit-granulocyte/macrophage; ICE, ifosfamide, carboplatin, and 
etoposide; TBI, total body irradiation. 
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Figure 1. Autografting results in early chronic phase patients. 

that several patients had an adequate number of progenitors for autografting in the 
least contaminated collections.48 Indeed, by comparing Ph" collections of patients in 
the early phase of the disease with the corresponding Ph~ collections of the other group 
of patients, BCR-ABL rriRNA is lower in the earlier group of mobilized patients.48 

To date, 33 patients have been autografted (Ph~, 24; MCyR, 7; Ph+, 2). High-
dose therapy consisted of busulfan (4 mg/kg per day X 4 days) in 27 patients and 
total body irradiation (TBI)-containing regimens (idarubicin, etoposide, and single-
dose TBI) in 6 patients (Table 4). All patients engrafted, with no toxic deaths 
(Table 5). After hematopoietic recovery, all patients were treated with low-dose 
IL-2,2 million units daily for 5 days every 9 weeks, and IFN-a 3 million units daily 
for 8 weeks; after 1 week off therapy, the cycle was repeated a total of 3 times. 
Patients were then maintained with IFN-a alone. The median follow-up from 
autografting is 31 months (range, 10-84 months) (Figure 1). Two patients 
developed blast crisis at 18 and 29 months after autografting and died of leukemia. 
The remaining 28 patients are in hematologic remission, with 17 in complete (9 
patients) or major (8 patients) cytogenetic remission, 10-56 months after 
autografting. 

In conclusion, premobilization chemotherapy provided preferential in vivo 
reduction of the Ph+ stem cell population and, with G-CSF, stimulated the release 
of primitive Ph~ hematopoietic stem cells into the blood. A prospective randomized 
study to compare IFN-a ± Ara-C vs. autograft followed by IFN-a ± Ara-C in 
patients with newly diagnosed CML is ongoing (MRC/ECOG/EBMT, CML 2000). 
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SUMMARY 

Residual normal hematopoiesis is present at diagnosis in some patients with 
CML in chronic phase, leukemic cells are chemosensitive, and genetic markers 
exist whereby leukemia cells can be identified and quantitated. We know that it is 
possible to mobilize normal PBPCs in other hematologic diseases with cytogenetic 
markers such as Ph+ acute lymphoblastic leukemia and myelodysplastic 
syndrome,49,50 and based on the Genoa results, this approach is worth pursing over 
the next few years. From a therapeutic point of view, allografting remains the 
treatment of choice in patients younger than 55 years with an HLA-identical sibling 
and for younger patients with a matched unrelated donor. The normal 
hematopoietic reservoir declines with time in CML, therefore it may be desirable 
to mobilize and collect PBSCs to store Ptr or predominantly Ph" stem cells as soon 
after diagnosis as possible. After 6 to 8 months, if no donor is found, the patient 
can be autografted with the previously stored Ph" progenitors followed by IFN-a 
therapy. Tyrosine kinase inhibitors administered either alone or to purge patients in 
vivo may provide an exciting new approach to treating patients with CML. 
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The Bcr-Abl fusion protein, resulting from a (9;22) chromosome translocation, 
causes several types of leukemia. The 210-kDa form of Bcr-Abl is present in 
virtually all patients with chronic myelogenous leukemia (CML), and a 185-kDa 
variant is present in approximately 20% of acute lymphoblastic leukemia (ALL) 
patients. The transforming function of Bcr-Abl requires tyrosine kinase activity of 
these Bcr-Abl fusion proteins, which is elevated compared with c-Abl. 1 Thus, Bcr-
Abl is an ideal candidate for a molecularly targeted therapeutic agent, and an 
inhibitor of the Bcr-Abl kinase would be predicted to be an effective and selective 
therapeutic agent for C M L . 

DESIGNING A TYROSINE KINASE INHIBITOR 

Once an appropriate target was identified, the next task was to design an 
inhibitor of this enzyme. An initial lead compound was identified by scientists at 
Novartis, who screened a large compound library for inhibitors of protein kinases 
in vitro. In this case, the initial lead compound was a relatively weak inhibitor of 
protein kinase C and the platelet-derived growth factor receptor (PDGF-R). 2 The 
activity of the 2-phenylaminopyrimidine series was optimized by synthesizing a 
series of chemically related compounds and analyzing the relationship between 
structure and activity for each compound. The most potent molecules in the series 
were all dual inhibitors of the v-Abl and the PDGF-R kinases.3 ,4 STI571 (formerly 
CGP 57148B) emerged from these efforts as the lead compound for preclinical 
development. 

PRECLINICAL TESTING OF ST1571 

STI571 has been tested in a number of preclinical models, including in vitro 
assays of enzyme inhibition, cellular assays of inhibition of kinase activity and 
proliferation, and in vivo assays of tumor formation.5 These studies demonstrate 
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that STI571 inhibits all Abi kinases at submicromolar concentrations, including 
p210Bcr-Abl, pl85Bcr-Abl, v-Abl, and the c-Abl tyrosine kinase.6 Numerous 
tyrosine and serine/threonine protein kinases have been tested for inhibition by 
STI571, and except for PDGF-R and the c-Kit tyrosine kinases, no others are 
inhibited.56 

STI571, at concentrations of 1 and 10 fiM, kills or inhibits the proliferation of 
all Bcr-Abl-expressing cell lines tested to date.5,6 In contrast, a variety of 
immortalized or transformed cell lines that do not express Bcr-Abl are not sensitive 
to STI571. In colony-forming assays using CML bone marrow or peripheral blood 
samples, treatment with STI571 decreased the number of colonies formed and may 
select for the growth of Bcr-Abl-negative progenitor cells.6,7 Minimal inhibition of 
the colony-forming potential of normal bone marrow has been observed.6,7 Thus, 
STI571 appears to be selectively toxic to cells expressing the constitutively active 
Bcr-Abl protein tyrosine kinase. Antitumor activity has been observed in syngeneic 
or nude mice injected with Bcr-Abl-expressing cells followed by treatment 
with STI571.6,8 

PHASE 1 TRIALS OF ST1571 

Based on the preclinical data and a lack of significant toxicity in animals, a 
phase 1 clinical trial was conducted in CML patients who had failed other treatment 
options. All patients in chronic phase (n = 31) have achieved hematologic 
remissions once therapeutic dose levels were achieved. With prolonged therapy 
(5 months or greater), a growing fraction of these patients have cytogenetic responses, 
including several individuals with complete disappearance of the Philadelphia 
chromosome (Ph).9 STI571 also has remarkable activity as a single agent in CML blast 
crisis and Ph+ ALL patients.10 Although responses tend not to be durable, 20% of 
myeloid blast crisis patients have ongoing responses between 6 months and 1 year. 
Because virtually all patients with CML express Bcr-Abl and the Bcr-Abl protein 
is unique to tumor cells, this disease has provided an ideal opportunity to test the 
concept that drugs targeted against a tumor-specific abnormality will have 
therapeutic utility. Ongoing studies are directed at optimizing the use of this agent, 
analyzing the dose-response relationships with Bcr-Abl tyrosine kinase inhibition, 
and analyzing the mechanisms of relapse in blast crisis patients. 
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Researchers have long attempted to extend transplantation to patients without 
matched related donors or to those who cannot find a phenotypically identical 
unrelated donor in the registries. To date, even under optimal conditions (ie, 
Caucasian in North America and Western Europe), 40% of patients who might 
benefit from a bone marrow transplant (BMT) still fail to find suitable matched 
donors.1 However, most have a family member with whom they share 1 HLA 
haplotype but are mismatched at the other for HLA-A, -B, -C, or -DR. 

Unfortunately, until the 1990s, transplantation of bone marrow cells from a 
1-haplotype mismatched related donor was largely unsuccessful in leukemia patients 
because of the high incidence of severe graft-vs.-host disease (GVHD) in unmanip-
ulated transplants2 and graft rejection in extensively T-cell-depleted transplants.3 

Studies in animal models established that genetic barriers in allogeneic BMT 
could be overcome by increasing the marrow inoculum cell volume.4 Adopting the 
principle of a stem cell megadose, which Reisner successfully pioneered in animal 
models, we added granulocyte colony-stimulating factor (G-CSF)-mobilized 
peripheral blood progenitor cells (PBPCs) to BM cells to treat 36 high-risk 
leukemia patients and increased the number of the CD34+ cells in the inoculum to 
10-fold over bone marrow alone. A primary, sustained engraftment was achieved 
in 80% of patients with a very rapid hematopoietic reconstitution and, although no 
posttransplant treatment was given to the patients, acute severe GVHD occurred in 
only 18% of patients, and there was no significant chronic GVHD. This pilot study 
showed that a high engraftment rate with reduced GVHD could be achieved in 
T-cell-depleted mismatched transplants by infusing a high number of extensively 
T-cell-depleted CD34+ cells.5 

We have changed our T-cell depletion procedure over the ensuing years in an 
attempt to optimize processing for peripheral blood cells. From October 1995 to 
August 1997, PBPCs were depleted of T lymphocytes by 1-step E-rosetting 
followed by positive selection of CD34+ cells with the CellPro device; since 
January 1999, we have been using the CliniMACS instrument to select CD34+ cells 
in a 1-step procedure. All these procedures yield very large numbers of CD34+ cells 
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(10-12X 106/kg). When we started using CD34+ selection, we reduced the number 
of T lymphocytes by 1 log (2-3 X 104/kg). Another significant change in our 
strategy was substituting fludarabine for cyclophosphamide in an effort to reduce 
the extrahematologic toxicity of our total body irradiation-based conditioning 
regimen. Fludarabine was given at 40 mg/m2 for 5 consecutive days. At the same 
time we also reduced the total lung dose of radiation from 6 to 4 Gy. 

The modifications in the conditioning regimen and in graft processing did not 
compromise sustained primary engraftment in a series of 43 high-risk acute 
leukemia patients transplanted between October 1995 and August 1997.6 As we 
had hoped, the few T cells we infused successfully prevented GVHD even without 
any posttransplant immunosuppressive treatment. The extrahematologic toxicity 
was minimal even in these advanced and heavily pretreated patients. There were no 
cases of veno-occlusive disease of the liver, only 15% suffered from severe oral 
mucositis, and 2 deaths occurred from pulmonary decompensation. To date, 
9 patients survive disease free at a median follow-up of 3 years. 

A reflection emerging from these results is that the highly purified CD34+ cells 
administered in an extremely large dose may in themselves enhance engraftment. 
It has been recently shown in a mixed lymphocyte culture that human CD34+ cells 
purified by the same procedure we employed in clinical transplantation specifically 
reduce the numbers of cytotoxic T lymphocyte precursors against their histocom
patibility antigens but not against third-party stimulator cells. In other words, 
purified CD34+ cells are able to induce specific tolerance, acting like other veto or 
facilitating cells.7 

An analysis of the relapse rate in these high-risk leukemia patients also leads to 
some interesting observations. After extensive T-cell depletion, one would expect 
an increased risk of leukemia relapse in patients who did not develop GVHD. To 
date, the relapse rate in acute myeloid leukemia (AML) patients is much less than 
expected, considering that most patients were transplanted in refractory relapse. 
The low relapse rate in the AML patients could be related to potential graft-vs.-AML 
effector mechanisms. We have recently suggested that donor natural killer (NK)-
cell alloreactivity, a biological phenomenon unique to mismatched transplants, 
could play a role in this antileukemia effect.8 Because of the incompatibility, 
recipients often did not express the major histocompatibility complex (MHC) 
class I allele (KIR epitope) recognized by the inhibitory receptors (KIR) of all 
donor NK cells, and so specific donor NK clones killed recipient target cells. Under 
these circumstances, the transplanted stem cells regenerated host-reactive NK 
clones which killed pretransplant cryopreserved host lymphocytes and which could 
be blocked only by targets expressing the MHC class I allele missing in the 
recipient, but did not cause GVHD. The alloreactive clones killed 100% acute and 
chronic myeloid leukemia cells, suggesting that KIR epitope incompatibility in the 
GVH direction exerts antileukemic effects. 



Martelli 403 

One major problem, at least in adults, that appears to be common to all T-cell-
depleted transplants is the slow recovery of antimicrobial and antiviral responses.9 

However, delayed immunological reconstitution of T-cell numbers and functions is 
not the only risk factor leading to our 0.40 probability of infectious-related deaths. 
Most patients were heavily pretreated, which inevitably increases the risk of 
bacterial and fungal colonization before transplant. Indeed, multivariate analysis 
showed that a history of infections and colonization at transplant were the most 
significant factors for infection-related deaths (relative risk, 3.35). Interestingly, 
after 1 posttransplant year, no patient died of infection, because the immune system 
was near normal and there was no significant chronic GVHD. One of the 
mechanisms underlying the slow immunologic reconstitution is the T-cell 
depletion itself. Furthermore, there is evidence that G-CSF may play a role in 
delaying posttransplant reconstitution of T-cell numbers and function. G-CSF is 
given to donors to mobilize stem cells and to recipients to ensure engraftment. 
Recent studies show G-CSF promotes T helper 2 (Th2) immune deviation which, 
unlike Thl responses, does not protect against intracellular pathogens and fungi.10 

In our 43 acute leukemia patients who received G-CSF posttransplant, the 
engraftment rate was 95%. However, patients exhibited a long-lasting type 2 
immune reactivity, ie, Th2-inducing dendritic cells not producing interleukin 
(IL)-12 and high-frequencies of IL-4/IL-10-producing CD4 + cells not expressing 
the IL-12 receptor (32 chain. Similar immune reactivity patterns were observed 
upon exposure of donor cells to G-CSF. 

Consequently, in an attempt to speed up and improve posttransplant T-cell 
recovery, we stopped giving G-CSF to the recipients after transplantation. At the 
same time, using the CliniMACS system, we significantly reduced monocyte 
contamination of the inoculum. Elimination of postgrafting G-CSF administration 
in a subsequent series of 29 acute leukemia patients, while not adversely affecting 
the engraftment rate, resulted in the anticipated appearance of IL-12-producing 
dendritic cells, CD34+ cells of a mixed ThO/Thl phenotype, and antifungal T-cell 
reactivity in vitro." Moreover, CD4+ cell counts increased significantly faster. 
Finally, elimination of G-CSF-mediated immune suppression did not increase the 
incidence of GVHD. 

To conclude, our experience in mismatched transplants over the past 10 years 
demonstrates that engraftment can be achieved without severe GVHD and with low 
regimen-related toxicity and mortality. The delay in immunological reconstitution, 
which is inevitably associated with extensive T-cell depletion, can be shortened in 
part. Given the potential graft-vs.-AML effector mechanisms, which appear to be 
peculiar to mismatched transplants, this approach is now a clinically feasible 
strategy for high-risk leukemia patients. 
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ABSTRACT 

We now have long-term follow-up from our previous experience with 
autologous bone marrow transplantation (autoBMT) for acute myeloid leukemia 
(AML) using an intensive busulfan-plus-etoposide preparative regimen and bone 
marrow purged with 4-hydroperoxycyclophosphamide (4HC). With median 
follow-up of 9.5 years, 8-year disease-free survival (DFS) is 68% for patients in 
first remission and 52% for patients in second and third remission. Although these 
outcomes are encouraging, engraftment was slow, and morbidity, high. We 
therefore studied the feasibility and efficacy of a 2-step approach to autologous 
stem cell transplantation (autoSCT) for patients with AML that would improve 
engraftment and reduce both morbidity and resource utilization. Step 1 consisted of 
consolidation chemotherapy including cytosine arabinoside (Ara-C) 2000 mg/m2 

twice a day for 4 days concurrent with etoposide 40 mg/kg by continuous infusion 
over 4 days. Peripheral blood stem cells were collected during the recovery phase 
from this chemotherapy under granulocyte colony-stimulating factor (G-CSF) 
stimulation. Step 2, autologous stem cell transplantation, involved the preparative 
regimen of busulfan 16 mg/kg followed by etoposide 60 mg/kg (unchanged from 
our initial study) and reinfusion of unpurged peripheral blood stem cells. One 
hundred thirty-three patients were treated in first remission. During step 1, there 
were 2 treatment-related deaths. A median CD34+ cell dose of 15Xl06/kg was 
collected in 3 aphérèses. Ten patients relapsed before transplantation, and 121 
patients (91%) proceeded to transplantation. During step 2, there were 2 treatment-
related deaths, and 46 patients subsequently relapsed. With median follow-up of 
4.0 years, 5-year DFS for all patients entered on study is projected to be 55%. By 
cytogenetic risk group, 5-year DFS is 72% for favorable patients, 52% for inter-
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mediate risk, and 0% for poor risk. We used the identical approach to treat 28 
patients with more advanced AML, with 5-year DFS of 53%. We conclude that this 
2-step approach to autologous transplantation produces excellent stem cell yields 
and allows a high percentage of patients to receive the intended therapy. 
Preliminary efficacy analysis is very encouraging, with outcomes that appear 
superior to those after conventional therapy 

INTRODUCTION 

The optimal strategy for autologous bone marrow transplantation for AML in 
first remission is not well defined. Because autoBMT relies primarily on the efficacy 
of the preparative regimen in the absence of a graft-vs.-leukemia effect, we studied 
the use of an intensive regimen for autologous transplantation, combining busulfan 
with high-dose etoposide. Long-term follow-up of a small single-center experience 
using this regimen and 4HC-purged bone marrow rescue demonstrates 8-year DFS 
of 68% in 50 patients in first remission (Figures 1 and 2) and 52% in 25 patients in 
second/third remission.1-3 However, although the treatment-related mortality was 
low (4%), delayed engraftment, prolonged hospitalization, and severe nonhema-
tologic toxicity limited the broad application of this treatment approach. 

We modified our approach to autologous transplantation to allow the more 
widespread use of the intensive busulfan/etoposide preparative regimen. We used 
peripheral blood stem cells instead of bone marrow based on the hypothesis that 
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Figure 1. Disease-free survival (DFS) of all 50 patients in first remission treated with autol
ogous bone marrow transplant and 4-hydroperoxycyclophosphamlde-purged marrow. 



Linker et al. 409 

0.2 

-nDtHm-D-ooD-a FAV DFS 78% 

NON DFS 59% 

14 

YEARS 

Figure 2. Disease-free survival (DFS) of 50 patients in first remission treated with autol
ogous bone marrow transplant and 4-hydroperoxycyclophosphamide-purged marrow by 
cytogenetic risk category. FAV, favorable cytogenetics; NON, unfavorable cytogenetics. 

more rapid engraftment would reduce the overall toxicity of the transplant 
program. We gave a single course of moderately intensive postremission therapy to 
achieve further cytoreduction of the leukemia and to take advantage of a possible 
in vivo purging effect, collecting peripheral blood stem cells during the recovery 
phase from this chemotherapy.45 Because our goal was to maximize the percentage 
of patients able to proceed to transplantation, the consolidation chemotherapy was 
developed as a compromise between giving intensive enough treatment to avoid a 
large number of early relapses but avoiding excessive toxicity that would result in 
patients dropping out from the treatment program. 

We report here the success of this strategy in allowing excellent peripheral 
blood stem cell mobilization with rapid engraftment, decrease in toxicity, and the 
ability to get a high percentage of patients to transplant. The preliminary outcome 
results suggest that this approach compares favorably with other treatment options. 

M E T H O D S 

Patients 

Patients were accrued from 6 centers between May 1993 and June 1999. All patients 
gave written informed consent in accord with each institution's Committee on Human 
Research. Eligible patients were older than 17 years and up to age 70 years. 
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Patients in first remission were required to have de novo AML. Patients with 
prior myelodysplasia (MDS), myeloproliferative disease, or chemotherapy-
related leukemia were excluded. Complete remission was defined as normal bone 
marrow morphology with <5% blasts, resolution of previously abnormal cytoge
netics, no evidence of extramedullary leukemia, absolute neutrophil count (ANC) 
>1500//<L, and platelets >140,000///L. Patients were required to remain in 
complete remission for at least 30 days but <6 months before study entry. We 
required adequate organ function with bilirubin <1.5 mg/dL, alkaline phosphates 
and asparatate transaminase (AST) <2 times the upper limit of normal, 
creatinine <2.0 mg/dL, cardiac ejection fraction >40%, and pulmonary carbon 
monoxide diffusion capacity >50%. Patients receiving previous postremission 
high-dose Ara-C (HDAC) (defined as more than 4 Ara-C doses of 2000 mg/m2) 
were ineligible, but patients may have received less intensive postremission 
therapy before study entry. 

Patients were classified by cytogenetics as favorable if they had t(l5,17), t(8,21), 
or invl6q. Patients with unequivocal French-American-British (FAB) M3 
morphology without cytogenetic tests performed were also classified as favorable. 
Patients were classified as poor risk if they had monosomy of chromosomes 5 or 7, 
abnormal 7q, or complex abnormalities. Other patients were classified as 
intermediate risk, including those with normal cytogenetics, +8 and llq23 
abnormalities, and miscellaneous abnormalities or those for whom cytogenetics were 
not known. 

We also treated patients with more advanced AML. These patients were in 
either second or third remission, had secondary leukemia based on evolution 
from prior MDS or prior chemotherapy, or had primary induction failure, 
defined as having failed to achieve complete remission after induction therapy 
with 6 days of HDAC plus daunorubicin but then achieving remission with 
salvage chemotherapy. Other requirements were similar to first-remission 
patients except that we required ANC >1000//<L, platelets >100,000/^L, and 
AST <3 times normal. 

Step 1: Consolidation Chemotherapy 

Patients were treated with Ara-C 2000 mg/m2 intravenously (IV) over 2 hours, 
q 12 hours X 8 doses on days 1-4, plus etoposide 40 mg/kg by continuous IV 
infusion over 96 hours on days 1-4. All chemotherapy was calculated based on 
corrected weight defined as ideal weight plus 25% of the difference between actual 
and ideal weight. G-CSF 5 ^g/kg daily subcutaneously was started on day 14 of 
therapy and continued until peripheral blood stem cell collection was completed. 
The dose of G-CSF could be escalated to 10 //g/kg if stem cell collection was 
proceeding slowly. 
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Stem Cell Collection 

Stem cell collection was begun when the white blood cell count (WBC) was 
>10,000/̂ L. At the initiation of this study, not all centers had the capability of 
measuring CD34+ cells. Therefore, the target for stem cell collection was initially 
either a CD34+ cell dose >10X 106/kg or a mononuclear cell count >15X 108/kg. By 
June 1995, the MNC target was reduced to 12X 108/kg, and by November 1995, all 
centers had the capability of measuring CD34+ cells and the collection target was 
a CD34+ cell dose >10X 106/kg. In November 1996, the CD34+ cell dose target was 
reduced to >5X106/kg. 

Leukaphereses were performed by institutional criteria, with processing of 12 to 
18 liters of blood daily. A buffy coat was prepared by centrifugation and mixed in 
M199 media with 5% autologous plasma and 10% dimethylsulfoxide (DMSO) to 
achieve a final cell concentration of 2.5 X108 cells/mL. The stem cell product was 
frozen in a controlled-rate freezer and stored in the liquid phase of liquid nitrogen. 
CD34+ and colony-forming units-granulocyte/macrophage (CFU-GM) assays were 
done by institutional criteria. During the first 18 months of the study, patients had 
backup bone marrow collected after the completion of stem cell collection. 

Step 2: Autologous Stem Cell Transplantation 

Patients were eligible to proceed to step 2 once they were out of the hospital for 
at least 4 weeks after completion of consolidation chemotherapy and were docu
mented to be in continuous remission by a bone marrow test performed within 
2 weeks of admission and by having peripheral blood counts with ANC >500//<L 
and platelets >50,000//<L (either improving or stable). 

The preparative regimen consisted of busulfan 1 mg/kg orally every 6 hours for 
16 doses (total dose 16 mg/kg) on days -7 through -4 followed by etoposide 
60 mg/kg IV over 4-10 hours on day -3. As in step 1, all chemotherapy doses were 
calculated based on corrected weight. Peripheral blood stem cells were infused on 
day 0. G-CSF 5 ^g/kg daily subcutaneously was started on day 0 and continued 
until the ANC was >1500/̂ L for 2 consecutive days or >5000//<L for 1 day. 

Supportive Care 

During consolidation chemotherapy, patients received fluoromethalone 
ophthalmic solution 0.1%, 2 drops qid on days 1-6. Amphotericin 0.3 mg/kg per 
day was started on day 5 and continued until ANC was >500//<L. During 
autologous stem cell transplantation, amphotericin 0.3 mg/kg per day was started 
when ANC was <500//<L and continued until ANC was >500//<L. Acyclovir 
2 mg/kg IV q 12 hours was started on day -2 and continued until it could be 
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switched to acyclovir 200 mg po tid. This was continued for the first year after 
transplantation. Pneumocystis carinii pneumonia prophylaxis was maintained with 
trimethoprim/sulfamethoxazole 160 mg bid twice a week until at least 3 months 
after transplant or until CD4+ lymphocyte count was >200//<L. Red blood cell and 
platelet transfusions were administered according to institutional criteria. 

Toxicity 

Toxicity was graded according to the University of California San Francisco 
(UCSF) BMT Toxicity Grading Scale. Mucositis was scored as grade 2 (moderate) 
if the patient required narcotic analgesics or was unable to eat due to mucositis and 
grade 3 (severe) if >25% of the mucosa was ulcerated. Skin toxicity was scored as 
grade 2 (moderate) if the patient required narcotic analgesia and/or local care and 
grade 3 (severe) if significant desquamation and breakdown occurred. 

Statistical Evaluation 

DFS was calculated from the date of the start of step 1 consolidation chemo
therapy using Kaplan-Meier analysis on a Macintosh computer. Data were 
analyzed as of July 5, 2000. 

RESULTS 

Patients 

One hundred thirty-three first-remission patients were treated. The median age 
was 39 years (range, 18-65 years) and 6 (5%) were >60 years of age. Ninety 
patients (68%) received induction chemotherapy with HDAC and daunorubicin. 
Eight patients (6%) received some prior postremission therapy. The median 
interval between achieving remission and study entry was 41 days (range, 23-185 
days), and 9 patients were enrolled after intervals of >100 days. 

Forty patients had favorable cytogenetics. Twenty-four patients had FAB M3. 
Nine of these patients had WBC >5000/#L, and 2 had WBC >100,000///L. Ten 
patients received &\\-trans retinoic acid (ATRA) as part of induction chemotherapy, 
and 14 were treated in the pre-ATRA era. Eight patients had FAB M4Eo, and all 8 
had invl6q. Eight patients had t(8,21). Seven patients had poor-risk cytogenetics. 
Eighty-six patients were classified as having intermediate-risk disease with normal 
cytogenetics, miscellaneous abnormalities, or cytogenetics not known. The inter
mediate-risk group included 5 patients with +8 and 3 with 1 lq23 abnormalities. 

The advanced-disease patients had a median age of 44 years (range, 19-69 
years). Ten were in second remission and 1 in third remission. Six had secondary 
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Table 1. Hematologic Recovery of Patients in First Remission (Days)* 

413 

Stepl Step 2 

ANC 
>5007/<L 21 (17-31) +9 (7-15) 
>1000//<L 21 (17-32) +9 (7-27) 

Time to ANC <500//<L, d 12 (7-27) 5(3-20) 
Platelets 

>20,000/>L 23 (12-27) +13 (0-359) 
>50,000//<L 28 (17-72) +20 (8̂ 100+) 
>100,000///L 35 (18̂ 100+) +28 (9-400+) 

Number of platelet transfusions 6(1-34) 3 (0-100) 
Red blood cell transfusions, units 5 (0-19) 3 (0-50) 

*Data are median (range); + indicates additional. 

AML, 4 with prior MDS and 2 after chemotherapy for breast cancer. Eleven 
patients were in remission after failing to respond to HDAC-based induction 
therapy. Three of these had FAB M3 and responded to ATRA plus idarubicin, and 
8 others were induced with idarubicin, HDAC, and etoposide. 

Step 1: Consolidation Chemotherapy 

Consolidation chemotherapy was generally well tolerated. For first-remission 
patients, hematologic toxicity was as expected, with a median of 12 days with ANC 
<500//<L (Table 1). Patients required a median of 5 units (range, 0-19 units) of red 
blood cells and 6 platelet transfusions (range, 1-34). There was little nonhema-
tologic toxicity, with median 0 days (range, 0-22 days) of parenteral nutrition and 
0 days (range, 0-24 days) of narcotics (Table 2). There was no significant skin 
toxicity. Two patients experienced transient central nervous system neurotoxicity 
related to HDAC but recovered completely. There was little hepatotoxicity, with a 
median bilirubin of 1.0 mg/dL (range, 0.5-6.6 mg/dL). Seven patients had a peak 
bilirubin >3 mg/dL, and the highest bilirubin was 6.6 mg/dL. There were 2 

Table 2. Nonhematologic Toxicity of Patients in First Remission* 
Step 1 Step 2 

DaysofTPN 0 (0-22) 6 (0-34) 
Days of narcotic use 0(0-24) 7(0-29) 
Days until hospital discharge 25 (18-73) +15 (9-59) 
Peak bilirubin level (mg/dL) 1.0 (0.5-6.6) 0.9 (0.4-3.6) 

*Data are median (range); TPN, total parenteral nutrition; + indicates additional. 
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treatment-related deaths due to sepsis. Ten patients relapsed after completing 
consolidation and before transplantation. 

Advanced-disease patients tolerated this chemotherapy similarly well. The 
median times to ANC >500/pL and >1000/uL were 21 days (range, 17-31 days) 
and 22 days (range, 17-33 days). The median times to platelets >20,000/uL and 
50,000/pL were somewhat longer than in first-remission patients, at 28 days (range, 
11-118 days) and 32 days (range, 18-223 days), respectively. Nonhematologic 
toxicity was similar to first-remission patients, with most patients not requiring 
total parenteral nutrition (TPN) or narcotics, and the median peak bilirubin was 
1.3 mg/dL (range, 0.7-43 mg/dL). There were no treatment-related deaths, but 1 
patient developed severe multiorgan failure in the context of Streptococcus 
viridans sepsis and was judged too ill to proceed with transplantation. 

Stem Cell Collection 

For first-remission patients, the median time to first stem cell collection was day 
25 (range, 18-40 days) of treatment (Table 3). Patients underwent a median of 3 
collections (range, 1-11). We initially set a very high CD34+ target of 10X 106/kg. 
As we developed more experience with this regimen, the CD34+ cell target was 
reduced to 5Xl06/kg. If the stem cell collection results are analyzed based on a 
CD34+ target of 5X 106/kg, 59% (59 of 100 of patients for whom CD34+ data are 
available) achieved this goal in 1 collection, and the mean number of collections to 
reach the target was 1.9 (range, 1-9). One hundred thirty of 131 patients had 
successful collections. One patient failed to mobilize during the period of sepsis. 
This patient subsequently had stem cells mobilized with G-CSF alone and 
proceeded to transplantation. 

Advanced-disease patients also mobilized stem cells well. A median CD34+ 

dose of 13Xl06/kg (range, 0-235X106/kg) was collected in a median of 2 
collections (range, 1-7). The median number of collections to reach a CD34+ target 
dose of 5 was 1 (range, 1-5). Twenty-six of 28 patients had successful collections, 
both failures occurring in the context of sepsis. 

Table 3. Stem Cell Collection in Patients in First Remission* 

Start day 
Number of collections 
Number of collections to achieve >5X 106 CD34+ cells/kg 
Mononuclear cells, Xl08/kg 
CD34+cells, X106/kg 
CFU-GM, X104/kg  

25 (18-10) 
3(0-11) 
1 (1-9) 

11 (0.5-57) 
14.6(1.8-230) 

193(1.5-2100) 

*Data are median (range). CFU-GM, colony-forming units-granulocyte/macrophage. 
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Step 2: Autologous Stem Cell Transplantation 

One hundred twenty-one of 133 first-remission patients (91%) proceeded to 
transplantation. Two patients died during consolidation, and 10 relapsed before 
transplant. Engraftment after stem cell infusion was rapid, with ANC >500/uL by 
day 9, and with no patients reaching this landmark later than day 15 (Table 1). 
Median number of days spent with ANC <500 was 5 (range, 3-20). Platelets 
recovered to >20,000/uL by day 13. Only 12 patients required >30 days to reach this 
landmark, and only 2 patients required >100 days. One of these patients never 
engrafted platelets and died on day 359 of sepsis, likely related to his continued use 
of an indwelling catheter. No patient was infused with back-up pelvic bone marrow. 

Nonhematologic toxicity of the regimen was very acceptable (Table 2). Median 
number of days of TPN were 6, and median days of narcotic analgesia, 7. Skin 
toxicity was minimal, with median 0 days (range, 0-16 days) of grade 2 toxicity, 
and only 1 patient had >14 days of grade 2 toxicity. No patient had >2 days of 
severe (grade 3) skin toxicity. There was little hepatotoxicity, with median peak 
bilirubin of 0.9 mg/dL (range, 0.4-3.6 mg/dL) and no cases of veno-occlusive 
disease (VOD). Patients were discharged from the hospital by median day 15 
(range, day 9-59). There were 2 treatment-related deaths. One was an iatrogenic 
death related to perforation of duodenum during endoscopy with resulting acute 
respiratory distress syndrome. One patient (mentioned above) who retained a 
central catheter because of failure to engraft platelets died of sepsis 1 year after 
transplantation. 

Twenty-six of 28 advanced-disease patients were transplanted. Engraftment 
was similar to that seen in first-remission patients, with median times to ANC 
>500/uL and >1000/pL both being 10 days, and times to platelets >20,000/uL and 
50,000/uL, 12 and 18 days, respectively. A total of 6 days (range, 2-17 days) were 
spent with ANC <500/uL. Patients required a median of 3 platelet transfusions 
(range, 1-15) and 4 units of red blood cells (range, 0-17). 

Nonhematologic toxicity in advanced-disease patients was also similar to that in 
first-remission patients. There was 1 treatment-related death from multiorgan 
failure. Median requirement for TPN was 7 days (range, 0-24 days), and for 
narcotics, 7 days (range, 0-22 days). The median peak bilirubin was 1.0 mg/dL 
(range, 0.4-7.1 mg/dL), and no cases of VOD were seen. Patients were discharged 
from the hospital on median day 16 (range, day 10-34). 

Treatment Outcome 

We treated 133 patients in first remission (Table 4). During consolidation 
chemotherapy, there were 2 deaths and 10 early relapses. One hundred twenty-one 
patients proceeded to transplantation. During transplant, there were 2 treatment-
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Table 4. Outcome of Patients in First Remission 

Cytogenetics 
All Favorable Intermediate Poor 

Step 1 133 40 86 7 
Death 2 0 2 0 
Early relapse 10 1 5 4 

Step 2 121 39 79 3 
Death 2 1 1 0 
Relapse 46 9 34 3 
Second cancer 1 0 1 0 

Continuing remission 72 29 43 0 

related deaths, and 46 relapses occurred after transplant. One patient died of 
pancreatic cancer 5.7 years after study entry. With median follow-up of 4.0 years 
(range, 1.0-6.9 years), 5-year DFS is 55% (95% confidence interval [CI] 
46%-64%) (Figure 3). 

As with nonablative therapy, cytogenetics were an important prognostic factor 
for relapse. For 40 favorable-risk patients, 5-year DFS is 72% (95% CI, 58%-86%) 
(Figure 4). For 24 FAB M3 patients, 5-year DFS is 75%, and both patients with 
WBC >100,000/uL relapsed. The 5-year DFS for 8 patients with FAB M4Eo is 
88%, with 1 death and no relapses. The 5-year DFS for 8 patients with t(8,21) is 
50%, with 4 relapses. For the 86 patients with intermediate-risk disease, 5-year 
DFS is 52% (95% CI, 38%-66%). Two of 5 patients with +8 and all 3 patients with 
llq23 abnormalities remain well. All 7 patients with poor-risk cytogenetics 
relapsed either before or within 1 year of transplantation. 

We treated 28 patients with advanced AML. Two patients did not proceed to 
autologous transplant. One remains in remission >4.3 years with no further therapy 
and the second >6 years after allogeneic transplant. Of the 26 patients who received 
autologous transplant, there was 1 treatment-related death and there were 12 
relapses. With median follow-up of 3.9 years (range, 1.5-6.6 years), 5-year DFS is 
53% (95% CI, 34%-72%) (Figure 5). All 7 patients with FAB M3 treated in second 
remission remain well. 

DISCUSSION 

This 2-step approach to autologous stem cell transplantation for AML is highly 
feasible, with 91% of the patients able to receive the intended therapy. This consol
idation chemotherapy regimen of HDAC plus etoposide appears highly effective in 
mobilizing peripheral blood stem cells in both first- and subsequent-remission 
patients. Only 1 of 131 first-remission (and 2 of 28 advanced-disease) patients did 
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Figure 3. Disease-free survival (DFS) of all 133 first-remission patients entered on study. 

not have an adequate stem cell collection. The median number of collections to 
reach a CD34+ cell dose target >5X 106/kg was 1, and a total CD34+ cell dose of 
15Xl06/kg was collected in 3 aphereses. Engraftment of these peripheral blood 
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Figure 4. Disease-free survival (DFS) of first-remission patients entered on study accord
ing to cytogenetic risk group: 40 favorable (FA V), 86 intermediate (INT), and 7 poor. 
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Figure 5. Disease-free survival (DFS) of 28 patients with advanced disease. 

stem cells was extremely rapid. Neutrophils >500/uL were reached by day 9, and 
the total number of days spent at ANC <500/uL was 5. This short duration of 
neutropenia likely contributed to the low treatment-related mortality and low 
morbidity. Platelets recovered to >20,000/uL by day 13, and only 2 patients 
reached this point later than day 100. Transfusion requirements were low, with 
patients requiring a median of 3 units of red blood cells and 3 platelet transfusions. 

The toxicity of the transplant step was very acceptable and appeared 
markedly different from our experience with the identical regimen using 4HC-
purged bone marrow. The median number of days requiring TPN fell from 38 
to 6, and the requirement for parenteral narcotics, from 19 to 7 days. It is likely 
that rapid neutrophil recovery contributed to reduced gastrointestinal toxicity. 
Less easy to understand is the marked decrease in skin toxicity, which was one 
of the serious problems with our prior regimen. Previously, 20% of patients had 
severe skin toxicity lasting longer than 14 days, whereas no patient in the 
current study experienced this level of toxicity. In terms of resource utilization, 
the use during both treatment steps of 7 units of red blood cells and 9 platelet 
transfusions is far less than the 11 units of blood and 23 platelet transfusions 
required during autoBMT supported by 4HC-purged bone marrow. The total 
number of days of hospitalization was similar, 48 (2-step stem cell) vs. 49 
(purged bone marrow) days. 

Autologous transplantation has been pursued as a postremission therapy for 
AML based on the hope that the ablative regimen would reduce relapse and lead 
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to improved outcomes. However, the role of autologous transplant in the 
management of first-remission AML remains controversial. Two large phase 3 
studies have been reported, with somewhat conflicting results.67 A large 
European study demonstrated an improvement in DFS from autologous 
transplant, whereas an American study did not. However, both studies were 
plagued by the fact that a low percentage of patients received the intended 
therapy. In the European study, only 68% of remission patients reached the 
point of randomization/allocation, and of patients randomized to receive 
autologous transplant, only 74% did so. In the American study, a similar pattern 
was observed, with only 67% of remission patients reaching 
randomization/allocation and only 54% of patients randomized to autoBMT 
receiving the transplant. 

For first-remission patients with favorable cytogenetic subtypes of acute 
leukemia, several treatment options can result in >50% likelihood of prolonged 
DFS.8-9 Patients with FAB M3 and WBC <10,000/uL have 4-year DFS >70%, 
whereas those with higher WBC do more poorly: DFS <40%.10,11 Patients with 
t(8,21) have prolonged DFS of 50%-70%, and those with invl6q have a DFS of 
40%-60%.8,9,12,13 Although autoSCT may not be necessary as a first treatment 
option in this favorable group of patients, the outcome appears to be at least as 
good, with no significant increase in treatment mortality.14 Our patients with FAB 
M4Eo fared especially well, with no relapses in 8 patients, suggesting that initial 
autoBMT may be a valid approach. For the large group of patients with 
intermediate-risk AML, the projected DFS of 52% compares favorably to the 30% 
DFS reported after HDAC postremission therapy.15 

This treatment approach also appears highly feasible and effective in patients 
with more advanced AML. Allogeneic transplant is often considered the 
treatment of choice, based on its ability to cure 30%-40% of patients in second 
remission.16 Based on our preliminary results, autoSCT appears to be an 
excellent treatment option for patients in second remission. If our results in 
patients with FAB M3 in second remission are confirmed, autologous transplant 
may be preferable to allogeneic transplant in this setting. The Cancer and 
Leukemia Group B (CALGB) is currently conducting a phase 2 trial using this 
same 2-step approach and may be able to confirm the low mortality and good 
efficacy of the approach. 

Autologous stem cell transplantation remains a promising therapy in the 
management of A M L . 1 7 The 2-step approach outlined here allows a high 
percentage of patients to remain in remission, yield an adequate dose of stem cells 
that can engraft rapidly, and proceed to transplantation. In the setting of rapid 
engraftment, patients can tolerate very intensive preparative regimens with little 
mortality and very acceptable morbidity. We await confirmation of these results in 
the Cooperative Group setting. 
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INTRODUCTION 

There is presently no consensus on the best therapeutic approach to acute 
myelocytic leukemia (AML) in elderly patients, and results of numerous 
randomized studies comparing conventional chemotherapy, allogeneic bone 
marrow transplantation, and autografting, available for patients <55 years of age,1^1 

do not apply beyond this age limit. This question is of considerable importance 
because AML is primarily a disease of older individuals, with a median age of 
onset of ~65 years. 

A previous study of the European Group for Blood and Marrow Transplantation 
(EBMT)5 showed the feasibility of autologous bone marrow transplantation in 
patients >50 years of age. We investigated the outcome of AML patients 60 years 
and older who received an autograft within the EBMT. 

PATIENT POPULATION 

The population consisted of 193 patients from 60 to 74 years of age (median, 
63 years) autografted from January 1984 to December 1998; 147 patients were 
autografted in first clinical remission (CR1). The source of stem cells was 
peripheral blood in 128, bone marrow in 51 (13 with in vitro treatment), and a 
combination of both in 14. The median follow-up was 14 months (range, 1-100 
months). Several pretransplant regimens were used, including total body irradiation 
(TBI) in 34. 

422 
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RESULTS 

Engraftment 

Ninety-eight percent of all patients and 99% of those transplanted in CR1 had 
successful engraftment. Engraftment of leukocytes occurred on day 14 (range, 
6-57 days), neutrophils on day 15 (range, 7-71 days), and platelets on day 30 
(range, 9-894 days). 

Outcome 

The 3-year transplant-related mortality (TRM) (Figure 1) reached 16% ± 3% in 
all patients and 15% ± 4% in those transplanted in CR1. In patients autografted in 
CR1, the relapse incidence was 44% ± 5% at 1 year and 58% ± 5% at 3 years 
(Figure 2); the leukemia-free survival (LFS) (Figure 3) and overall survival (Figure 4) 
rates were 36% ± 5% and 47% ± 5%, respectively, at 3 years. 

Patient Age and Sex 

Median age of the population was 63 years. The TRM at 3 years was 23% ± 5% 
in men and 8% ± 3% in women (P=.07). The relapse incidence was 67% ± 7% in 
those >63 years old and 59% ± 7% in those younger (P=.12). 
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Figure 1. Transplant-related mortality of patients >60 years old autografted for acute 
myelocytic leukemia. CR, clinical remission. 
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Figure 2. Relapse incidence of patients >60 years old allografted for acute myelocytic 
leukemia. CR, Clinical remission. 

TRM, relapse incidence, and LFS were identical in CR1 and CR2. The overall 
survival at 3 years, however, was 47% ± 5% in CR1 and 23% ± 8% in CR2 (P=.04) 
(Figure 2). 

In all, 128 patients (109 in CR1) received peripheral blood (PB) stem cells, 51 
(30 in CR1) bone marrow, and 14 (8 in CR1) both marrow and PB stem cells. 
Because the population receiving both marrow and PB was small, and PB in most 
of them was added in an effort to supplement a poor marrow collection, patients 
receiving marrow only were combined with those receiving both. 

In patients transplanted in CR1, the 3-year relapse incidence was 44% ± 1 1 % 
for those receiving marrow or marrow and PB vs. 63% ± 6% for those receiving 
PB only (F=.04). However, patients autografted in CR1 who received the higher 
PB doses (above the median value, 6.04 X104), had a lower relapse rate (47% ± 
11% vs. 79% ± 9%; P<.01). 

Status at Transplant 

Source and Dose of Stem Cells 
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Figure 3. Leukemia-free survival of patients >60 years old autografted for acute myelocytic 
leukemia. CR, clinical remission. 

Date of Transplant 

The median date for all transplants performed was March 1996. There was a 
significant improvement for patients transplanted recently: for those in CR1, the 
relapse incidence was 41% ± 8% vs. 65% ± 6% {P=.0\), the LFS 53% ± 8% vs. 
28% ± 5% (P=.01), and the overall survival 72% ± 7% vs. 36% ± 6% (P=.02). 

DISCUSSION 

The information provided by this analysis is of 3 kinds: 1) that autografting 
indeed is feasible, 2) that recent improvement has been obtained even in this 
category of older patients, and 3) that the source of stem cells is important to take 
into account because lower relapse rates were observed in patients receiving bone 
marrow vs. PB. In patients receiving PB, those for whom the doses of colony-
forming units-granulocyte/macrophage (CFU-GM) collected were above the 
median did better. 

Regarding the characteristics of the graft, previous studies have shown both the 
origin and the dose of stem cells infused to matter: PB has been associated with an 
increased relapse rate in the early series and has been attributed to collection of 
stem cells immediately after induction of remission, leading to contamination of 
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Figure 4. Overall survival of patients >60 years old autografted for acute myelocytic 
leukemia. CR, clinical remission. 

the graft by mobilized leukemic progenitors.6'7 More recent experience has shown 
lower relapse rates when using leukapheresis products collected after several 
consolidation courses to take advantage of in vivo purging.8,9 In the present study, 
the number of patients was too small to determine the impact of leukapheresis 
timing on outcome but, because of the reduced tolerance of elderly patients to 
chemotherapy, it is likely that many had leukapheresis initiated as early as possible 
in the course of the disease with limited prior in vivo purging. The dose of stem 
cells infused has been shown to be of importance in the context of autografting 
AML patients with marrow either purged by cyclophosphamide derivatives10 or 
unpurged.2 A reduction in the relapse rate and an increase in LFS has been shown 
in patients receiving doses of CFU-GM/kg evaluated at collection over the median 
value. A stem cell competition effect has been postulated in which an expanded 
normal stem cell pool expresses a growth advantage and/or a higher resistance (eg, 
to inhibitors of leukemic origin) when faced with a minimal residual tumor 
population. In the present study, the findings that bone marrow was associated with 
lower relapse incidence and better LFS is consistent with previous observations. 

In conclusion, the present survey indicates that autologous stem cell transplan
tation is a potential therapeutic approach for AML patients >60 years of age, 
especially since results have recently improved. Marrow may be a better source of 
stem cells than leukaphereses collected without sufficient in vivo purging. 
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ABSTRACT 

Between November 1989 and May 2000, 65 patients with acute myeloblastic 
leukemia (AML) in first complete remission (CR1) underwent autologous 
peripheral blood stem cell transplantation (autoPBSCT) using 2 consecutive 
protocols. In the first group (group A, 50 patients) peripheral blood stem cells 
(PBSCs) were collected after induction and consolidation (25 patients) or after 
consolidation only (25 patients). The subsequent 15 patients (group B) received 
induction and consolidation and 1 additional chemotherapy course with high-
dose cytosine arabinoside (Ara-C) (1 g/m2 per 12 hours X 4 days) and 
mitoxantrone (12 mg/m2/day X 3 days) before PBSC collection. The 
conditioning regimen consisted of busulfan 16 mg/kg and cyclophosphamide 
200 mg/kg in 63 patients. Two patients in group B underwent autoPBSCT after 
conditioning with busulfan 16 mg/kg, VP-16 40 mg/kg, and Ara-C 3 g/m2 per 
12 hours X 2 days plus granulocyte colony-stimulating factor (G-CSF) on days 
-9 to -2. Pretransplant characteristics were similar in the 2 groups, except 
patients were older in group B (41 vs. 49 years; P-.07). Hematopoietic 
engraftment was slightly quicker in group A, with median time to reach both 
0.5X109 neutrophils/L and 20X109 platelets/L of 12 days; times were 13 and 18 
days, respectively, in group B. There were 3 graft failures (4.6%), all in group 
A, and 4 transplant-related deaths (6%), 3 in group A and 1 in group B. No 
significant differences were observed for relapse (67% at 7 years in group A 
and 65% at 18 months in group B). Likewise, the actuarial disease-free survival 
(DFS) was not significantly different between the 2 groups (28% vs. 33%). 
Finally, no differences in outcome were observed according to the number of 
colony-forming units-granulocyte/macrophage (CFU-GM) or CD34+ cells 
administered. 

In conclusion, in our series, limiting PBPC collections after high-dose Ara-C 
did not reduce relapse rate. Likewise, no differences were observed in DFS 
according to the dose of progenitors administered. 

428 
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INTRODUCTION 

High-dose chemotherapy followed by autologous hematopoietic stem cell 
transplantation is commonly applied as postremission treatment in patients with 
AML as an alternative to allogeneic marrow transplantation.1 As in other diseases, 
PBPCs are being increasingly used as the source of hematopoietic progenitor cells 
for autografting in AML. The main benefits of autoPBSCT are derived from a 
faster hematopoietic recovery with a subsequent lower morbidity and mortality, 
shorter hospitalization, probable reduction in cost, and the potential to perform 
autologous transplants in older patients. 

In the first reported series of patients with AML in first remission undergoing 
autoPBSCT, PBPCs were collected during hematologic recovery after chemo
therapy given for induction, consolidation, or both. AutoPBSCT was performed 
immediately thereafter.2-"6 In these patients, leukemic relapse was the most frequent 
cause of treatment failure, ranging from 49% to 60% at 2-3 years.2-6 In an attempt 
to reduce the risk of relapse (RR), approaches that include changes in the number 
of courses and dose intensity of chemotherapy administered before transplantation, 
as well as the timing of PBPC collection or new conditioning regimens, have been 
taken.7"11 

In this article, we report the results of autoPBSCT in 65 patients with AML in 
first remission performed at our institution in 2 consecutive protocols. In the first 
50 patients, PBPC collections were performed during hematologic recovery after 
chemotherapy given for induction, consolidation, or both. In the remaining 15 
cases, PBPC collections were done only after the administration of an additional 
intensification course with intermediate-dose Ara-C and mitoxantrone. 

PATIENTS AND METHODS 

From November 1989 through May 2000, patients with de novo AML, excluding 
acute promyelocytic leukemia, diagnosed at our institution were eligible for the 
study. Up to June 1997, PBPC collections were planned after induction and/or 
consolidation chemotherapy.5,6 Fifty patients are included in this protocol (group A). 
In July 1997, we started a new therapeutic protocol that planned to perform PBPC 
collections after the administration of a chemotherapy course with high-dose Ara-C 
(1 g/m2 per 12 hours X 4 days) and mitoxantrone (12 mg/m2/day X 3 days) (group B). 
Figure 1 shows the therapeutic approach followed in the 2 groups. 

PBPC Collection 

Characteristics of PBPC collection and cryopreservation have been described 
elsewhere.5,6 Briefly, in group A, leukaphereses were performed during hemato-
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Figure 1. Autologous blood stem cell transplantation (ABSCT) in acute myeloblasts 
leukemia in first remission. Therapeutic approach followed in the 2 study groups. PBPC, 
peripheral blood progenitor cell. 

poietic recovery after induction and/or consolidation chemotherapy, when the 
white blood cell count was above 1X109/L for 2 consecutive days. In group B, 
PBPC collections were performed daily only after intensification. In every case, 
leukaphereses were performed using a continuous flow blood cell separator (twice 
the patient's calculated blood volume). An estimate of the number of progenitor 
cells in each apheresis bag was determined by fluorescence-activated cell 
separation analysis of CD34+ cells (HPCA-2; Becton Dickinson, Mountain View, 
CA) and 14-day CFU-GM assay. 

Bone Marrow Collection 

Overall, 55 patients (48 in group A and 7 in group B) underwent bone marrow 
harvesting in first remission. In group A, bone marrow was harvested after consol
idation, and in group B, harvesting was done after intensification. 

Stem Cell Cryopreservarion and Transfusion 

The marrow and aphereses were not purged and were frozen in a controlled-rate 
freezer in the vapor phase of liquid nitrogen (Kryo 10; Planner Biomed Products, 
Middlesex, UK). The frozen cells were then transferred to liquid nitrogen and 
stored at -196°C. Thawing was performed rapidly in a 38°C waterbath without 
removing the dimethylsulfoxide. The cell suspension was immediately injected 
into a Hickman catheter placed in a central vein. 
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Transplant-Related Mortality 

Every death of any cause during the first 100 days after transplant was 
considered a procedure-related death. 

Conditioning Regimen 

All patients in group A and 6 of 9 group B patients were conditioned with 
busulfan 4 mg/kg po in divided doses daily for 4 days (total dose, 16 mg/kg) and 
cyclophosphamide 50 mg/kg daily intravenously on 4 consecutive days (total dose, 
200 mg/kg). Three patients in group B underwent autoPBSCT after conditioning 
with busulfan (16 mg/kg), idarubicin (Vepeside) (40 mg/kg), and Ara-C (3 g/m2 per 
12 h X 2 days) plus G-CSF (days -9 to -2) according to the scheme described by 
Gondo et al." 

Statistical Analysis 

All data were analyzed as of May 31, 2000. Raw proportions were compared by 
X2 test. Transplant outcome was analyzed with respect to overall survival (OS), 
DFS, and RR. OS time was defined as time from transplant until death from any 
cause or until last follow-up evaluation for patients who were alive. DFS was 
calculated from the time of transplant to the date of death, relapse, or last follow-
up. Time to relapse was calculated from the time between autoPBSCT and relapse. 
The RR was defined as the cumulative probability of relapse, ignoring (censoring) 
death in CR. Survival, DFS, and relapse curves were plotted according to the 
method of Kaplan and Meier.12 Statistical comparison between different actuarial 
curves were based on log-rank tests. Student's t test was used to analyze 
differences between 2 independent means. All calculations were performed by the 
BMDP program.13 

RESULTS 

Patient Characteristics 

Characteristics at diagnosis of the patient population undergoing autoPBSCT are 
given in Table 1. Age was higher in group B patients than in group A (49 vs. 42 
years; P=.07). There were no significant differences in the distribution of patients by 
sex, white blood cell count at diagnosis, or French-American-British (FAB) subtype 
between the 2 treatment groups. The interval from diagnosis to transplant was higher 
in group B patients (176 vs. 230 days; P=.Q0l). The karyotypic findings were 
classified as low risk [inv(16), t(8;21), intermediate normal, +8, +21, +22,7q-, 9q-, 
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Table 1. Patient Characteristics at Diagnosis* 

Number of patients 
Sex 

Male 
Female 

Age, y 
Median 
Range 

FAB subtype 
MO 
Ml or M2 
M3 
M4 or M5 
M6 or M7 

White blood cell count, X109/L 
Median 
Range 

Interval from diagnosis to autoPBSCT, d 
Median 
Range 

Cytogeneticsf 
Low risk 
Intermediate risk 
High risk 

Group A Group B P 

50 15 

28 7 
22 8 

42 54 .07 
14-66 18-66 

1 1 
28 9 

1 0 
14 4 
6 1 

16 7.7 
1-186 1.6-58 

176 230 .001 
88-335 165-308 

2 0 
22 11 
4 3 

*AutoPBSCT, autologous peripheral blood stem cell transplantation; FAB, French-
American-British. fData available in 42 cases. 

abn(l lq23), other numerical or structural abnormalities] and high risk [-5, -7, 5q-
abn(3q), complex] according to Grinwade et al. 1 4 Results were available in 42 
patients (28 in group A and 14 in group B), and no differences were observed 
between the groups of patients (Table 1). 

PBPC Collection 

The median number of leukaphereses per patient was 6 (range, 2 to 10) in 
group A and 3 (range, 1 to 6) in group B (/J=.002). Median number of mononuclear 
cells (MNC), CFU-GM, and CD34+ cells administered is shown in Table 2. The 
total number of CD34+ cells obtained was greater in group A (median, 11X 106/kg) 
than in group B (median, 5.7X 106/kg). In contrast, median CFU-GM (55.4X 104/kg) 
and MNC (10.6X 108/kg) collected were higher in group B. 
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Table 2. Progenitor Cells Administered* 
Group A Group B P 

n 50 15 
Number of leukaphereses 

Median 6 3 .002 
Range 2-10 1-6 

MNC, Xl08/kg 
Mean 9.6 12.2 
Range 2.3-34.7 0.1-35 

CFU-GM, X104/kg 
Mean 88.6 81.3 
Range 0.1-228.5 0.8-289.3 

CD34+cells, Xl06/kg 
Mean 29.04 13.4 
Range 1.3-145 0.9-116.2 

*CFU-GM, colony-forming units-granulocyte/macrophage; MNC, mononuclear cells. 

Engraftment 

Sixty of 65 patients engrafted. Two patients died, on day 3 and 14, and were 
considered not évaluable for engraftment. The remaining 3 patients, all from 
group A, developed graft failure. Median time to achieve ANC >0.5X109/L was 
12 days (range, 10-23 days) and 13 days (range, 11-18 days) in groups A and B, 
respectively. Forty-four of 50 patients in group A recovered 20X109 platelets/L in 
a median of 12 days (range, 6-199 days). The remaining 6 patients did not achieve 
a self-sustaining platelet count greater than 20 X109/L due to graft failure (3 cases) 
or death (3 cases). On the other hand, 14 of 15 patients in group B recovered 
20X109 platelets/L in a median of 11 days (range, 6 to 199 days), and 1 patient died 
too early for evaluation. 

The 3 patients who failed to engraft received backup autologous bone marrow, 
on days 25, 41, and 61. Two also received G-CSF or granulocyte-macrophage 
(GM)-CSF. One patient died before recovery of marrow function, whereas 
complete hematologic reconstitution occurred in the remaining 2 patients. 

AutoPBSCT-Related Complications 

Fever was observed in 56 patients (93%). Infection was microbiologically 
documented in 21 cases (11 with bacteremia), clinically documented in 25 
(1 pneumonia), and possible in 10. Moderate to severe mucositis was observed 
in 53 cases (81%), requiring opioid analgesics, total parenteral nutrition, or 
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Figure 2. Autologous peripheral blood stem cell transplantation in acute myeloblasts 
leukemia in first remission. Comparison of the actuarial risk of relapse between the 2 study 
groups. Tick marks indicate patients without relapse. 

both. Veno-occlusive disease (VOD) occurred in 8 patients (12%), all in group 
A, and was severe in 2. Transplant-related mortality (TRM) occurred in 5 
patients (7.7%), 4 in group A (8%) and 1 in group B (6.6%). The causes of 
death were VOD (2 cases), intracerebral hemorrhage (2 cases), and bacterial 
infection (1 case). Finally, 1 patient in group A developed a secondary 
neoplasia (colon adenocarcinoma) 56 months after transplant and died 5 
months later while in CR. 

Outcome 

Thirty-six of 65 patients relapsed (55%), a median of 10 months (range, 1 to 
73 months) after autoPBSCT. Thirty patients in group A (60%) relapsed, 2 to 
73 months after autoPBSCT. In group B, with a shorter follow-up, 6 patients 
(40%) relapsed, between 2 and 18 months after autoPBSCT. Median time to 
relapse after autoPBSCT in group A and B was 8.5 months (range, 1 to 73 
months) and 13 months (range, 2 to 18 months), respectively. Cumulative RR 
after transplantation was 68% at 6 years. The actuarial RR was 67% (95% 
confidence interval [CI], 60%-74%) in group A and 65% (95% CI, 46%-84%) 
in group B (Figure 2). The overall DFS was 27% at 6 years (95% CI, 
21%-34%). The actuarial DFS was 28% (95% CI, 22%-34%) in group A and 
33% (95% CI, 16%-50%) in group B (Figure 3). Finally, no differences in DFS 
or RR were observed according to the number of CFU-GM or CD34+ cells 
administered. 
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Figure 3. Autologous peripheral blood stem cell transplantation in acute myeloblastic 
leukemia in first remission. Comparison of the actuarial disease-free survival between the 
2 study groups. Tick marks indicate patients alive and disease-free at the time of last contact. 

PBPCs can be easily collected in AML patients after mobilization with 
chemotherapy, growth factors, or both. Likewise, short-term hematopoietic 
recovery after autoPBSCT is faster than that observed after autologous bone 
marrow transplantation (autoBMT). Thus, PBPCs have facilitated the adminis
tration of high-dose chemotherapy with autologous stem cell support in AML. 
However, relapse still remains the most frequent cause of treatment failure after 
autoPBSCT.1 Intensification of chemotherapy to diminish the leukemic burden 
before transplant is widely used to prevent relapse. Also, several series have 
reported PBPC collection after administration of intermediate- or high-dose Ara-C 
(HDAC). 7 - 1 1 This strategy has been generally well tolerated, with a TRM rate 
similar to that observed in early clinical studies. Despite the administration of 
higher doses of chemotherapy before PBPC collection, hematologic reconstitution 
after autoPBSCT was as fast as in the first reported series, with a median time to 
reach polymorphonuclear cells 0.5X109/L and platelets 20X109/L ranging from 
12 to 15 days and 11 to 16 days, respectively.7-11 Finally, this strategy has shown 
an improvement in DFS and an important decrease in RR. 

The source of hematopoietic progenitor cells, peripheral blood or bone marrow, 
could have potential implications in the long-term outcome of autografting in AML 
patients. In terms of speed of engraftment, the different series including 
autoPBSCT demonstrate that short-term hematopoietic recovery, especially 

DISCUSSION 
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platelet engraftment, is faster than that observed after autoBMT.1 The rapid 
hematologic reconstitution of autoPBSCT patients decreases the risks related to 
granulocytopenia and thrombocytopenia and makes autoPBSCT a safer procedure 
than autoBMT. In fact, protracted thrombocytopenia is a well-recognized 
consequence of autoBMT in A M L , 1 5 and in a recent series of autoBMT, most 
deaths were associated with failure of hematopoietic reconstitution.16 

Whether the source of stem cells affects the long-term DFS of AML patients 
can be examined only from the results of nonrandomized clinical studies, and thus, 
definitive information is lacking. In a recent retrospective analysis from the 
European Group for Blood and Marrow Transplantaion (EBMT), no differences in 
DFS, RR, or OS were observed between AML patients undergoing autoPBSCT 
and autoBMT.17 Similar results were recently reported in a small single-institution 
study nonprospectively comparing autoBMT and autoPBSCT for AML patients.18 

A greater number of patients in prospective randomized studies with sufficiently 
long follow-up will be needed to settle this issue. 

In our series, engraftment was generally rapid in both groups and was similar to 
that in reports by other authors. However, we have observed no differences in RR 
between patients transplanted with PBPCs collected early after induction and/or 
consolidation and those patients undergoing autoPBSCT with cells collected after 
HDAC, a finding not observed by other groups. This may be related to the dose of 
Ara-C administered before PBPC collection. In our study, the Ara-C dose was 
8 g/m2, lower than generally reported by others.7,810 Thus, an increasing intensity 
of chemotherapy before autoPBSCT will probably have a greater impact in 
preventing relapses by a greater reduction of the leukemic contamination of the 
PBPCs and in the amount of residual disease in the patient. 

Some authors have suggested that conditions in which leukemia will relapse 
solely from leukemic cells in the graft are rare.19 Thus, a potential alternative to 
improve the therapeutic results in the field of intensification therapy with 
autologous stem cell support should be directed toward the development of less 
toxic and more effective conditioning regimens. As in the allogeneic setting, the 2 
most commonly used types of regimens for autologous transplantation in AML 
involve cyclophosphamide and total body irradiation or cyclophosphamide and 
busulfan. Recently, encouraging results have been reported with the combination 
of BCNU, amsacrine, idarubicin (Vepeside), and Ara-C (BAVC) as a preparative 
regimen for autoBMT in patients with AML in second remission20,21 or in relapse 
after an autoPBSCT.22 These studies confirm that the BAVC combination is an 
effective regimen for autografting in AML and deserves further study. Finally, in 
this field of new preparative regimens, a more effective conditioning chemotherapy 
by cytokine priming and HDAC addition may have contributed to the good results 
observed in the series reported by Gondo et al.,11 achieving a 3-year DFS of 78.6% 
and a very low RR of 21.4%. 
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With these aims, within the Spanish Cooperative Group we have designed 

PETHEMA, a therapeutic protocol for patients with de novo AML up to 65 years 

of age. In this new scheme, patients will undergo 2 courses of chemotherapy 

consisting of idarubicin (12 mg/m2 X 3) or daunorubicin (60 mg/m2 X 3) and 

Ara-C (200 mg/m2 X 7). Patients lacking an HLA-identical donor will undergo an 

early intensification course consisting of HDAC (1 g/m2 per 12 hours X 4) and 

mitoxantrone (12 mg/m2 X 3) followed by PBPC collections. AutoPBSCT will be 

performed immediately thereafter. The conditioning regimen consists of busulfan 

(16 mg/kg), idarubicin (40 mg/kg), and Ara-C (3 g/m2 per 12 hours X 2 days) plus 

G-CSF (days -9 to -2), similar to that reported by Gondo et al.11 

In conclusion, although there is interpatient variability, PBPCs can be collected 

easily in AML patients after mobilization with chemotherapy, hematopoietic 

growth factors, or both. On the other hand, short-term hematopoietic recovery is 

faster than that observed after purged or unpurged autoBMT. Hence, the risks 

related to granulocytopenia and thrombocytopenia are decreased, making 

autoPBSCT a safer procedure than autoBMT. Relapse still remains the most 

frequent cause of treatment failure after autoPBSCT. From our point of view, the 

design of new clinical trials for AML, including autoPBSCT, must be directed 

toward an improvement in DFS, including collecting PBPCs after administration of 

HDAC, and in the development of new preparative regimens with greater 

antileukemic efficacy. 
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ABSTRACT 

Background. Patients with acute leukemia who relapse after treatment with 
high-dose chemoradiotherapy followed by an autologous stem cell transplan
tation are expected to have a poor prognosis. However, this has not been 
previously studied and it is unknown whether the prognosis of these patients can 
be improved. Methods. All patients who relapsed after undergoing autologous 
stem cell transplantation for acute leukemia in remission between January 1, 
1981, and December 31, 1996, and who were reported to the Acute Leukemia 
Working Party of the European Cooperative Group for Blood and Marrow 
Transplantation (EBMT), were included in the study. Ninety patients underwent 
an allograft (group A), 2584 were treated with chemotherapy (group B), and 74 
received a second autograft (group C). Risk factors for survival were analyzed in 
univariate and multivariate analyses. Results. The 2-year survival rates after 
relapse were 32% ± 5%, 11% ± 1%, and 42% ± 6% in groups A, B, and C, respec
tively. In group A, those with an HLA-A- , -B-, and -DR-compatible related or 
unrelated donor had a 2-year survival of 37% ± 7% compared with 13% ± 8% for 
those receiving a graft from an HLA-mismatched donor. The following factors 
were associated with better survival in multivariate analyses: interval from first 
autograft to relapse >5 months, first autograft performed later than 1991, patient 
age <26 years, group B vs. HLA mismatches from group A, group C vs. group 
B, patients who were not treated with total body irradiation (TBI) at first 
autograft, and patients in first remission at first autograft. Patients who received 
a first autologous transplant with TBI did better with a second autograft than with 
an HLA-matched allograft. In the absence of TBI for the initial autograft, the 
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trend was in favor of an allograft for the second transplant. Conclusions. Patients 
with acute leukemia relapse after an autograft have a poor outcome. However, 
survival can be improved by a second autograft, especially if the patient received 
TBI in the first regimen. For patients who did not get TBI for their first autograft, 
an allograft should be considered. 

INTRODUCTION 

Patients with high-risk acute leukemia are commonly treated with intensive 
chemotherapy, with or without TBI, followed by autologous stem cell transplan
tation. Up to half of these patients relapse, and then only a fraction can be cured.1-3 

The 3 treatment possibilities for these patients include allogeneic bone marrow 
transplantation if a suitable donor is available, a second autograft, or chemotherapy 
alone.4 In allogeneic transplantation, the benefit of the graft-vs.-leukemia effect is 
impaired by high transplant-related mortality (TRM). 5 6 On the other hand, 
autografting has less TRM but an increased relapse rate.7 This study was performed 
to evaluate these 3 treatment modalities for patients with acute leukemia in 
remission who relapsed after a first autograft. Survival and prognostic factors were 
analyzed. Finally, for patients who had a second graft, we compared the outcome 
after either allogeneic or autologous transplantation. 

PATIENTS AND METHODS 

Patients 

All patients who relapsed after undergoing autologous stem cell transplantation 
for acute leukemia in remission between January 1, 1981, and December 31, 1996, 
and who were reported to the Acute Leukemia Working Party of the EBMT, were 
included in the study. Ninety patients underwent an allograft (group A), 2584 were 
treated with chemotherapy (group B), and 74 received a second autograft (group 
C). Follow-up time was a median of 35 months (range, 5-137 months) from first 
autograft, and time from relapse was 6 months (range, 3-136 months). Patient 
characteristics are summarized in Table 1. Median age was 26 years, and sex ratio 
was similar for the 3 groups. There were fewer patients with acute lymphoblastic 
leukemia (ALL) in group C compared with the other groups. There was no 
difference in remission status at first autograft. The first autograft was performed 
more recently in group A compared with groups B and C. TBI at first autograft was 
more commonly used in group A, and peripheral blood (PB) as a source of stem 
cells was more common in group C. Time from first autograft to relapse was shorter 
in group B compared with the other groups (F=.OO02). Time from relapse to second 
transplant was longer in group A vs. group C. At second transplant, a TBI-
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Table 1. Characteristics at First Autograft in Patients Who Later Relapsed and Underwent 
Allogeneic Transplantation (Group A), Chemotherapy (Group B), or a Second Autograft 
(ABMT) (Group Q*  

Group A GroupB Group C P 

Patients, n 90 2584 74 NS 
Age, y 24 (1-56) 26 (1-77) 26 (1-63) .06$ 
Sex, F/M 38/52 1112/1472 30/44 NS 
ALL, n 35 1116 18 .0012$, .05§ 
AML, n 55 1468 56 NS 
CRl,n(%) 71 (79) 1569 (61) 60(81) NS 
CR2,n 18 842 10 NS 
CR3, « I I 1 173 4 NS 
Year of first autograft 1993 ('86-'96) 1991 ('81-96) 1990 ('82-96) .04$, .0001§ 
Conditioning 

TBI, n (%) 51 (66) 1169 (59) 21 (36) .0004$§ 
Bu/Cy, n 11 387 22 NS 
Other chemotherapy, n 15 438 16 NS 
Missing data, n 13 590 15 NS 

Source of first ABMT graft 
Bone marrow, n (%) 69 (77) 2221 (86) 41 (55) .00001$ 
PBPC,n 14 253 32 .045$ 
Both, n 7 110 1 .0002§ 

Patients in CR1 
Time from diagnosis 41 (15-426) 44 (10-479) 41 (20̂ 148) NS 
toCRl,d 

Time from CR1 to 123 (48-460) 132(10-1960) 130(24-417) NS 
first autograft, d 

Time from first autograft 8 (0-98) 5(0-124) 8 (1-72) .0001$, .0017: 
to relapse, mo 

Time from first autograft to 13 (3-104) — 12(1-79) NS 
second transplant, mo 

Time from relapse to second 5(1-35) — 3(<l-56) .0003§ 
transplant, mo 

TBI at second transplant, 21 (41%) — 6(11%) .0005§ 

n \/o) 
Follow-up after second 24(1-128) — 14 (1-92) •08§ 
transplant, mo 

*Data are median (range) unless otherwise indicated. NS, not significant; CR, clinical 
remission; TBI, total body irradiation; Bu, busulfan; Cy, cyclophosphamide; PBPC, 
peripheral blood progenitor cells; fA vs. B; #5 vs. C; §A vs. C; l/among patients in CR1. 
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containing regimen was given more often to the allograft recipients than to the 
second autograft recipients (/°=.0005). 

Donors and Immunosuppression 

Among the allogeneic donors, there were 26 HLA-identical siblings, 1 
syngeneic donor, and 2 HLA-identical parents. HLA typing was serologic, and 
genomic methods were increasingly used for class II typing in more recent years. 
Fourteen HLA-mismatched family donors were also used. Among the unrelated 
donors, 33 were HLA-A-, -B-, and -DR-compatible, and 6 were mismatched. In 
the primary analysis, patients receiving grafts from HLA-identical related vs. 
HLA-compatible unrelated and mismatched donors were analyzed separately. For 
comparison with second autografts, only recipients of bone marrow from related 
HLA-identical donors and recipients of unrelated HLA-compatible bone marrow 
were analyzed, because of the poor outcome in the HLA mismatches. In the 
recipients of HLA-matched marrow, immunosuppression consisted of cyclosporine 
in 6, cyclosporine combined with methotrexate in 34, and T-cell depletion in 5; 
information was lacking in 17. In recipients of HLA-mismatched grafts, 
cyclosporine alone was given to 3, cyclosporine and methotrexate to 3, and T-cell 
depletion to 6; information was not available in 8. 

Statistical Analysis 

All analyses were performed with the SPSS statistical package. Kaplan-Meier 
curves for TRM, relapse, leukemia-free survival (LFS), and patient survival were 
calculated with the product limit method according to Kaplan and Meier.8 Survival 
and relapse were calculated from the time of relapse after the first autograft. The 
significance of differences between the curves was estimated by the log-rank test 
(Mantel-Cox). Cox multivariate regression analysis was performed in the various 
groups to estimate the independent effects of various potential risk factors in TRM, 
relapse, survival, and LFS. 9 All factors differing significantly among groups A, B, 
and C and/or prognostic factors in 1 group at the time of the first autograft were 
included. Factors in the multivariate analysis were group A vs. B, diagnosis of ALL 
vs. acute myeloid leukemia, year of transplant 1991 or earlier vs. later (median), 
age at the time of first autograft <25 vs. >25 years (median age), patient sex, 
complete remission (CR) status at first autograft (CR1 vs. CR2 and CR3), interval 
from first autograft to relapse <8 vs. >8 months (median), pretransplant regimen, 
including TBI or not, (first graft), source of stem cells (PB vs. marrow, first graft) 
remission status at second transplant (CR vs. no CR), and interval from relapse to 
second transplant (median, 5 months). 
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RESULTS 

Overall Outcome 

Two years after relapse following first autograft, the overall survival was 32% 
± 5% (mean ± 95% confidence interval) in group A, 11% ± 1% in group B, and 
42% ± 6% in group C (Figure 1). Five years after relapse, there were only 24 
patients at risk, and survival probability in group B was only 5%. In group C, in 
patients from whom stem cells were collected before the first autograft, only 6 of 
33 (18%) were in CR at second autograft, compared with 22 of 26 (85%) in patients 
from whom stem cells were reharvested before second autograft (P<.0001). 
Survival at 2 years after relapse following the first autograft was 31% ± 8% and 
59% ± 10% in the 2 groups, respectively (P=.03). 

Outcome in Recipients of Allograft According to HLA Matching 

LFS was decreased in patients receiving HLA-mismatched marrow (P=.03) 
(Figure 2). In group A, those receiving a graft from an HLA-compatible related or 
unrelated donor had a 2-year probability of survival of 37% ± 7% vs. 13% ± 8% 
for those receiving HLA-mismatched marrow. The probability of grades II-IV 
acute GVHD was 56% ± 9% in recipients of HLA-identical related bone marrow 
(«=29), compared with 53% ± 10% in recipients of marrow from HLA-compatible 
unrelated donors (n=33). In recipients of marrow from HLA-mismatched related 
or unrelated bone marrow («=20), the cumulative incidence of acute GVHD was 
24% ± 9%. 

Causes of Death 

Recurrent leukemia was the most common cause of death in all patients, 
especially in groups B and C (Table 2). Other common causes of death were 
infections, including interstitial pneumonitis and toxicity, especially in group A. 

Multivariate Analysis of Outcome 

Factors associated with a better survival in multivariate analyses included group 
C vs. group B, younger age, CR1 vs. CR2 or CR3, no TBI during conditioning 
before first autograft, and most of all, a longer interval from first autograft to 
relapse (>5 months) (Table 3). There was no difference between patients who 
received an allograft from an HLA-compatible donor and patients who received 
only chemotherapy, but an allograft from a mismatched donor was associated with 
a lower survival compared with chemotherapy. In addition, results were signifi
cantly improved for patients who received the first autograft after 1991. 
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Figure 1. Leukemia-free survival (LFS) in patients with acute leukemia who relapsed after 
autograft and thereafter were treated with an allograft (n=90) (group A), chemotherapy 
(n-2584) (group B) or a second autograft (Auto) (n=74) (group C). 

Comparison of Allografts From an HLA-Matched Donor 
and Second Autografts 

Allograft was associated with a higher TRM (51% vs. 26%), but the relapse 
incidence tended to be lower (44% vs. 53%). At the end, we did not find significant 
differences in terms of disease-free survival (27% for allograft and 35% for second 
autograft). In the multivariate analyses, the 3 factors associated with a lower LFS 
and overall survival were older age, TBI at first autograft, and early relapse 
(<8 months after first autograft). Moreover, an interaction was identified between 
the use or not of TBI at first transplant and the type of the second transplant. 

Outcome in Relation to TBI 

In patients receiving TBI at the first autograft, LFS was significantly better in 
those undergoing a second autograft than for those receiving an HLA-matched 
allograft (Figure 3). Ten of the patients in groups A and C were conditioned twice 
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Figure 2. Leukemia-free survival (LFS) in recipients who received an allograft after relapse 
following autologous bone marrow transplantation. Outcome according to HLA matching. 

with TBI. Patients not treated with TBI at first autograft tended to have a better LFS 
in group A vs. group C (P=.08) (Figure 4). 

Patients with acute leukemia and recurrent disease after an autograft have a very 
poor outcome. Only 5% of those treated with chemotherapy alone were alive at 5 
years (O. Ringden, M. Labopin, N.C. Gorin, unpublished data). To change this 
dismal outcome, we retrospectively studied alternative treatment such as second 
autograft or allograft. Patients undergoing a second autograft had significantly better 
survival rates than those treated with chemotherapy alone. This indicates that a more 
active approach is worthwhile. There was also a close correlation between remission 
at second autograft and reharvest (P=.0001). In contrast, patients who were not in 
remission at second autograft more often received a graft that was collected before 
first autograft. Therefore, patients who received autografts harvested before first 
autograft had a worse outcome. In the study of patients treated with allografts, those 
receiving HLA-mismatched related or unrelated bone marrow had a high TRM and 
a low LFS, compared with those receiving HLA-matched related or unrelated bone 
marrow. This is in accordance with previous studies.10 The poorer outcome with 

DISCUSSION 
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Table 2. Causes of Death After Relapse Following Autograft for Acute Leukemia* 
Group A GroupB Group C 

Recurrent leukemia 12(19) 1453 (71) 30 (64) 
Interstitial pneumonitis 9(15) 33 (2) 4 (8.5) 
Other infections 10(16) 241 (12) 1(2) 
Toxicity, organ failure, VOD 10(16) 18(1) 4(8.5) 
Graft-vs.-host disease 5(8) — — 

Hemorrhage 4(7) 19(1) — 
Graft failure, rejection 2(3) 3 — 
Other, transplant-related 10(16) 21(1) — 
Other, not transplant-related — — 1(2) 
New malignancy — 1 — 

Missing data — 257 (12) 7(15) 
Total 62 2046 47 

*Data are n(%) or n. VOD, veno-occlusive disease of the liver. 

HLA-mismatched transplants is generally due to an increased risk of severe GVHD. 
This is not the case in our study, where the risk of GVHD was decreased in HLA-
mismatched recipients, maybe because 30% of them were T-cell depleted. 

Recurrent leukemia was the most common cause of death in all 3 groups 
(Table 2). In group A, recurrent leukemia was less common than in the other 2 
groups. In contrast, procedure-related complications such as infections and toxicity 
were common causes of death in the allograft recipients. 

Table 3. Significant Prognostic Factors by Multivariate Analysis Using the Date of 
Relapse as the Starting Point and Alive or Dead as the End Point* 
Results (Survival After Relapse) P RR (95% CI) 

Interval from transplant to relapse >5 mo <.00001 0.6 (0.54-0.66) 
Year of transplant later than 1991 <.00001 0.77 (0.68-0.85) 
Median age >26 y .0017 1.18(1.06-1.31) 
Treatment for relapse 

HLA-matched allograft vs. group B NS — 
HLA-mismatched allograft vs. group B .0022 2.46(1.38-4.37) 
Group C vs. group B .0048 0.62 (0.44-0.86) 
TBI vs. no TBI .015 1.13 (1.03-1.25) 
CR1 vs. CR2+ .02 0.88 (0.79-0.98) 

*Patients included in multivariate analysis, n=1876; group A HLA-matched allograft, 
n=47; group A HLA-mismatched allograft, n=14; group B, n=1761; group C, n=54. CI, 
confidence interval; CR, complete remission; RR, relative risk; TBI, total body irradiation. 
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LFS 

Time after relapse Years 

Figure 3. Leukemia-free survival (LFS) in patients who received total body irradiation at 
first autograft and subsequently received a second autograft (AUTO) or an HLA-matched 
related or unrelated allograft (ALIO). % ± 95% confidence interval 1 and 2 years after 
relapse. NA, not assessable. 

The most important risk factor was a long interval from first transplant to 
relapse. Those with an early relapse have a highly resistant cell clone with a high 
probability of subsequent relapse. Patients who had their first transplant after 1991 
had an improved survival after relapse, possibly related to improvements in patient 
management. This may include the use of granulocyte colony-stimulating factor 
(G-CSF), better infection control, and perhaps more effective chemotherapy.1-11 

Younger patients had a better survival and LFS, in accordance with previous 
studies in patients undergoing primary allograft.12 Young patients tolerated the 
conditioning better and ran less risk of TRM, especially in those undergoing 2 
subsequent procedures with heavy myeloablative therapy. 

TBI was an important risk factor, and patients treated with TBI at first autograft 
had a poor outcome, especially if they underwent a subsequent allotransplant 
(Figures 3 and 4). To explain this, several factors must be taken into consideration. 
In univariate analyses, TBI was a risk factor for TRM and relapse in patients treated 
with a subsequent allograft, but not a second autograft. The higher TRM may be 
affected by the high death rate, 6 of 7, in group A patients receiving 2 rounds of 
TBI, so that probably should be avoided. The higher relapse rate in the TBI group 
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Figure 4. Leukemia-free survival (LFS) in patients not treated with total body irradiation 
at first autograft who subsequently received a second autograft (AUTO) or HLA-identical 
related or unrelated bone marrow (ALLO matched). % ± 95% confidence interval is given at 
1 and 2 years after relapse of first autograft. 

may also be due to the fact that this is a selected group of patients with therapy-
resistant leukemic cell clones. Some of these patients had ALL, and busulfan may 
be inferior at a second transplant procedure, as was found in primary autografts.13 

The risk factors found in this study may provide a guide to decision-making for 
treatment of patients with acute leukemia who relapse after autografting. A second 
transplant procedure should be tried in young patients who relapse >8 months after 
autografting. If TBI was used at first autograft, a second autograft may be favored. 
If TBI was not used, a matched allograft should be considered. 
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ABSTRACT 

Despite improvement in the proportion of patients achieving durable remission 
with dose-intensive consolidation strategies, leukemic relapse still occurs in 
40%-70% of patients who achieve an initial remission. Initial reports using 
peripheral blood stem cells (PBSCs) for autologous stem cell transplantation 
(autoSCT) for acute myeloid leukemia (AML) in first remission reported improved 
engraftment, but relapse rates of 57%-60% were nonetheless observed. Interleukin 
(IL)-2, a cytokine that has a broad range of antitumor effects, has been used in some 
patients undergoing autologous transplant for a variety of malignancies. We report 
a phase 2 study of IL-2 (Chiron) after high-dose cytosine arabinoside (Ara-C)-
mobilized autoSCT in 70 patients in first complete remission (CR) treated between 
August 1994 and November 1999. Treatment strategy consisted of (1) consolidation 
after induction with high-dose Ara-C with or without idarubicin followed by 
autologous PBSC collection; (2) autoSCT using fractionated total body irradiation 
(fTBI) 12 Gy, VP-16 60 mg/kg, and cyclophosphamide (Cytoxan) 75 mg/kg; and 
(3) IL-2 upon hematologic recovery after autoSCT. The IL-2 schedule was 
9X106 U/m2 per 24 hours on days 1-4 and 1.6X106 U/m2 per 24 hours on days 
9-18. Seventy patients with the following characteristics were entered on the study. 
Median age 45 years (range, 21-61 years), cytogenetics favorable (n = 17; 24%) 
[t(8;21), inv(16)], intermediate (n = 30; 43%) [normal, +8, -Y], unfavorable (n = 8; 
11%) [complex, t(9;ll), t(3;5), t(6;9)], and unknown (n = 15; 21%). Sixty patients 
underwent autoSCT a median of 4 months after complete remission. There was 
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1 septic death during neutropenia in consolidation and 1 during neutropenia after 
transplant, for an overall mortality in the program of 3%. Forty-nine of 60 patients 
were able to receive posttransplant IL-2 at a median of 5 weeks (range, 3-11 weeks) 
after transplant. With a median follow-up of 3.5 years (range, 0.8-5.8 years), the 
3-year probability of survival for all 70 patients is 73% (95% confidence interval 
[CI], 62%-84%) and 75% (95% CI, 62%-86%) for the 60 patients undergoing 
autoSCT. The 3-year disease-free survival (DFS) rates for favorable, intermediate, 
and unfavorable cytogenetics were 88%, 65%, and 63%, respectively. Toxicities 
from IL-2 were mainly thrombocytopenia, leukopenia, fever, and fluid retention. No 
patient required intensive care or ventilatory support. These results suggest that 
high-dose IL-2 after high-dose Ara-C-mobilized autoSCT is associated with a very 
low regimen-related mortality and may improve DFS. 

INTRODUCTION 

Since the mid-1970s, interest in autologous cell transplantation for AML has 
increased substantially in transplant centers around the world. This increase has 
been due in part to the limited success of standard-dose chemotherapy in achieving 
long-term disease-free survival for the vast majority of adults with AML. New 
techniques for hematopoietic cell procurement, combined with the expanded 
knowledge of the cellular and molecular biology of AML, have allowed 
refinements in the interpretation of clinical results for AML in trials using either 
chemotherapy or autologous hematopoietic cell transplantation. 

Studies using unpurged marrow, purged marrow, or peripheral blood stem cells 
have reported disease-free survival for patients transplanted in first CR of between 
34% and 70%.1-6 Although each trial demonstrates the potential efficacy of the 
approach chosen, many of the studies have been criticized for including patients 
who had received widely varying induction therapies, types and numbers of consol
idation cycles before autologous transplant, duration of CR before transplant, and 
relatively short follow-up times as well as differences in stem cell product manipu
lation and preparative regimens. 

Unlike allogeneic transplantation for AML in first remission, where the major 
causes of failure are complications of the therapy, the major cause of failure after 
autologous transplant is leukemic relapse. Twin transplants and cell-marking 
studies have documented that the source of relapse after autologous transplant is 
related to the residual body burden of disease and/or to the infusion of leukemic 
cells contained in the stem cell graft.7'8 These observations support the concept that 
an immunotherapeutic effect of the allograft contributes to prevention of relapse 
after an allogeneic transplant (graft-vs.-tumor effect).9 

IL-2 is a cytokine that has antitumor activity in selected tumors. Based on data 
suggesting that the activation of natural killer (NK) and/or cytotoxic 
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T lymphocytes is also active against leukemia and lymphoma cells, IL-2-based 
therapies have also been under active investigation for hematologic malignancies. 
IL-2 has been administered to patients following recovery from autologous 
transplant in an effort to reproduce the graft-vs.-malignancy effect seen in 
allogeneic transplant.10 A graft-vs.-host-like clinical phenomenon has also been 
reported in patients receiving IL-2 following autologous bone marrow or stem cell 
transplant as well as in patients treated with combinations of low-dose CsA with or 
without interferon." 

Several centers have explored the use of IL-2 either as part of a marrow-
purging approach with in vitro incubation of the graft with IL-2, concomitant with 
administration of IL-2 in the early posttransplant phase, or as consolidation 
therapy following hematologic recovery.12,13 Robinson et al. 1 4 reported on 22 
patients with acute leukemia in relapse or beyond first remission who underwent 
autologous bone marrow transplantation (BMT) or peripheral blood stem cell 
transplant using cells that were harvested during first CR. IL-2 was given by 
continuous intravenous infusion after hematologic recovery at doses ranging from 
9 to 12 million U/m2 per day for 4-5 days followed 1 week later by a 10-day 
infusion of 1.6 million U/m2 per day. Among 17 patients with AML, 4 remained 
in continuous remission 12-25 months after therapy, and 4 of 5 ALL patients were 
also in remission 15-25 months after therapy. 

Based on the laboratory studies indicating induction of effector cells that have 
the capacity for lysing autologous tumor cells and the clinical trials indicating a 
potential therapeutic effect in patients undergoing autologous transplant for 
relapsed disease, we have explored the feasibility of administering posttransplant 
IL-2 in patients undergoing autologous transplant following high-dose Ara-C 
consolidation and mobilization of stem cells who were then treated with a 
radiation-based transplant regimen. The goals of this study were to determine the 
feasibility, toxicity, and therapeutic effect of a treatment program that began with 
consolidation therapy of AML in first remission. 

MATERIALS AND METHODS 

Patient Characteristics 

Between August 1994 and November 1999, 70 patients with AML in first 
remission were entered onto the study. The median age of this adult population was 
45 years (range, 21-61 years). The white blood cell count (WBC) at diagnosis 
ranged from 1000 to 295,000/^L, with a median of 17,000//<L. French-American-
British (FAB) classification showed the following subtypes: MO, 5; M l , 14; M2, 
19; M4,10; M4eo, 7; M5, 8; M6,1. A FAB type could not be assigned in 6 patients. 
No patients with FAB M3 were included in this study. Cytogenetic data were 
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classified as per Southwest Oncology Group (SWOG) criteria and are listed in 
Table 1. The median time from achievement of CR to entry on study was 5 weeks 
(range, 1-50 weeks). 

Treatment Program 

Patients with AML in first CR were treated with consolidation therapy using 
a regimen of high-dose Ara-C with or without idarubicin. Fifty-eight patients 
received Ara-C 3 g/m2 over 3 hours for 8 doses and idarubicin 12 mg/m2 given 
after doses 1, 3, and 5 of Ara-C. Twelve patients who received prior consoli
dation were given a course of high-dose Ara-C as per Cancer and Leukemia 
Group B (CALGB) schedule followed by granulocyte colony-stimulating factor 
(G-CSF) 5 ^g/kg until completion of stem cell collection. A target cell dose of 
2X10 6 CD34+ cells/kg was collected. 

Following collection of stem cells, patients underwent autologous transplant 
using a preparative regimen of fTBI (1200 rad in 10 fractions), VP-16 60 mg/kg on 
day -4, and cyclophosphamide 75 mg/kg on day -2. 1 5 All patients received an 
unpurged stem cell product on day 0. 

After stem cell reinfusion, G-CSF was given at 10 ^g/kg until the absolute 
neutrophil count (ANC) was >500/̂ L for 3 days. Following clinical and 
hematopoietic recovery (WBC >1000 and platelets >20,000 with 1 platelet 
transfusion/day for 3 days), IL-2 was administered in the following schedule: 
9X106 U/m2 for 24 hours on days 1-4 as an inpatient and 1.6X106 U/m2 for 24 
hours on days 9-18 by infusion pump as an outpatient. 

Table 1. Patient Characteristics 

N 70 
Cytogenetics 

Favorable 17 (24%) 
invl6, t(16;16) 11 
t(8;21) 6 

Intermediate 30 (43%) 
Normal 26 
-Y 1 
+8 3 

Unfavorable 8(11%) 
Complex >3 4 
llq abn 1 
3q abn 2 
t(6;9) 1 

Unknown 15 (22%) 
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RESULTS 

Of the 70 patients entered on study, 60 underwent autologous stem cell 
transplantation a median of 4 months (range, 2.5-10.2 months) after 
achieving hematologic remission. The reasons for 10 patients failing to 
proceed to autoBMT from consolidation were toxicity (5), inadequate stem 
cell collection (4), including 1 septic death during consolidation, and 1 
refusal of autoSCT. 

Hematopoietic recovery to ANC 1000///L and platelets 20,000//<L after 
autologous stem cell transplantation was 11 days (range, 8-58 days) and 20 days 
(range, 7-183 days), respectively. There was 1 septic death during neutropenia 
following BMT, for an overall mortality of 2 of 70 (3%); 49 of 60 patients (82%) 
were able to receive post-autoSCT IL-2 at a median of 4.9 weeks (range, 3.1-10.7 
weeks) following autologous stem cell transplant. Currently, with a median 
follow-up of 3.5 years (range, 0.8-5.8 years), the 3-year DFS probability for all 
70 patients is 73% (95% CI, 62%-84%) and 75% (95% CI, 62%-86%) for the 60 
patients undergoing autoSCT (Figures 1 and 2). The 3-year disease-free survival 
probabilities for all 70 patients for favorable, intermediate, and unfavorable 
cytogenetics were 88%, 65%, and 63%, respectively. Toxicities from the IL-2 
were mainly thrombocytopenia, leukopenia, fluid retention, and fever, which 
resolved with discontinuation of IL-2. No patient required intensive care or 
ventilatory support. 

DISCUSSION 

Relapse is still the major cause of failure after autologous transplantation 
for leukemia. Several studies, including our own pilot trials in a most recent 
report of the UK Medical Research Council (MRC) trial, have demonstrated 
that the major cause of failure after autologous transplant is related to relapse 
in all cytogenetic risk groups. 1 5 1 6 Because relapses after autologous 
transplants tend to occur within the first year, and IL-2-responsive 
lymphocytes have been detected in the circulation within 2 or 3 weeks after 
transplantation of autologous marrow or peripheral blood stem cells, IL-2 has 
been administered early after the patients have recovered from transplant-
related toxicities, at a time when the tumor burden is still minimal. Several 
phase 1 studies have identified the maximum tolerated dose of IL-2 that can 
be administered after autologous transplant and have documented that these 
doses have immunostimulomodulatory effects.17,18 We therefore conducted 
this study to determine the feasibility of giving high-dose IL-2 after a 
radiation-based transplant regimen early after transplant, and we have 
observed tolerable toxicities and encouraging DFS for such patients. Patients 
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Figure 1. Disease-free survival and time to relapse for intent-to-treat with autologous stem 
cell transplantation (n = 70). 

usually exhibit transient early lymphopenia followed by a rebound of 
lymphocytosis after stopping IL-2, something that was also observed in our 
own patient population. This rise reflects an increase in the number of cells 
expressing CD8 + T-cells and CD16+ and CD56+ activated NK cells and was 
concomitant with enhanced cytotoxicity for in vitro tumor targets. 

In our previous studies with autologous transplants using marrow, the DFS was 
49% for patients on the intent-to-treat analysis and 61% for those patients who 
actually underwent transplantation.15 Disease-free survival in that study was not 
correlated with cytogenetic results with the leukemia at the time of diagnosis. 
Patients who required 2 courses of induction therapy had an inferior outcome to 
those requiring 1 induction therapy to achieve a complete remission. To try to 
improve the efficacy of the autologous transplant procedure, several modifications 
were made in the protocol. The first was the addition of idarubicin to high-dose 
Ara-C consolidation. Most patients on the study reported here underwent consoli
dation with Ara-C and idarubicin in an attempt to provide better in vivo purging 
before the collection of peripheral blood stem cells. Although some investigators 
hypothesized that peripheral blood stem cells have a higher relapse rate than 
marrow, this was not seen in our study, as is consistent with observations from 
other studies.19 One of the issues in the study was the feasibility of collecting an 
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Figure 2. Disease-free survival and time to relapse for autologous stem cell transplanta
tion patients with acute myeloid leukemia (n = 60). 

adequate number of stem cells in patients who underwent consolidation of this 
intensity. Approximately 50% of the patients had also received induction 
chemotherapy with high-dose Ara-C. The fact that most patients could undergo 
collection of stem cells suggests that this is a feasible way of reducing the tumor 
burden in a patient who is undergoing stem cell collection in preparation for 
autologous transplant. 

Once patients had completed cell collection, they were given an autologous 
stem cell transplant regimen using TBI, VP-16, and cyclophosphamide, the 
program we have used in our previous study that is tolerable for patients up to their 
early 60s. Most patients undergoing autologous stem cell transplant in centers 
around the world received a regimen of busulfan and cyclophosphamide.1 Whether 
there are benefits to a radiation-based regimen over those using only chemotherapy 
cannot be assessed from this study. 

As noted in the RESULTS section, the recovery rate after hematopoietic cell 
transplantation was relatively short, with good recovery of neutrophils and 
adequate recovery of platelets. The delay in platelet recovery (to >50,000//<L) 
reflects the thrombocytopenic effect of IL-2 given early after the transplant 
regimen. Nevertheless, no patient had graft failure as a consequence, and all have 
achieved hematopoietic recovery. 
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One of the major questions addressed in this pilot study was whether it would 
be possible to administer doses of IL-2 that have been reported to induce NK cell 
activity early after transplant at a time when the disease burden was at a minimum 
posttherapy. The use of IL-2 is designed to treat not only the residual body burden 
of tumor not addressed by the preparative regimen but also the leukemia cells that 
may have been reinfused with the stem cell graft. This study shows that with proper 
use of supportive care, it is possible to administer IL-2 in these doses early after 
recovery from transplantation with minimal toxicity to the patient. As described 
above, no patient required admission to the intensive care unit, and none suffered 
respiratory failure as a consequence, despite fever and fluid accumulation, well-
recognized side effects of IL-2. 

This study was also designed to assess incidence of relapse before autologous 
transplant, the number of patients unable to undergo adequate collection of 
peripheral blood stem cells, and toxicities during consolidation that preclude 
proceeding to autologous transplant. In this trial, 85% of patients who were entered 
on the protocol were able to proceed to transplant, the most common cause of not 
proceeding being failure to collect an adequate number of cells. 

In summary, this pilot study indicates that it is feasible to use high-dose IL-2 
following a radiation-based autologous transplant program and that a program of 
intensive consolidation, stem cell collection, transplant, and IL-2 may improve 
disease-free survival for patients with AML in first remission undergoing 
transplantation. Further studies with larger numbers of patients will help 
determine the efficacy of this transplant approach and the role of IL-2 in curing 
patients with AML. 
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ABSTRACT 

Multiple myeloma (MM) remains incurable even with high-dose therapy 
and stem cell transplantation, and we are developing biologically based 
therapies to improve outcomes. First, myeloma cells specifically adhere to 
extracellular matrix (ECM) proteins and bone marrow stromal cells 
(BMSCs), localizing them in the B M and conferring resistance to apoptosis; 
agents that block adhesion restore sensitivity to treatment. Second, adherence 
of M M cells to BMSCs upregulates nuclear factor KB (NFKB)-dependent 
interleukin (IL)-6 transcription and secretion within BMSCs, promoting 
growth and survival of M M cells. Protease inhibitors not only induce 
apoptosis of tumor cells, they also inhibit activation of N F K B and upregu-
lation of IL-6 in BMSCs triggered by tumor cell adhesion. Third, prolif
eration of M M cells triggered by IL-6 is mediated via the mitogen-activated 
protein kinase (MAPK) cascade, dexamethasone-induced apoptosis is 
mediated via activation of related activated focal adhesion kinase (RAFTK) , 
and the protective effect of IL-6 against dexamethasone-induced M M cell 
apoptosis is mediated via SH2-containing protein tyrosine phosphatase 
(SHP2 phosphatase). Delineation of these pathways will help us derive 
treatment strategies for triggering apoptosis, overcoming dexamethasone 
resistance, and inhibiting survival signals. Fourth, adhesion of M M cells to 
B M S C s also upregulates vascular endothelial growth factor ( V E G F ) 
secretion; V E G F triggers M A P K activation and proliferation in M M cells, 
and V E G F receptor inhibitors block M M cell proliferation, suggesting their 
potential clinical utility. Finally, in addition to antiangiogenic effects, 
thalidomide and its potent analogs (immunomodulatory drugs [IMiDs]) 
induce apoptosis or Gj growth arrest in M M cells resistant to conventional 
therapy, providing the framework for a new treatment paradigm to target both 
the M M cell and the microenvironment, overcome classic drug resistance, 
and achieve improved outcome. 
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A second translational research program is based on enhancing allogeneic and 
autologous anti-MM immunity to improve the outcome of high-dose therapy and 
stem cell transplantation. Basic laboratory studies derive treatment protocols, and 
conversely, mechanistic evaluation of immune responses observed in patients on 
clinical trials identifies immune effector cells and novel target antigens. Donor 
lymphocyte infusions (DLIs) given to treat relapsed MM after allografting can 
mediate the graft-vs.-myeloma (GVM) effect that manifests as clinical responses; 
evaluation of these responses has permitted identification of both clonal T cells 
mediating GVM and their target antigens. The ultimate goal is to generate 
antigen-specific donor T cells to treat minimal residual disease (MRD) after 
allografting. Finally, multiple strategies to generate autologous anti-MM 
immunity form the basis for novel vaccination and adoptive immunotherapy 
protocols to treat MRD after autografting. These will target either patient-
specific (idiotype) or shared (Muc-1 and the catalytic subunit of telomerase) 
antigens, or whole tumor cells (CD40-activated M M cells or fusions of MM cells 
with autologous dendritic cells). 

INTRODUCTION 

Multiple myeloma will newly affect 13,700 individuals in the United States in 
2000.' Conventional melphalan and prednisone therapy and combination 
chemotherapy regimens achieve responses, but few complete responses.2 High-
dose treatment strategies increase response rates, including complete responses, but 
few if any patients are cured.3,4 We have therefore attempted to derive novel 
biologically based therapies to improve outcome and achieve prolonged disease-
free survival and ultimate cure. 

METHODS 

We have carried out a series of laboratory and derived clinical studies using 
M M cell lines and freshly isolated patient cells. These studies used previously 
described techniques to study Ku expression in M M , 5 antitumor activity of 
proteasome inhibitors (T. Hideshima, P. Richardson, D. Chauhan, et al., 
unpublished data) and thalidomide and its analogs,6 cell signaling that 
mediates myeloma cell growth and apoptosis,7-" novel approaches for 
allografting to abrogate graft-vs.-host disease while preserving the G V M 
effect (E.P. Alyea, E. Weller, R.L. Schlossman, et al., unpublished data),12 

improved methods for purging tumor cells from autografts,13 and novel 
vaccination and adoptive immunotherapy approaches (J.L. Schultze, K.C.A., 
M.H. Gilleece, et al., unpublished data; N. Raje, T. Hideshima, D. Avigan, et 
al., unpublished data).14 
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RESULTS AND DISCUSSION 

Novel Chemotherapeutics 

Multiple lines of evidence suggest that the precursor cell in multiple myeloma 
is a cytoplasmic //-positive B cell that has undergone antigen selection and somatic 
hypermutation in the lymph node but has not yet undergone isotype class 
switching. Chromosomal translocations involving the immunoglobulin (Ig) switch 
region are common, and multiple partner chromosomes have been described. 
Given that abnormalities in Ig gene rearrangement, IgH class switching, and DNA 
damage repair are hallmarks of myeloma, we have undertaken studies of Ku 
expression and function in human myeloma cells.5 Ku is a heterodimer composed 
of Ku70 and Ku86 subunits that binds with high affinity to altered DNA and is 
essential for double-stranded DNA break (DSB) repair and normal Ig V(D)J 
recombination. Our studies to date have identified a 69-kDa variant of Ku86 
(Ku86v) in some myeloma cells, which neither binds DNA-protein kinase catalytic 
subunit (DNA-PKcs) nor activates kinase activity and therefore may account for 
decreased DNA repair and increased sensitivity to radiation and chemotherapy; 
conversely, Ku86 in myeloma cells confers resistance to therapy and may represent 
a therapeutic target. 

Myeloma cells home to the BM microenvironment, where excess plasma cells 
characteristic of this disease accumulate. We have demonstrated mechanisms 
whereby tumor cells specifically adhere to both ECM proteins and BMSCs, as well 
as changes in cell adhesion molecule profile correlating with egress of tumor cells 
into the peripheral blood (PB) in the context of progressive disease and plasma cell 
leukemia (PCL).15 Adhesion molecules not only localize tumor cells within the BM 
microenvironment but also have multiple functional sequelae. Adherence to 
BMSCs confers resistance to apoptosis,16 and agents that block adhesion, eg, 
bisphosphonates, can confer sensitivity to treatment. Furthermore, adherence of 
tumor cells to BMSCs upregulates NFKB-dependent IL-6 transcription and 
secretion within BMSCs 1 7 and also allows for tumor cell secretion of cytokines, eg, 
transforming growth factor-(3, which further enhances IL-6 transcription and 
secretion in BMSCs. 1 8 This is of central importance, because our studies have 
shown that IL-6 is both a growth and a survival factor for myeloma cells.19 

Proteasome inhibitors are novel drugs that inhibit activation of N F K B 2 0 ; they 
induce apoptosis of myeloma cells that are resistant to conventional therapy, 
partially block tumor cell adhesion to BMSCs, and inhibit the NFKB-dependent 
upregulation of IL-6 in BMSCs and related paracrine growth of adherent tumor 
cells (T. Hideshima, P. Richardson, D. Chauhan, et al., unpublished data). 
Therefore, they represent a very attractive class of drugs that directly affect tumor 
cells but also target tumor cell interaction with BMSCs and the paracrine growth 
and survival signals provided in the marrow milieu. 
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We have shown that proliferation of myeloma cells triggered by IL-6 is 
mediated via the MAPK cascade,7 suggesting therapeutic strategies based on 
blocking this pathway in tumor cells. Apoptosis triggered by gamma irradiation, 
Fas, and dexamethasone is mediated via distinct signaling cascades. For example, 
apoptosis induced by dexamethasone (but not gamma irradiation or Fas) is 
mediated via activation of RAFTK. 1 0 IL-6 is also a survival factor for human 
myeloma cells, specifically activating SHP2 phosphatase and thereby blocking the 
activation of RAFTK and related apoptosis in response to dexamethasone." 
Blocking SHP2 activation with small-molecule SHP2 inhibitors may therefore 
relieve this protective effect. Further delineation of these pathways will help us 
derive strategies for triggering apoptosis, overcoming dexamethasone resistance, 
and inhibiting survival signals, which will provide the framework for related novel 
treatment approaches.21 

Our recent studies also suggest that adhesion of myeloma cells to BMSCs 
upregulates VEGF secretion by BMSCs and myeloma cells. Therefore, in addition 
to examining the effect of VEGF on BM angiogenesis, we are evaluating whether 
VEGF is a growth and/or survival factor for myeloma cells. Preliminary studies 
suggest that VEGF induces MAPK activation and proliferation of some myeloma 
cells and that VEGF receptor inhibitors block proliferation of tumor cells and may 
therefore be useful clinically. This increase in VEGF may in part account for 
increased angiogenesis in human myeloma BM. Based on its antiangiogenic 
activity, thalidomide was recently used very successfully to treat patients with 
myeloma, even those refractory to conventional therapy.22 Although thalidomide 
may be acting in myeloma as an antiangiogenic agent, there are multiple other 
potential mechanisms of action of thalidomide and/or its in vivo metabolites.23 

First, thalidomide may have a direct effect on the myeloma cell and/or BM stromal 
cell to inhibit growth and survival. For example, free radical-mediated oxidative 
DNA damage may play a role in the teratogenicity of thalidomide and may also 
have antitumor effects. Second, adhesion of myeloma cells to BMSCs both triggers 
secretion of cytokines that augment myeloma cell growth and survival and confers 
drug resistance; thalidomide modulates adhesive interactions and thereby may alter 
tumor cell growth, survival, and drug resistance. Third, cytokines secreted into the 
BM microenvironment by myeloma and/or BMSCs, such as IL-6, IL-1B, IL-10, 
and tumor necrosis factor (TNF)-a, may augment myeloma cell growth and 
survival, and thalidomide may alter their secretion and bioactivity. Fourth, VEGF 
and basic fibroblast growth factor (bFGF)-2 are secreted by myeloma and/or 
BMSCs and may play a role in tumor cell growth and survival, as well as BM 
angiogenesis. Given its known antiangiogenic activity, thalidomide may inhibit 
activity of VEGF, bFGF-2, and/or angiogenesis in myeloma. Finally, thalidomide 
may be acting against myeloma via its immunomodulatory effects, such as 
induction of a T helper 1 (Thl) T-cell response with secretion of interferon (IFN)--y 
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and IL-2. Understanding which of these mechanisms mediates antimyeloma 
activity will be critical both to optimally define its clinical utility and to derive 
analogs with enhanced potency and fewer side effects. 

Already, 2 classes of thalidomide analogs have been reported, including 
phosphodiesterase 4 inhibitors—which inhibit TNF-a but have little effect on 
T-cell activation—and others that are not phosphodiesterase inhibitors but do 
markedly stimulate T-cell proliferation as well as IFN-7 and IL-2 secretion.24 In 
recent studies, we delineated mechanisms of antitumor activity of thalidomide and 
its potent analogs (IMiDs).6 Importantly, these agents act directly, via inducing 
apoptosis or G 1 growth arrest, in myeloma cell lines and patient myeloma cells that 
are resistant to melphalan, doxorubicin, and dexamethasone. Moreover, 
thalidomide and the IMiDs enhance the antimyeloma activity of dexamethasone, 
and as for dexamethasone, apoptotic signaling triggered by thalidomide and the 
IMiDs is associated with activation of RAFTK. Most recent studies suggest that 
treatment with these drugs alters their adherence to BMSCs and fibronectin and 
abrogates the upregulation of IL-6 and VEGF induced by tumor cell binding. 
Finally, these drugs appear to upregulate natural killer (NK) cell-mediated killing 
of myeloma cells. These studies establish the framework for the development and 
testing of thalidomide and the IMiDs in a new treatment paradigm to target both 
the tumor cell and the microenvironment, overcome classical drug resistance, and 
achieve improved outcome in this presently incurable disease. 

Nove l Immune-Based Strategies 

High response rates can be achieved using high-dose therapy followed by stem 
cell grafting; however, patients are destined to relapse, and few if any are cured. 
Major obstacles to cure are the excessive toxicity noted after allografting in 
myeloma, contaminating tumor cells in autografts, and most importantly, the 
persistence of minimal residual disease after high-dose therapy followed by either 
allogeneic or autologous stem cell transplantation. In this context, we are 
developing improved strategies to treat MRD after high-dose therapy followed by 
allogeneic or autologous stem cell grafting. Most importantly, we are developing 
multiple approaches for the generation and enhancement of allogeneic and 
autologous antimyeloma immunity in vitro and in animal models. Based on these 
studies, we are designing clinical trials that couple our treatments to achieve MRD 
with these novel immune-based therapies for MRD posttransplant in an attempt to 
achieve long-term disease-free survival and potential cure of multiple myeloma. 

We have carried out high-dose therapy followed by T-cell (CD6)-depleted 
allografting using histocompatible sibling donors in 61 patients with myeloma 
whose disease remained sensitive to conventional chemotherapy (E.P. Alyea, 
E. Weller, R.L. Schlossman, et al., unpublished data). The patients included 39 
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men and 22 women with a median age of 44 years (range, 32-55 years). Most 
patients presented with advanced-stage myeloma. The majority of patients 
achieved either complete (28%) or partial (57%) response; importantly, only 17% 
of patients developed grade 2 or higher graft-vs.-host disease (GVHD), and the 
transplant-related mortality was only 5%. Therefore, we have shown that 
allografting can be done safely in myeloma. Indeed, in our center, the overall and 
progression-free survival rates of allograft and autograft recipients are equivalent, 
with approximately 40% of patients surviving at 3 years. However, only 20% of 
patients are disease-free at >4 years posttransplant. Excitingly, data from our center 
and others unequivocally demonstrate that donor lymphocyte infusions mediate a 
GVM effect that can effectively treat relapsed myeloma after allografting.12,25 

Unfortunately, GVHD is a frequent cause of morbidity and mortality after DLL At 
our Myeloma Center, however, 5 of 7 patients who relapsed after CD6-depleted 
allografting responded—including 3 complete responses —to CD4 + T-cell-
enriched DLI, in some cases in the absence of GVHD. This raised the possibility 
that distinct T-cell clones may be mediating GVM vs. GVHD. Given the high 
response rates but inevitable relapses observed in the setting of allografting for 
myeloma, we are now testing in a clinical protocol whether CD4+ DLI at 6 months 
after CD6-depleted allografting may mediate GVM, which will effectively treat 
MRD and thereby improve outcome. To date, 21 patients have undergone CD6-
depleted allografting, 18 of whom developed only grades 0-1 GVHD. Eleven of 
these 18 patients are >6 months posttransplant and have received CD4+ DLI. Eight 
of the 11 patients who received DLI demonstrated further response (including 4 
complete responses), suggesting the potential of DLI to treat MRD. Therefore, our 
studies already suggest that GVM can be adoptively transferred in this fashion. We 
are also examining T-cell repertoire, based on VS T cell receptor gene rearrange
ment, to identify those clonal T cells associated with GVM and their target antigens 
on tumor cells.26,27 Already, we have shown that T cells mediating GVM can target 
idiotypic antigens, and we are presently identifying other target antigens. The goal 
of these studies is to characterize, isolate, and expand GVM T-cell clones for 
antigen-specific adoptive immunotherapy. 

Although randomized studies convincingly demonstrate a survival advantage 
for myeloma patients treated with high-dose therapy and autografting compared 
with those receiving conventional chemotherapy,3 this treatment is not curative. 
Two sites of MRD contribute to the failure of autografting: in the autograft and in 
the patient after myeloablative therapy. At our center, to date, we have carried out 
high-dose therapy and stem cell autografting in 105 patients who presented with 
advanced-stage myeloma but whose disease remained sensitive to chemotherapy. 
As in our allografting experience, the majority of patients responded, including 
30% complete and 62% partial responses. However, none of these patients are 
cured. We have produced monoclonal antibodies in the laboratory that have been 
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used to deplete tumor cells from myeloma autografts.28 We have also evaluated 
CD34 selection techniques to select normal hematopoietic progenitor cells within 
autografts.29 However, any one of these methods depletes only 2-3 logs of tumor 
cells, and >50% autografts still contain MRD. Based on our laboratory data that 
myeloma cells express Muc-1 and adenoviral receptors, we have specifically 
transduced tumor cells within myeloma autografts with the thymidine kinase gene 
(tK) using an adenoviral vector with a tumor-selective (Muc-1) promoter, followed 
by purging tumor cells ex vivo by treatment with ganciclovir.13 Pilot studies 
suggest that >6-7 logs of tumor cells can be purged under conditions that do not 
adversely affect normal hematopoietic progenitor cells, setting the stage for a 
clinical trial of adenoviral purging before autotransplantation. We are also 
attempting to generate and expand antimyeloma-specific autologous T cells ex 
vivo for adoptive immunotherapy of MRD in the patient after autotransplant. It is 
now possible to clone the gene for the patient's specific idiotypic protein, use 
computer programs to identify gene sequences encoding for peptides predicted to 
be presented within the groove of class I human leukocyte antigen (HLA) of a 
given patient's HLA type, and expand peptide-specific T cells ex vivo.30 A similar 
strategy can be used to expand T cells against peptides within shared antigens that 
are overexpressed on myeloma cells, such as telomerase catalytic subunit 
(hTERT),14 Muc-1,31 or CYP1B1.3 2 Strategies are being tested to enhance the 
immunogenicity of the whole tumor. Our laboratory studies have also shown that 
autologous T cells do not proliferate to the patients' own tumor cells as targets in 
an autologous mixed lymphocyte reaction. However, CD40 activation of myeloma 
cells upregulates class I and II HLA, costimulatory, GRP94, and other molecules, 
and CD40-activated myeloma cells trigger a brisk autologous T-cell response (J.L. 
Schultze, K.C.A., M.H. Gilleece, et al., unpublished data). T cells can therefore be 
harvested from myeloma patients before autografting, expanded ex vivo using 
CD40-activated autologous myeloma cells as stimuli, and given as adoptive 
immunotherapy to treat MRD posttransplant. 

Finally, we are developing and examining the clinical utility of a variety of 
myeloma vaccines. First, based on our observation that CD40-activated myeloma 
cells trigger a brisk autologous T-cell response, we will examine the utility of 
vaccinations of patients with autologous CD40-activated tumor cells. Second, 
based on our demonstration of the expression of Muc-1 core protein on freshly 
isolated myeloma cells,31 we will construct and evaluate 2 vaccines: recombinant 
vaccinia virus containing the Muc-1 gene and autologous dendritic cells (DCs) 
transduced using adenoviral vectors with Muc-1. Excitingly, we have recently 
shown that myeloma cells can be fused to DCs and that the use of the myeloma 
cell-DC fusion as an antigen-presenting cell presents the entire myeloma cell as 
foreign. In a syngeneic murine myeloma model, vaccinations with myeloma cell-
DC fusions, but not with myeloma cells or DCs alone, demonstrate both protective 
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and therapeutic efficacy. Most importantly, we have shown that patient myeloma 
cells can be fused to autologous DCs, which are readily isolated from either BM or 
PB, 3 3 and that autologous myeloma cell-DC fusions can trigger specific cytolytic 
autologous T-cell responses in vitro (N. Raje, T. Hideshima, D. Avigan, et al., 
unpublished data). We will therefore translate these findings to the bedside in 
clinical trials of myeloma-DC fusion vaccines to assess in vivo myeloma-specific 
T- and B-cell responses, as well as clinical efficacy. Ultimately, vaccinations will 
be coupled with adoptive immunotherapy in an attempt to treat MRD after 
autografting and thereby improve outcome. 
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INTRODUCTION 

Autologous transplantation in multiple myeloma (MM) was introduced 15 years 
ago, initially as a palliative measure for patients who had failed multiple regimens 
of conventional therapy, but now applied with the intent to cure, especially in 
patients early after diagnosis. The mainstay of conventional therapy has been the 
melphalan and corticosteroids regimen. Our intensive treatment approach still has 
melphalan and corticosteroids as the backbone, but at maximally escalated doses. 
Analysis of our Total Therapy Program (1989-1994) indicates that cure is a 
realistic goal with autologous transplantation. 

TOTAL THERAPY 

The intent of this program was to combine, in recently diagnosed MM patients 
(0 or 1 cycle of conventional chemotherapy), all active agents that were available 
at that time in a rapid sequence using non-cross-resistant drugs at maximally 
tolerated dose during induction and mobilization phases. This was followed by 
tandem transplants with melphalan 200 mg/m2. However, if less than a partial 
remission was attained after the first transplant, the preparative regimen for the 
second transplant consisted of melphalan 140 mg/m2 with total body irradiation 
(TBI), or melphalan 200 mg/m2 with cyclophosphamide 120 mg/kg for those in 
whom TBI was not feasible. This was followed by interferon maintenance. A total 
of 321 patients were enrolled; 152 of these patients had received no conventional 
treatment before enrollment. The characteristics are outlined in Table 1. The 
median follow-up is now >7 years. The median overall survival (OS) for these 
patients is 6.7 years, with 48% of the patients alive at 7 years; the median event-
free survival (EFS) is 3.4 years, with 27% EFS at 7 years (Figure 1). The median 
complete remission (CR) duration was 3.9 years, with 44% still in CR at 7 years. 
The total CR rate was 41%. The transplant-related mortality was 1% with the first 
and 2% with the second transplant. In a multivariate analysis, the absence of a 
chromosome 13 abnormality and a C-reactive protein (CRP) level <4 mg/L at 
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Table 1. Total Therapy I: Characteristics of Untreated Patients (N = 152)* 
Parameter % 

-13/del 13 14 
B2M >3.0 mg/L 51 
CRP >4.0 mg/L 45 
IgA isotype 17 
Albumin <3.5 g/dL 30 
Creatinine >2.0 mg/L 11 
LDH >190 U/L 21 
Hemoglobin <10 g/dL 33 
Completed HDT-1 89 
Completed HDT-2 77 
Median follow-up, y 6 

*B2M, B-2 microglobulin; CRP, C-reactive protein; HDT, high-dose therapy; Ig, immunoglob
ulin; LDH, lactate dehydrogenase. 

diagnosis were the most important factors associated with a good outcome. Of the 
total group, 68 patients had both favorable variables; 73 had either one or no 
favorable variables. In the good-prognosis group, the median CR duration was >7 
years, with a 7-year CR rate of 60%, the median EFS was 4.9 years, and the median 
OS was 9 years, with 70% of these patients still alive at 7 years (Figure 2). Figure 
3 compares survival with tandem transplants for good- and poor-prognosis patients 
with that of 723 myeloma patients under the age of 70 years treated with conven-

Total Therapy I (N=152) 
Overall and Event-free Survival 

Newly Diagnosed: Intent-to-treat 

Overall 
Median 

6.7 years 

Event-free 
Median 

3.4 years 
4 6 

Years From First Therapy 
8 10 

Figure 1. Overall and event-free survival for Total Therapy I(n = 152). 
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Superior Prognosis in Absence of A13 and with Low C R P 

— I I I 1 1 I I I 1 I 1 I I 

2 4 6 8 0 2 4 6 8 10 0 2 4 6 8 10 
Years From CR Years From Start of Therapy 

Figure 2. Duration of complete remission (CR), event-free and overall survival in newly 
diagnosed patients treated on Total Therapy I. CRP, C-reactive protein. 

tional therapy on 4 consecutive SWOG studies. Even the poor-prognosis patients 
fared much better than the whole group of conventionally treated patients, 
irrespective of prognostic factors. When we compare our results with tandem 
transplants to those published by the Intergroupe Français du Myelome (IFM) 

Survival in Myeloma 

Standard Therapy High Dose Therapy 

0 2 4 6 8 10 12 0 2 4 6 8 10 
Years From Treatment , 

t 

Figure 3. Comparison of overall survival with standard therapy in 4 consecutive SWOG 
studies versus tandem transplants in newly diagnosed patients on Total Therapy I. 
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Table 2. Single vs. Tandem Transplant* 

HDT 
Attal Single Powles Single Barlogie Tandem 

n 100 195 152 
CR rate, % 22 53 41 
EFS, mo 27 25 41 
EFS at 5 years, % 24 NA 34 
OS, mo 57 54 80 
OS at 5 years, % 47 NA 60 

*CR, complete remission; EFS, event-free survival; HDT, high-dose therapy; OS, overall 
survival. 

Study Group (IFM-90) and Royal Marsden (Powles et al.), the EFS and OS as well 
as EFS and OS at 5 years appear much better with tandem transplants (Table 2). 
The high CR rate in the Powles series is due to the use of nonstrict CR criteria. In 
addition, application of a second transplant increased the CR rate for our total 
therapy patients on an intent-to-treat basis from 26% to 41%. The IFM 94 study 
comparing single vs. tandem transplants showed higher CR and VGPR (very good 
partial remission) rates (P-.6) and EFS at 4 years (P=.07) in the tandem transplant 
group. It is very likely that with longer follow-up the EFS will become significantly 
different. A higher CR rate and better EFS for tandem transplants was also reported 
by an Italian group.1 Taking all these data together, there is strong evidence that 
tandem transplants are superior to a single transplant. The next SWOG myeloma 

Comparable Survival in Young & Old 
Pair Mates after High-Dose Therapy 

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 
Years from CR Years from First HDT 

Figure 4. Absence of difference in complete remission (CR) duration, event-free and overall 
survival in patients >65 years versus younger patients. 
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Table 3. Multivariate Analysis of Prognostic Variables* 

Favorable Variable 
CR CR Duration EFS OS 

Favorable Variable OR P OR P OR P OR P 

Age <65 y — NS — NS — NS — NS 
No del 13 2.1 .0003 0.7 .03 0.5 <.0001 0.4 <0001 
B2M <2.5 1.5 .006 — NS 0.7 <.0001 0.6 <.0001 
Sensitive 3.2 <.0001 — NS 0.7 <.0001 0.7 .0005 
CRP<4 — NS 0.7 .01 0.8 .04 0.7 .0004 
Non-IgA 0.6 .002 0.6 .003 0.8 .004 0.7 .002 
SDT <12 mot 2.0 <0001 0.6 <0001 0.6 <0001 0.7 <.0001 
Timeliness of 0.7 .001 0.5 <.0001 
second HPT eyelet  

*B2M, B-2 microglobulin; CR, complete remission; CRP, C-reactive protein; EFS, event-free 
survival; HDT, high-dose therapy; Ig, immunoglobulin; NS, not significant; OR, odds ratio; 
OS, overall survival; SDT, standard dose therapy. fVariables that can be controlled through 
medical intervention. 

study will have a tandem transplant incorporated for all patients. The new IFM 
study also provides for tandem transplants in all patients with good prognostic 
factors and in those with poor prognosis without a matching sibling donor. 

Overall Survival: Arkansas High-Dose Therapy 
and SWOG Standard-Dose Therapy 

Arkansas 
< 8 mo Prior SDT 

SWOG 
8-mo Landmark 

— ">65 Years (n=39) 
•<65 Years (n=342) 

2 4 6 8 

Years from First HDT 

— ->65 Years(n=418) 
•^—<65 Years (n=601) 

2 4 6 8 10 
Years from Landmark 

Figure 5. HDT, high-dose therapy; SDT, standard dose therapy. 
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Superior Outcome with DCEP Maintenance 
Pair-mate Analysis 

Event-Free Alive 
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Figure 6. DCEP, dexamethasone, cyclophosphamide, etoposide, and cisplatin. 

AGE AND TRANSPLANTATION 

Age has independent adverse prognostic implications with standard therapy, 
with patients between 65 and 74 years of age faring significantly worse than those 
<65 years of age after adjusting for B-2 microglobulin, creatinine, and calcium. 
We compared in our database the outcome of 102 patients over the age of 65 years 
who had received high-dose therapy to that of 204 control subjects under the age 
of 65 years matched for cytogenetics, B-2 microglobulin, duration of prior 
therapy, C-reactive protein levels, and presence of resistant disease. CR duration, 
EFS, and OS were comparable in the 2 groups (Figure 4). In multivariate analysis, 
age was not a significant factor for CR rate, CR duration, EFS, or OS (Table 3). 
Because 90% of patients entered on transplant protocols have received their first 
transplant within 8 months after enrollment on study, an 8-month landmark 
analysis was performed on patients treated on 4 consecutive SWOG protocols. 
Figure 5 shows that age was not important for patients' outcome with high-dose 
therapy, while patients over the age of 65 years fared significantly worse with 
standard therapy (P<.0001). There is no scientific reason to systemically exclude 
myeloma patients from transplantation based on only age. It should be the 
preferred therapy for older patients who do not have severe comorbid conditions. 
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POSTTRANSPLANT CHEMOTHERAPY 

In patients with limited prior treatment with standard therapy (<12 months), 
most of the relapses posttransplantation occur late (>24 months). In an attempt to 
reduce the late relapse rate, we explored the concept of posttransplantation 
chemotherapy given at regular intervals (3 months) for 1 year. The chemotherapy 
employed was DCEP (dexamethasone, cyclophosphamide, etoposide, and 
cisplatin), which was found to be effective in patients who had relapsed after 
autotransplant, with 40% of these patients reducing their abnormal protein by 
>75% and their bone marrow plasmacytosis to <5%; 13% attained a CR. This 
regimen was well tolerated. The major toxicities were hematologic (neutropenia 
and thrombocytopenia). Patients eligible for this study had to have good 
hematologic recovery posttransplantation and a creatinine level <2 mg/dL. The 
outcome of 71 patients receiving DCEP posttransplant was compared with that of 
142 previously transplanted patients who had not received DCEP. The 2 groups 
were matched for all important prognostic variables. Figure 6 shows the superior 
EFS and OS for patients who received posttransplantation consolidation. Superior 
EFS and OS rates were observed for good- as well as poor-prognosis patients. 
Posttransplantation chemotherapy has now become an integral part of our 
transplant program. 

FUTURE DIRECTIONS 

Our aims for the treatment of myeloma have shifted from palliative to curative 
in the last decade. Cure can be obtained only by prolonged treatment with cytotoxic 
therapy given at maximal doses in a dose-dense schedule. 

In newly diagnosed patients, we are currently evaluating whether the 
combination of thalidomide with intense therapy is better than intensive therapy 
alone. It is possible that posttransplant chemotherapy with DCEP is still not 
intensive enough for patients with poor prognosis and that further transplants will 
be necessary to ultimately improve EFS significantly. This approach, as well as 
dendritic cell vaccination, will be explored in poor-prognosis patients. 
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INTRODUCTION 

Centers within the European Group for Blood and Marrow Transplantation 
(EBMT) have performed allogeneic bone marrow transplantation for multiple 
myeloma since 1983,'^ and transplant results are regularly reported to the EBMT 
myeloma registry. Previous reports from this registry as well as from other 
centers5"7 have shown that allogeneic transplantation is associated with high 
transplant-related mortality compared with autologous transplantation; in EBMT 
studies, however, the relapse rate after allogeneic transplantation was significantly 
lower than after autologous transplantation.8 Thus, if transplant-related mortality 
could be reduced, allogeneic transplantation would be a more promising approach 
for the treatment of younger patients than autologous transplantation. In 1995, the 
EBMT compared the outcome of allogeneic transplants during the periods 
1983-1988 and 1989-1994 in the hope that better supportive treatment could have 
improved results. However, no significant time-dependent improvement in 
outcome could be seen.4 In 1994, the first allogeneic transplants using peripheral 
blood stem cells (PBSCs) were performed in multiple myeloma within EBMT 
centers. In 1999, a comparison between such transplants and bone marrow 
transplants was performed (Gahrton G, Svensson H, Cavo M, et al., unpublished 
data). A dramatic improvement in survival for all transplants during the period 
1994-1998 vs. 1983-1993 was seen, with no significant difference between bone 
marrow transplants and PBSC transplants, and was due to a reduction in transplant-
related mortality. 
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PATIENTS AND METHODS 

The EBMT study (Gahrton G, Svensson H, Cavo M, et al., unpublished data) 
comprised 690 multiple myeloma patients. Ail patients received the graft from 
HLA-matched sibling donors. During the period 1983-1993, 334 patients received 
a bone marrow graft, and 223 during the period 1994-1998. During the same time 
period (1994-1998), 133 patients received a peripheral blood stem cell graft. 

The 3 groups were relatively well matched for age, sex, subtypes, stage at 
diagnosis, and response before transplantation. However, the median time from 
diagnosis to transplantation was significantly longer in patients transplanted during 
1983-1993 (median, 14 months; range, 2-168 months) than in those transplanted 
during 1994-1998 (bone marrow: median, 10 months; range, 3-155 months; 
PBSC: median, 10 months; range, 3-155 months). Obviously, the follow-up time 
was longer for transplants performed during 1983-1993 (median, 73 months) than 
for transplants performed during 1994-1998 (bone marrow: median, 22 months; 
PBSC: median, 10 months). 

The fraction of patients that had received only 1 treatment regimen before 
transplantation was significantly higher in transplants performed during 
1994-1998 (bone marrow, 56%; PBSC, 68%) than in those performed during 
1983-1993 (45%); conversely, the proportion of patients who had received 3 or 
more regimens was significantly lower during the later period (bone marrow, 14%; 
PBSC, 12%) than during the earlier one (25%). 

The conditioning regimens varied between groups and within groups, with no 
significant difference between them. Regimens including only total body irradiation 
(TBI) and cyclophosphamide were most common, followed by melphalan-
containing regimens. Busulfan plus cyclophosphamide was less common. 

Prevention of graft-vs.-host disease (GVHD) was at the discretion of each 
center. The regimen most commonly used was cyclosporine plus methotrexate 
without T-cell depletion. T-cell depletion with or without additional treatment was 
less commonly used. 

Complete remission following transplantation was defined for the purpose of this 
study as disappearance of abnormal immunoglobulins from serum and/or light chain 
from the urine using either conventional electrophoresis or immunofixation, as well as 
disappearance of apparent myeloma cells from the marrow, as previously described.4 

RESULTS 

Response to BMT 

The probability of entering complete remission (CR) at 6 months after 
transplantation was 53%, 54%, and 50%, and at 2 years, 60%, 60%, and 54% for 
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the 1983-1993, 1994-1998 (bone marrow), and 1994-1998 (PBSC) groups, 
respectively, with no significant difference between the groups. 

Survival, Treatment-Related Mortality, and Relapse 

The median overall survival was 10 months for transplants performed 
1983-1993 and 50 months for bone marrow transplants during 1994-1998 and was 
not reached for PBSC transplants during 1994-1998. The survival rates at 2 years 
were 40%, 57%, and 57%, and at 3 years, 35%, 55% and 57%, respectively. The 
4-year survival rates were 32% and 50% for bone marrow transplants performed 
1983-1993 and 1994-1998, respectively, and could not be estimated with enough 
confidence for PBSC transplants. The 5-year, 8-year, and 10-year survival rates 
could be estimated with enough confidence only for bone marrow transplants 
during 1983-1993: 28%, 21%, and 18%, respectively. Six patients survived >10 
years following transplantation. The difference in survival between transplants 
performed during 1983-1993 and during 1994-1998 was highly significant 
(/><.0001), whereas there was no significant difference between bone marrow and 
PBSC transplants during 1994-1998. 

A breakdown into 3 time periods—ie, comparing 1983-1988, 1989-1993, and 
1994—1998 —showed no significant difference in survival between the 2 earlier 
time periods but a significant difference between the latest 5-year period and each 
of the earlier periods (Figure 1). Thus, the entire improvement in survival has 
occurred since 1994. The improvement in overall survival from 1994 to 1998 
compared with 1983-1993 was entirely due to a reduction in treatment-related 
mortality. This was 38% and 21% at 6 months and 46% and 30% at 2 years for 
bone marrow transplants performed during 1983-1993 and 1994-1998, respec
tively, with no significant difference between bone marrow and PBSC transplants 
from 1994-1998. 

The relapse rate in patients who had entered a complete remission did not differ 
significantly between the time periods and was 19%-24% at 2 years after 
transplantation. 

Acute and Chronic GVHD 

The frequency of acute and chronic GVHD did not differ significantly between 
the periods or between bone marrow and PBSC transplants. However, the short 
follow-up for PBSC transplants hampers any firm conclusion as to possible 
differences in chronic GVHD. 



Gahrton et al. 483 

1.0 

0.0 

p<0.0001 
Tx 94-98 
n=223 
Med surv (CI) - (23- ) m 

Tx 89-93 
n=245 
Med Surv (CI): 10 (8-18) m 

n=89 
Med Surv (CI): 14 (4-31) m 

24 48 72 120 144 
Months 

At risk: 83-88 45 32 24 18 12 
89-93 112 76 41 14 0 
94-98 100 28 0 

Figure 1. Allogeneic transplantation in multiple myeloma. Overall actuarial survival after 
bone marrow transplantation according to the time of transplantation. The Kaplan-Meier 
curves show a significantly better survival among patients who received transplants from 1994 
to 1998 than among those who received transplants during 1983-1988 or 1989-1993. CI, con
fidence interval; m, months; Med Surv, median survival; Tx, transplant. 

Causes of Death 

At follow-up in 1999, 250 of the 340 patients (74%) transplanted during 
1983-1993, 84 of the 233 patients (38%) transplanted with bone marrow during 
1994-1998, and 44 of the 133 patients (33%) transplanted with PBSCs during 
1994-1998 had died. Interstitial pneumonitis and bacterial/fungal infections were 
significantly more common causes of death in bone marrow transplants performed 
from 1983-1993 (14% and 17%, respectively ) than for the period 1994-1998 (7% 
and 7%, respectively). Other causes of death such as original disease, new 
malignancy, acute or chronic GVHD, viral infections, adult respiratory distress 
syndrome (ARDS), capillary leak syndrome, rejection/poor graft, organ failure, 
disseminated intravenous coagulation, veno-occlusive disease (VOD), 
hemorrhage, and cardiac toxicity did not differ significantly. There was no 
significant difference in the causes of death between bone marrow and PBSC 
transplants performed during 1994-1998. 

DISCUSSION 

Our registry study shows (Gahrton G, Svensson H, Cavo M, et al., unpublished 
data) that the overall survival after allogeneic bone marrow transplantation for 
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multiple myeloma has improved significantly over a recent 5-year period 
(1994-1998) compared with transplants performed during the previous 5 and 
11 years. This is in contrast to earlier analyses made by the EBMT that failed to 
show improvement in outcome with time.4 Thus, the improvement has occurred 
during the later 5 years from 1994 onward. 

The study also shows that the improvement is due to a lower transplant-related 
mortality during the latest 5-year period. Acute GVHD does not appear to have 
changed during this period—the incidence of both overall and severe GVHD was 
about the same. However, there was a significant reduction in deaths caused by 
either interstitial pneumonitis or bacterial and fungal infections. There are several 
possible reasons for the reduction in interstitial pneumonitis, including better 
treatment of cytomegalovirus infection and perhaps changes in dosage of cytotoxic 
drugs and fractionation of TBI. 

Earlier transplantation (10 months from diagnosis during the latest time period 
and 14 months during the earlier time period) has probably played an important 
role in reducing deaths due to bacterial and fungal infections. Earlier transplan
tation results in a lower number of treatment regimens before the transplant. 
Previous studies have shown that fewer regimens before the transplant is the 
second most important favorable prognostic parameter for survival in multivariate 
analysis.4 The use of peripheral blood stem cells instead of bone marrow did not 
change the overall outcome per se. The transplant-related mortality was similar to 
that of transplantation with bone marrow cells during the same time period. 
Although the engraftment rate was more rapid using peripheral blood stem cells, it 
did not translate into reduced transplant-related mortality or significantly lower 
death rate due to bacterial or fungal infections. 

The relapse rate does not appear to have improved with either bone marrow 
cells or peripheral blood stem cells. However, longer follow-up is needed for 
firm conclusions. Allogeneic transplantation still appears to be the most 
promising way to obtain cure in patients with multiple myeloma. Although 
occasional molecular remissions can be obtained with autologous transplan
tation, these are usually transient, and the frequency and durability of molecular 
remissions is higher using allogeneic transplantation.9"12 Also, there is the 
possibility to use donor lymphocyte transfusions to treat patients with persistent 
disease or relapses following previous complete remissions.13"16 Recently, 
nonmyeloablative conditioning followed by allogeneic transplantation has 
proven to be feasible and is associated with low transplant-related mortality.17"19 

However, the relapse risk is unknown. The EBMT, therefore, will compare 
nonmyeloablative transplantation following autologous transplantation in 
patients with a matched sibling donor to autologous transplantation alone in 
patients who lack such a donor. 
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SUMMARY AND CONCLUSIONS 

Results of allogeneic bone marrow transplantation for multiple myeloma have 
improved dramatically since 1994. Overall survival has improved from a median 
of 10 months for patients transplanted during 1983-1993 to 50 months for patients 
transplanted during 1994—1998. The improvement is due to a significant reduction 
in transplant-related mortality that was 38% at 6 months during the earlier period 
but only 21% during the later period. Transplantation with peripheral blood stem 
cells has been performed since 1994, and the results are similar to transplantation 
with bone marrow during the same time period. Reduced transplant-related 
mortality appears to be due to fewer deaths from bacterial and fungal infections and 
interstitial pneumonitis, in turn as a result of earlier transplantation and less prior 
chemotherapy. Relapse rate is mainly unchanged, but molecular remissions occur 
in a significant number of patients, some of them long-term survivors. 
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ABSTRACT 

L-Phenylalanine mustard (L-PAM) is a very valuable drug in the therapy of 
multiple myeloma. The highest dose of L - P A M usually given as a single agent is 
200 mg/m2, which is then followed by hematopoietic stem cells (HSCs). We have 
hypothesized that it is feasible to deliver 100 mg/m2 every 21 days with HSC 
support. Further, we have hypothesized that there would be fewer side effects on 
the gastrointestinal tract, so this dose-dense L-PAM could be delivered on an 
outpatient basis. Four patients were enrolled in this phase 1/2 pilot study. Their 
clinical courses were substantially no more complicated than those of patients 
receiving our traditional chemotherapy with cyclophosphamide 3.5 g/m2 to 
mobilize HSCs. All 4 patients had sufficient hematopoietic recovery after the third 
cycle to tolerate subsequent intended immunoconsolidation therapy. 

INTRODUCTION 

L-Phenylalanine mustard is one of the most active cytotoxic agents in the 
treatment of multiple myeloma. Along with corticosteroids, L-PAM has been a 
mainstay of therapy for multiple myeloma for more than 30 years. The usual 
(standard) dose of L-PAM is 32-40 mg/m2 by mouth every 4 to 6 weeks as 
determined by recovery of blood counts.1 The highest reported dose of L-PAM given 
intravenously without HSC support is 140 mg/m2, about 4 to 5 times the standard 
dose.2 After this dose of L - P A M , recovery of blood counts takes up to 6 weeks. The 
maximum tolerable dose of L - P A M as a single agent is 240 mg/m2 (about 6 to 8 times 
the standard dose); less (eg, 140 mg/m2) is often used in combination with busulfan 
or total body irradiation.3 The usual dose of L - P A M as a single agent is 200 mg/m2 

(about 5 to 7 times the standard dose) followed by HSC infusion to rescue the patient 
from what otherwise would be a prolonged period of pancytopenia. HSCs from the 
peripheral blood dramatically shorten the period of aplasia after high-dose L-PAM. 
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There are numerous reports about the value of high-dose chemotherapy followed 
by HSCs for multiple myeloma.3-11 Long term follow-up data for patients treated with 
140 mg/m2 L-PAM suggest the possibility that augmentation of L - P A M beyond 
standard doses may provide a survival advantage in multiple myeloma.2 It is 
conceivable that doses of L - P A M higher than 200 mg/m2 would be beneficial in 
multiple myeloma, but principally gastrointestinal toxicity (mucositis and enteritis) 
precludes its use at more than 200 mg/m2. It is also conceivable that multiple doses of 
L - P A M would be beneficial in multiple myeloma. This concept underlies the practice 
of tandem transplants for multiple myeloma.3" Tandem transplants are actually 
2 courses of high-dose chemotherapy with HSC rescue following each course. 

We have hypothesized that it is feasible to deliver 3 cycles of L - P A M (each 
followed by autologous HSC infusion on the next day) at 100 mg/m2 with 3-week 
intervals between doses of L-PAM, and that this could be done in the outpatient 
setting. We expected to see rapid recovery of blood counts and very few side 
effects. We call this strategy dose-dense L-PAM. In this strategy, 50% more L-PAM 
would be delivered within a period of 43 days, with full recovery of counts in 63 
days and an expectation of fewer side effects than from a single course of high-dose 
L-PAM followed by HSC transplantation. The total dose of L-PAM is 300 mg/m2, 
which is about 7.5 to 9.3 times that delivered by a single course of standard-dose 
L - P A M . Dose-dense L - P A M delivers from 3.8 to 4.7 times what would be delivered 
over the same time period by 2 courses of standard-dose L - P A M . 

MATERIALS AND METHODS 

To mobilize HSCs, and also to cytoreduce the multiple myeloma, chemotherapy 
and a hematopoietic growth factor were given. Mobilization involved cyclophos
phamide 1.75 gm/m2 intravenously for 2 days and prednisone 2 mg/kg orally for 
4 days followed by granulocyte-colony stimulating factor (G-CSF) 10 ^g/kg starting 
on day 3 of chemotherapy and continuing until HSC collection was completed. 
HSCs were collected when the white blood cell count rose above 1000//<L. The first 
day's leukapheresis product was frozen as a backup, and the remainder of the 
leukapheresis products were subjected to CD34+ cell positive selection. After 
positive selection, equal numbers of cells were frozen in 3 separate aliquots. 

Dose-dense L-PAM was delivered in the outpatient setting at 100 mg/m2 over 
1 hour every 3 weeks for 3 cycles. One aliquot of selected HSCs was reinfused in 
the outpatient setting 24 hours after each cycle of L - P A M . Starting 5 days after 
HSC infusion, trovafloxacin was given at 200 mg/day orally and fluconazole was 
given at 200 mg/day orally to prevent admission for neutropenic fever or 
documented infection. Starting 1 day after HSC infusion, to accelerate granulocyte 
recovery, G-CSF was given at 5 ^g/kg per day subcutaneously. Platelet trans
fusions were given in the outpatient setting for platelet counts <20,000//̂ L. 
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Table 1. Patient Characteristics 

Number of patients 4 
Median age, y (range) 52 (44-66) 
Sex, M/F 3/1 
Disease stage III 
Disease status 

First response 3 
Second response 1 

The clinical end points of this study were, for granulocytes, the first of 
3 consecutive days that the absolute granulocyte count (AGC) exceeded 500/^L 
and, for platelets, the first of 3 consecutive days that the platelet count exceeded 
20,000//<L without transfusion support. 

RESULTS 

Clinical characteristics of the 4 patients in this feasibility trial are given in 
Table 1. Doses of CD34+ cells per kilogram of patient body weight for each HSC 
infusion are given in Table 2. A total of 12 cycles of L-PAM were administered in 

Table 2. Stem Cell Dose Infused 
Patient and Course CD34+ Cells, Xl06/kg 

Patient 1 
1 1.4 
2 1.4 
3 1.4 

Patient 2 
1 1.3 
2 0.7 
3 1.3 

Patient 3 
1 3.0 
2 3.0 
3 3.0* 

Patient 4 
1 1.3* 
2 7.6t 
3 7.6t 

*Unselected backup cells were given because engraftment was delayed. fUnselected. 
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Table 3. Engraftment Times* 
Patient and Cycle Day ofAGC >500lnL Day of Platelets >20,000/ftL 
Patient 1 

1 12 19 
2 12 18 
3 11 17 

Patient 2 
1 12 17 
2 13 NR 
3 10 18 

Patient 3 
1 NRt NR 
2 NR+. NR 
3 9§ 23§ 

Patient 4 
1 9§ 16§ 
2 9|| HI 
3 9|| 

*AGC, absolute granulocyte count; NR, not reached before next cycle began. fAGC = 410 
on day 21; tAGC = 272 on day 21; §days after backup product given; //unselected backup 
product used. 

this feasibility study. Times to recovery of granulocyte and platelet counts for each 
cycle of L - P A M followed by HSC infusion are given in Table 3. 

Only 2 of 12 planned cycles were delayed, none because of low counts. One 
cycle was delayed 1 week because of a central venous catheter infection that 
responded to antibiotics; another cycle was delayed 1 week for psychosocial 
reasons (a death in the family). During the 12 cycles, there were a total of 7 hospital 
admissions. Five (42%) were for febrile neutropenia that was treated easily with 
intravenous antibiotics: 1 was for disseminated but minimal herpes zoster infection 
that responded to treatment with intravenous acyclovir, and 1 was for transient, 
mild, and spontaneously resolving enteritis coincidentally in a patient who had a 
prior admission for enteritis from mobilization chemotherapy with cyclophos
phamide and prednisone. 

The median time to AGC recovery (>500/̂ L) was 11-12 days, and the median 
time to platelet recovery (>20,000///L without transfusion support) was 18 days. 
During 2 cycles (the third for patient 3 and the first for patient 4), we suspected 
delayed engraftment (no granulocytes by day 11) and reinfused the backup 
(unselected) HSC product. For patient 4, unselected HSCs were subsequently used 
after courses 2 and 3 of L-PAM. 
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All patients demonstrated disappearance of marrow plasmacytosis. Three of 
four patients had total resolution of their serum M protein. The fourth patient had 
a 90% reduction of the M-spike. 

CONCLUSION 

L - P A M can be delivered on an outpatient basis with rapid AGC recovery in a 
space of 9 weeks with acceptable nonhematopoietic organ toxicity. Further, 
although it was not a primary end point of the study, we noted that none of the 
cycles of L-PAM were any more complicated (data not shown) than those we 
observed for mobilization chemotherapy with cyclophosphamide and prednisone, 
which we routinely give for all patients with hematopoietic malignancies under
going autologous transplantation. Finally, HSC infusion after the third course of 
L - P A M provided sufficient hematopoietic reserve for the patients to tolerate 
immunoconsolidation (data not shown) with a-interferon or thalidomide in an 
attempt to prolong the duration of response to dose-dense L - P A M . Clinical 
responses to date have been gratifying, but follow-up remains too short to be 
anything more than cautiously optimistic. Long-term survival with this approach 
remains to be determined. 
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ABSTRACT 

In the treatment of Hodgkin's disease, a significant proportion of patients either 
fail to attain complete remission with initial therapy or relapse following initial 
complete response. These patients have a poor prognosis, and high-dose 
chemotherapy (HDCT) with autologous bone marrow or peripheral blood stem cell 
support (autoBMT) has become the preferred treatment. Many series report 
disease-free survival rates of 30%-55% at 4 or 5 years following autoBMT. 
Although there are no phase 3 data supporting the use of radiation therapy in this 
setting, many centers incorporate radiation into their high-dose protocols. This is a 
rational approach based on the radiosensitivity of Hodgkin's disease, which is 
frequently confined to lymph nodes distributed in a way that is amenable to 
radiation. There is also a propensity for Hodgkin's disease to recur in previously 
involved sites, particularly if the disease was bulky. 

In selected patients with relapsed Hodgkin's disease following initial 
chemotherapy, before the routine use of HDCT and autoBMT, treatment with 
radiation alone resulted in a high response rate, with long-term disease control in 
~30% of patients. Thus, chemotherapy failure does not necessarily imply radiation 
resistance, and there is the opportunity to apply radiation judiciously in sequence 
with HDCT and autoBMT to improve disease control and survival. 

The optimal methods of delivery of radiation (timing, dose, and volume) are not 
clearly defined. Radiation can be given before autoBMT, either to the involved 
field or to extended fields up to total nodal irradiation (TNI). The conditioning 
regimen should not include total body irradiation. This approach pioneered by the 
Memorial group used TNI to 18 Gy, and the involved sites receive an additional 
18 Gy, all delivered within 2 weeks before autoBMT. In Toronto, our approach was 
wide-field radiation (typically the mantle fields) given within 1-2 months before 
autoBMT, usually sandwiched between salvage chemotherapy courses. The 
potential advantages of delivering radiation before autoBMT include maximal 
cytoreduction before transplant, no delays in instituting radiation (as in after 
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autoBMT), and avoidance of possible hematologic toxicity if radiation was given 
after autoBMT. However, because of a high rate of pulmonary toxicity with wide-
field thoracic radiation given before autoBMT, we have changed our practice to 
delivering involved-field radiation after autoBMT. The initial Memorial approach 
was also associated with a high peritransplant toxicity rate, which has improved 
with further refinements in their protocol. 

The indications for posttransplant radiation therapy include previous bulky 
disease (>5 cm), disease responding incompletely to salvage chemotherapy, 
residual abnormalities after autoBMT, and limited-stage disease where the original 
treatment plan had included radiation therapy. The extent of radiation fields and 
doses are individualized, depending on prior exposure to radiation, anatomic distri
bution of the disease, and normal tissue toxicity. Recent technological advances 
with computed tomography (CT) planning, conformai beam arrangements, and 
availability of dose-volume histograms for normal organs have expanded the utility 
and safety of involved-field radiation in the autoBMT setting, particularly for the 
mediastinal location. Doses of 25-35 Gy are associated with a high rate of in-field 
control, and minimal short- and long-term toxicity. Several institutional series have 
reported the benefits of involved-field radiation given after autoBMT. However, 
prospective studies are urgently needed to define the usefulness of radiation more 
definitively, its optimal timing in relation to HDCT and autoBMT, and technical 
parameters such as extent, dose, and fractionation scheme. 

INTRODUCTION 

There has been a steady decline in the mortality rate of Hodgkin's disease in the 
last 2-3 decades, without a significant change in the incidence.1 This trend is 
largely attributable to improvements in the treatment of Hodgkin's disease with a 
risk-adapted approach, consisting of a combination of radiation therapy and 
chemotherapy, resulting in a high cure rate with initial therapy. However, a 
significant proportion of patients who either fail induction therapy or relapse after 
complete response will require high-dose chemotherapy and autologous bone 
marrow or blood stem cell transplantation. Although the results of autoBMT are 
superior to conventional-dose salvage chemotherapy in a randomized trial2 and in 
retrospective comparative studies,3-5 the disease-free survival is 30%-55% at 4 or 
5 years following autoBMT.3 - 1 9 Because Hodgkin's disease is usually sensitive to 
radiation, it is possible to improve disease control and survival by incorporating 
radiation therapy into the high-dose protocol. This article will review the rationale, 
indications, toxicity, and different methods of using radiation therapy in a planned, 
sequential manner with autoBMT. 
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SENSITIVITY OF HODGKIN'S DISEASE TO RADIATION 

The use of radiation therapy has contributed successfully to the management of 
Hodgkin's disease for more than 50 years. Radiation results in a high cure rate for 
stage I and II Hodgkin's disease20 and is often incorporated into combined modality 
protocols for stage III and TV disease, particularly if there was presence of bulky 
disease.21,22 The total dose needed to achieve a high degree of local control (>90%) is 
in the range of 30-37.5 Gy. 2 3 A review of the literature showed that above 32 Gy, no 
dose-response relationship was apparent.24 There was a suggestion that larger tumors 
required a higher dose, as logistic regression analysis revealed that the dose required 
for 95% local control was 27 Gy for subclinical disease, 34 Gy for nodes <6 cm, and 
35 Gy for nodes >6 cm.23 A trial comparing 40 vs. 30 Gy prescribed to subclinical 
disease in early-stage Hodgkin's disease showed equivalent tumor control and 
survival.25 When radiation is used in combination with chemotherapy, clinical data 
suggest that even lower doses are sufficient for local control. In pediatric combined-
modality protocols, doses of 15-25 Gy are common and are highly successful.26-27 In 
the chemotherapy-refractory or relapse setting, the control rate with radiation is 
similarly high (see below). Therefore, it appears most logical to use radiation in 
sequence with salvage chemotherapy and autoBMT to maximize disease control. 
Dose levels of 25-35 Gy are within tolerance of most internal organs, provided 
sensitive structures such as lungs, liver, and kidneys are protected. 

RADIATION AS SALVAGE THERAPY AFTER CHEMOTHERAPY FAILURE 

Before the routine use of HDCT and autoBMT in the late 1980s, selected 
patients who failed initial chemotherapy were given radiation therapy as salvage 
treatment. The techniques used varied from mantle fields to extensive fields up to 
TNI. A review of the representative institutional series is presented in Table l . 2 8 " 3 7 

Patients were usually selected to receive radiation because the disease at the time 
of relapse was predominantly localized, nodal, and amenable to coverage with 
radiation. The in-field control rate was ~90%, and one third of the patients survived 
5 years with control of disease. Patients were more likely to have a durable 
response if the disease-free interval was >12 months from completion of initial 
chemotherapy. Uematsu et al. 3 2 suggested that the addition of chemotherapy as 
salvage therapy was superior to radiation alone. Although these data cannot be 
directly compared with results of HDCT and autoBMT, they nevertheless showed 
that radiation therapy alone could salvage a small proportion of patients, who 
would now be routinely considered candidates for autoBMT. It also demonstrated 
that certain patient characteristics predict for a favorable response to radiation: 
those with predominantly nodal disease, no systemic symptoms, favorable 
histology, and a long disease-free interval.37 
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Table 1. Refractory/Relapsed Hodgkin's Disease After Chemotherapy: Representative 
Results With Salvage Radiotherapy (RT) With or Without Chemotherapy (CT)* 

Authors Year Reference 
No. 
RT 

of Patients 
RT+CT 

DF1 
>1 y, % CR, % 

5-y 
DFS, % 

5-y 
OS, % 

Mauch et al. 1987 36 12 7 32 63 48 69 
Roach et al. 1987 34 13 0 23 93 45t 75t 
Lohri et al. 1991 30 11 0 HR - 17 — 

6 0 LR 100 — 
Brada et al. 1992 28 25 19 75 66 23$ 40$ 
Leigh et al. 1993 29 16 12 32 93 40 63 
Uematsu et al. 1993 32 14 50 93 36 36 

14 14 93 93§ 85§ 
Pezner et al. 1994 35 10 0 50 80 30$ 38$ 
MacMillan et al. 1994 31 11|| 0 73 100 44 100 
O'Brien and Pamis 1995 33 11 0 73 73 27 45 
Wirth et al. 1997 37 50 2 42 45 26 57 

*CR, complete remission; DFI, disease-free interval; DFS, disease-free survival; HR, high 
risk; LR, low risk; OS, overall survival. f3-y rates; flO-y rates; §7-y rates; \\r elapsed sites 
were localized and nodal only. 

HIGH-DOSE THERAPY AND SITES OF RELAPSE 

Several investigators have reported on the sites of failure in patients treated with 
HDCT and autoBMT. Where radiation was used only sparingly or not at all, the 
majority of relapses occurred in sites of previous involvement. The Vancouver 
experience described 12 of 13 recurrences located in previously involved sites,38 

similar to that found by other groups: 33 of 49 relapsed in previous sites from the 
Seattle series,6 25 of 32 from Stanford,39 12 of 13 from Chicago,40 and 82% in the 
Genoa series.9 Summarizing these data, among patients who relapsed after 
autoBMT, the relapses occurred in previously involved sites in ~75%-80%. 
Therefore, there is strong rationale to incorporate radiation therapy to known 
disease sites in HDCT protocols to improve the disease control rate. With the 
judicious use of consolidation involved-field radiation therapy (IFRT) in 29 of 86 
autoBMT patients at the City of Hope, 2 of 26 patients failed inside the radiation 
field as a first site of recurrence, ie, a local control rate of 92%.41 The Vancouver 
group reported in-field control in 22 of 24 patients given irradiation before 
autoBMT (local control rate 92%).38 Mundt et al. 4 0 reported on 54 patients of 
whom 20 received IFRT either before or after autoBMT. Of the 41 irradiated sites 
in the 20 patients, 39 sites were controlled (actuarial 5-year local control rate 80%), 
with the main benefit derived from patients with nodal sites of disease and those 
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receiving IFRT for persistent disease after autoBMT.40 Poen et al. 3 9 from Stanford 
reported on the use of IFRT in 24 patients (67 disease sites) given either before or 
after autoBMT, and local failure occurred in 2 patients (4 sites), ie, local control 
rate of 92%. 

SEQUENTIAL RADIATION IN HIGH-DOSE PROTOCOLS 

Cytoreducrive Radiation Before AutoBMT 

One of the main determinants of disease control and survival is the disease 
status before autoBMT, 1 0 - 1 2 4 2 with complete-response patients having a better 
outcome than those with a partial response. Therefore it is tantalizing to use 
radiation for maximum cytoreduction following incomplete response to salvage 
chemotherapy. Additional advantages of pretransplant radiation include no delays 
in instituting radiation (as in post-autoBMT) and, in situations where wide-field 
radiation (eg, TNI) is desirable, avoidance of the possible hematologic toxicity 
expected if radiation were given post-autoBMT. The disadvantages of pre
transplant radiation may include nonhematologic (eg, mucosal) toxicity, which can 
be enhanced with salvage chemotherapy given concurrently or sequentially, 
possibly delaying the transplant. In the case of mediastinal irradiation, there is also 
a concern with radiation pneumonitis, which usually manifests clinically 1-3 
months posttreatment,43 overlapping with the early posttransplant period of risk, 
and results in a high risk of pulmonary complications.18'44 

The integration of extensive radiation, given sequentially and routinely 
following salvage chemotherapy, has been successfully used by investigators at the 
Memorial Hospital. Yahalom et al. 1 9 reported on 47 patients treated with IFRT to 
15 Gy and total lymphoid irradiation to 20 Gy followed by HDCT and autoBMT. 
Radiation was given twice or three times a day. The disease-free survival was 50% 
at 6.5 years.19 There was a toxicity death rate of 17%, chiefly due to pulmonary 
complications.19-44 More recent refinements of the Memorial protocol used ICE 
chemotherapy (ifosfamide, carboplatin, and etoposide), and for those who received 
prior radiation therapy, IFRT to 18-36 Gy with no TNI. For patients who did not 
receive prior radiation, the IFRT to 18 Gy is followed by TNI to a further 18 Gy, 
with fractions delivered twice a day, within a 2-week period before HDCT and 
autoBMT.45 The treatment-related mortality has decreased to 5% in the more 
recently treated patients.45 This approach uses radiation as a systemic total nodal 
treatment, without having to resort to total body irradiation (TBI). This is a rational 
approach, because Hodgkin's disease is predominantly a node-based disease. 
Although early studies have used TBI in the conditioning regimen for some 
patients,6'4146 its use has largely been curtailed because of a higher toxicity profile47 

and the concern that low doses of TBI (8-14 Gy) do not reliably control gross 
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disease. Investigators at City of Hope have used a combination of salvage 
chemotherapy, IFRT, HDCT (cyclophosphamide and etoposide), and TBI in 29 
patients,41 reporting a 2-year disease-free survival of 44%, with excellent disease 
control rate within the IFRT fields. Interstitial pneumonitis was seen in 3 patients 
(10%), with 3 patients suffering acute fatal complications of autoBMT (10%). 

Cytoreductive radiation therapy can also be practiced with regional or involved-
field radiation therapy. Typically, the indications are sites of bulky disease (>5 cm) 
at any time and areas of incomplete response to salvage chemotherapy. The 
Stanford experience with cytoreductive IFRT given predominantly before 
autoBMT in 13 of 62 patients showed an advantage for freedom from relapse 
(IFRT, 100%; no IFRT, 67%; P=.04), and disease-free survival (IFRT, 85%; no 
IFRT, 54%; P=.13) at 3 years.39-48 

The Toronto approach used wide-field regional radiation in an attempt to 
achieve complete disease control before HDCT and autoBMT. Among 73 patients 
treated, the 4-year disease-free survival rate was 39%." The initial use of wide-
field thoracic radiation was associated with unacceptable pulmonary toxicity in the 
posttransplant period and therefore abandoned in favor of more limited IFRT or 
delivering radiation after autoBMT.18 Similar pulmonary toxicity was also reported 
by Reece et al.,3 8 with thoracic IFRT given to autoBMT patients conditioned with 
cyclophosphamide, carmustine, and etoposide (CBV); 8 of 42 patients (19%) 
developed interstitial pneumonitis with a high fatality rate. 

Radiation Therapy After AutoBMT 

The indications for post-autoBMT radiation therapy include the presence of 
previous bulky disease (>5 cm), disease responding incompletely to salvage 
chemotherapy, residual abnormalities after autoBMT, and limited-stage disease 
where the original treatment plan had included radiation therapy. Many investi
gators currently prefer to use IFRT posttransplant to minimize the risk of 
pulmonary complications if the site of irradiation includes the mediastinum. This 
strategy also ensures no delay in instituting HDCT and autoBMT, because time 
spent in conventional fractionated IFRT pretransplant may put the patient at risk for 
progression of disease outside of the radiation field. Radiation should be started 
within 3-4 months after autoBMT, upon hematologic recovery with neutro
phils >2X 109/L and platelets >100X109/L. When these criteria are met, tolerance 
to treatment is excellent, with a low probability of treatment interruption 
necessitated by myelosuppression.49-51 Neutrophil count can be supported by 
growth factors,52-53 so the main limiting factor is thrombocytopenia,51-52 until an 
effective thrombopoietin becomes routinely available. 

Mundt et al. 4 0 from the University of Chicago reported on their experience of 
using IFRT in 20 patients, among 54 patient transplanted. Thirteen patients had 
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radiation posttransplant, and among them, the indication for IFRT was persistent 
disease after autoBMT in 10 patients. All 10 patients achieved complete response, 
and their 5-year DFS was 40%, superior to the 12% in the group of 11 patients with 
persistent disease not receiving IFRT (P-.04).40 Although comparison in such a 
small number of patients is flawed, it is interesting to note that IFRT can induce 
further responses in patients with residual abnormalities after autoBMT. 

Finally, Lancet et al. 1 4 reported the results of autoBMT in 70 patients treated at 
the University of Rochester. Posttransplant IFRT was administered to 27 patients, 
with the delivery of 20 Gy for patients in complete response assessed before 
autoBMT and 30 Gy for those in partial response. They observed a 5-year DFS of 
44% in the IFRT group, vs. 26% in the nonirradiated group (F=.006).14 A similar 
trend existed for subgroups of patients with either minimal disease pretransplant 
(defined as tumor bulk <2 cm) or more bulky disease. 

Recent technological advances with CT planning, conformal beam arrange
ments, and availability of dose-volume histograms for normal organs have 
expanded the utility and safety of IFRT in the autoBMT setting, particularly for the 
mediastinal location. For example, it is possible to re-treat regions of persistent 
disease posttransplant despite prior remote exposure to radiation therapy (Figure 1). 
Presently, the approach in Toronto adopts posttransplant IFRT, within a period of 
2-3 months following autoBMT, using doses of 25-35 Gy, depending on prior 
exposure to radiation therapy and the irradiated volume. The indications for 
therapy are as discussed in the beginning of this section. 

UNANSWERED QUESTIONS OPEN TO FURTHER INVESTIGATION 

The benefits of incorporating radiation therapy in high-dose therapy protocols 
for Hodgkin's disease seems intuitive, but the data are based on retrospective 
analysis of a small number of patients. Comparisons of radiated and unirradiated 
patients are inherently flawed by the presence of confounding factors affecting the 
decision to give the therapy: prior radiation therapy, nodal versus extranodal site, 
bulk, performance status, and anticipated tolerance to radiation. Furthermore, the 
optimal timing, dose, and volume of radiation are not clearly defined. Therefore, 
prospective studies are urgently needed to define the usefulness of radiation more 
definitively, its optimal timing in relation to HDCT and autoBMT, and technical 
parameters such as extent, dose, and fractionation scheme. 

Progress has been made in the last decade documenting the usefulness of 
radiation in contributing to disease control within the radiation field and the 
methods to avoid serious acute toxicity. Further follow-up of patients to define late 
toxicity is required. The possible contribution of radiation to the increased risk of 
second cancers, particularly the risk of acute myeloid leukemia/myelodysplastic 
syndrome (AML/MDS), is a concern. A French study compared the second cancer 
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Figure 1. A 54-year-old man diagnosed 4 years ago with nodular sclerosis Hodgkin's dis
ease, stage 2A, massive mediastinal disease (mediastinal/'thoracic ratio, 16:31). Treated with 
ABVD (doxorubicin, bleomycin, vinblastine, and dacarbazine) X 8 cycles and mediastinal 
radiation 30 Gy, this patient achieved complete remission with residual mediastinal abnor
mality. The patient relapsed in mediastinum 3 years after completion of therapy and was treat
ed with mini-BEAM (BCNU, etoposide, cytosine arabinoside, and melphalan) X 2 cycles and 
high-dose chemotherapy with autologous bone marrow transplantation. A, Posttransplant 
involved-field radiation therapy, with conformal computed tomography planning for a fur
ther 30 Gy to gross residual disease. The beam directions, shielding blocks, and isodose dis
tribution are illustrated. B, Dose volume histogram for target and right and left lungs. Note 
that only 15% of the right lung received >20 Gy, and <5% of the left lung received >8 Gy. 
The patient tolerated treatment well, with no clinical pulmonary toxicity. 
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incidence in 367 grafted patients and 1179 conventionally treated patients.54 

Although an increased risk was found in the autoBMT group (5-year actuarial risk, 
8.9% for all second cancers, 4.3% for AML/MDS), the use of radiation or its extent 
(limited or extensive) was not prognostic for the development of AML/MDS. 5 4 In 
contrast, a recent case-control study of 22 patients who developed AML/MDS 
(among 612 lymphoma patients treated with autoBMT) revealed an association 
with etoposide used for stem cell mobilization and pretransplant radiation (relative 
risk 2.5; 95% confidence interval, 0.9-7.3).55 Whether the use of limited IFRT in 
association with autoBMT results in a significant increase in the risk of second 
cancers, including AML/MDS, requires further study and diligent long-term 
follow-up. 
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ABSTRACT 

High-dose therapy with autologous stem cell transplantation (autoSCT) is 
accepted as the treatment of choice for patients with Hodgkin's disease that does 
not respond to or has relapsed after anthracycline-based chemotherapy. Twenty-
five to fifty percent of such patients will be disease free 5-10 years after autoSCT. 
Chemotherapy sensitivity—defined by response to standard-dose salvage chemo
therapy before autoSCT—is one of the most important predictors of long-term 
outcome. In 194 patients with relapsed or refractory Hodgkin's disease treated at 
the Toronto General Hospital from 1986 to 1998, the 10-year event-free survival 
(EFS) is 28%, and overall survival (OS) is 30%. Among those with a complete 
response to salvage therapy, EFS is 68% at 5 years and 42% at 10 years; OS is 83% 
and 48%, respectively. The corresponding rates for those with only a partial 
response to therapy are 24% and 20% for EFS and 28% and 18% for OS (P<.001, 
log-rank test). Multivariate analysis of a number of potential prognostic 
variables—response to salvage therapy (complete response [CR] vs. partial 
response [PR]), duration of initial CR, B symptoms, relapse in a previous radiation 
field, number of relapses, and number of cycles of salvage therapy received-
showed that only disease status at the time of autoSCT was predictive of outcome. 
The risk of secondary acute myeloid leukemia (AML)/myelodysplastic syndrome 
(MDS) in this cohort is 11% at 10 years. Response to salvage chemotherapy 
identifies a subset of patients with relapsed/refractory Hodgkin's disease who have 
a high likelihood of cure after autoSCT; such patients should be enrolled in studies 
focusing on minimizing long-term toxicity. On the other hand, patients with only a 
partial response have a high risk of subsequent disease progression and death from 
Hodgkin's disease. Studies to reduce the relapse rate in this patient population— 
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through additional local, systemic, immunologic, or other therapy—remain a 
priority. 

INTRODUCTION 

High-dose chemotherapy with autologous bone marrow or peripheral blood 
stem cell support (autoSCT) is an accepted therapy for patients with Hodgkin's 
disease that has failed to respond to or relapsed after primary chemotherapy with 
ABVD (doxorubicin, bleomycin, vinblastine, and daccarbazine) or equivalent 
regimens. This acceptance is based on the superior outcome after autoSCT for 
patients considered to be induction failures (progression <3 months of completing 
chemotherapy),1"4 as well as patients who had at least one prior CR and then 
recurred, compared with historical controls.5 Two randomized trials from the 
British National Lymphoma Investigation (BNLI)6 and the German Hodgkin's 
Disease Study Group7 have also shown a significant improvement in progression-
free survival (PFS) in relapsed and refractory patients sensitive to salvage 
chemotherapy; however, neither study has shown a survival difference between 
autoSCT and conventional-dose salvage chemotherapy to date. 

Most information about the value of high-dose therapy in Hodgkin's disease 
comes from large, single-institution or bone marrow transplant registry retro
spective analyses.8-12 Hence, a number of variables—including patient selection-
influences the results that have been reported. These analyses have been very 
important in suggesting patient characteristics that can predict a more or less 
favorable outcome, as well as defining the short- and long-term complications 
following this therapy.813-16 Although the use of peripheral blood stem cells has 
resulted in more prompt engraftment and shorter hospitalization, the risk of 
treatment-related mortality at 3 to 12 months after autoSCT is significant, ranging 
from 2 to 20%. In addition, a number of centers have observed an increase in 
secondary myeloid malignancies (AML and MDS) following autoSCT for 
Hodgkin's disease.1718 Therefore, it is very important for the clinician to be able to 
predict which patients would be expected to benefit from this therapy and to 
identify those for whom the short-term morbidity and mortality and long-term risks 
of therapy cannot be justified on the basis of cause-specific survival. 

In Hodgkin's disease, as has been shown in non-Hodgkin's lymphoma, 
chemotherapy sensitivity—defined variably as the regression of tumor masses and 
improvement in symptoms using conventional-dose chemotherapy—has emerged 
as an important predictor of outcome following high-dose therapy and autoSCT. In 
fact, in our experience with more than 200 patients treated in a uniform fashion at 
the University of Toronto, the use of salvage therapy and careful restaging before 
autoSCT has revealed that disease status at the time of high-dose therapy is the 
most important predictor of long-term disease-free and overall survival in this 
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treatment setting. These data, as well as other data from the published literature, are 
reviewed here to illustrate the importance of the use of conventional-dose salvage 
therapy before transplant in determining outcome. 

THE TORONTO EXPERIENCE WITH HIGH-DOSE CHEMOTHERAPY 
FOR HODGKIN'S DISEASE 

From December 1986 to August 1998, 194 patients with refractory or relapsed 
Hodgkin's disease were treated with high-dose chemotherapy and autoSCT at the 
Toronto General Hospital. Patients were considered eligible if they had Hodgkin's 
disease that was recurrent after a complete remission following doxorubicin-based 
chemotherapy or that did not respond to primary chemotherapy (defined as 
progression during chemotherapy or within 3 months of completion). All patients 
demonstrated sensitivity to salvage chemotherapy before proceeding to transplant, 
defined as at least a 50% reduction in the sum of the cross-sectional area of bidimen-
sionally measurable lesions along with resolution of disease-related symptoms. 
Salvage chemotherapy consisted of either mini-BEAM (carmustine [BCNU], 
etoposide, cytosine arabinoside, and melphalan) or DHAP (dexamethasone, cytosine 
arabinoside, and cisplatin) for at least 2 cycles or to maximum tumor response.19'20 All 
patients were completely restaged immediately before transplant to determine disease 
status at transplant and to facilitate evaluation of response to the high-dose regimen. 
Restaging included computed tomography of the thorax, abdomen, and pelvis, as well 
as bone marrow biopsy, plain chest radiographs, bone scan, and a gallium scan if any 
of these had been positive at relapse. Response definitions have been described.8 

High-dose therapy consisted of etoposide 60 mg/kg in 5 to 6 liters of normal 
saline infused over 5 hours on day -4 and melphalan 140-160 mg/m2 administered 
as an intravenous bolus over 30 minutes on day -3. Cryopreserved autologous bone 
marrow and/or peripheral blood stem cells were infused on day 0. Details of the 
patients' supportive care regimen have been described.8 Following hematopoietic 
recovery and resolution of nonhematologic toxicity, areas of bulk disease >5 cm at 
relapse were treated with involved-field radiation, 35 Gy in 20 fractions if normal 
tissue tolerance was not exceeded.21 

Patients 

The characteristics of the 194 patients at the time of referral for transplant are 
listed in Table 1. The median age was 31 years (range, 16-61 years). An approxi
mately equal number of patients had a previous complete remission lasting al year 
or <1 year from the completion of primary chemotherapy. One-half of the patients 
were treated at the time of first relapse from chemotherapy, and 10% had disease 
that was refractory to primary chemotherapy (induction failures). The median time 
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Table 1. Patient Characteristics* 

Patients, n 194 
Median age, y (range) 31(16-61) 
Sex, M/F 62/38 
B symptoms at diagnosis! 49 
Histology 

Nodular sclerosis 78 
Mixed cellularity 15 
Lymphocyte predominant 4 

Stage at diagnosis 
I or II 42 
III or IV 58 

Disease status at transplant 
Complete remission 40 
Partial remission 60 

Number of relapses 
Refractory 10 
1 52 
2 21 
&3 17 

Initial radiotherapy 38 
Salvage radiotherapy 31 
Relapse in radiation field 31 
Duration of CR1 

Refractory 10 
<1 year 37 
si year 41 
Unknown 11 

*Data are % unless otherwise indicated. fB symptoms are systemic symptoms such as 
weight loss and night sweats. 

from original diagnosis to transplant was 2.7 years (range, 0.8-22 years). Forty 
percent of patients were judged to have had a complete response to maximum 
salvage chemotherapy before transplant, and 60%, a partial response. 

Treatment Outcome 

The median follow-up of surviving patients is 60 months (range, 8-132 months). 
There were 11 deaths (5.6%) from toxicity within the first 100 days after autoSCT; 
treatment-related mortality at 1 year was 7.7%. Seventy-seven patients (40%) have 
relapsed posttransplant, with a median time to relapse of 8 months (range, 1 month 
to 4.9 years). No relapses have been observed >5 years posttransplant. 
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Event-free survival for all patients is 40% at 5 years and 28% at 10 years, with 
a median EFS of 2.2 years (95% confidence interval [CI], 1.2-3.2) (Figure 1). 
Overall survival for the entire cohort of patients is 48% at 5 years and 30% at 10 
years, with a median OS of 4.7 years (95% CI, 3.3-6.2) (Figure 2). 

A Cox proportional hazards model was used to model EFS and OS as a function 
of a number of prognostic variables measured before transplant. The variables 
analyzed were duration of CR1 ( i l vs. <1 year), B symptoms (systemic symptoms 
such as weight loss and night sweats), stage at diagnosis, number of relapses before 
transplant (1 vs. >1), pathological subtype (nodular sclerosis vs. mixed cellularity vs. 
lymphocyte prodominant), response to primary treatment (CR vs. PR vs. refractory), 
number of cycles of salvage chemotherapy (&3 vs. <3), relapse in a previously 
irradiated site, and disease status at time of high-dose therapy (CR vs. PR). 

By univariate analysis, disease status at the time of transplant, duration of 
CR1, and number of cycles of salvage chemotherapy were significant predictors 
of EFS (/^.OOOl, .03, and .0007, respectively). Disease status at time of 
transplant and number of cycles of salvage chemotherapy before transplant were 
significant predictors of OS (/^.OOOl and .0007, respectively). There was a trend 
for patients who had relapsed in a previous radiation field to have worse EFS 
(P=.06). B symptoms, number of relapses before transplant, pathological 

Predictors of Outcome Posttransplant 
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Figure 1. Event-free survival. 
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Figure 2. Overall survival. 

subtype, and duration of CR1 (<1 vs. >1 year) did not have a significant influence 
on outcome. 

In multivariate analysis, the only significant predictor of both EFS and OS was 
disease status at the time of transplant (P<.0001 for both). Patients transplanted in 
CR after salvage chemotherapy had an EFS of 68% at 5 years and 42% at 10 years; 
for patients transplanted in PR, EFS was 24% and 20%, respectively (Figure 3). 
Median EFS was 6.9 years (95% CI, 4.5-9.3) for those transplanted in CR vs. 0.9 
years (0.6-1.2) for those transplanted in PR (P<.0001). Median survival for 
patients transplanted in CR following salvage chemotherapy was significantly 
longer than for patients transplanted in PR (7.9 [95% CI, 6.2-9.5] vs. 2.5 years 
[95% CI, 1.7-3.2], P<.0001). Overall survival for patients in CR at the time of 
transplant was 83% at 5 years and 48% at 10 years; for those transplanted in PR, 
survival was 28% and 20%, respectively (F<.0001) (Figure 4). 

At the time of this analysis, 78 of 194 patients (40%) have died. Death from 
causes other than recurrent Hodgkin's disease (treatment-related toxicity and 
secondary malignancies) account for 28 of these deaths (36%). 

Secondary Malignancies 

There have been a total of 11 secondary malignancies observed in this cohort 
posttransplant: 6 cases of AML, 3 MDS, 1 non-small-cell lung cancer, and 1 non-
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Figure 3. Event-free survival by disease status at transplant. 

Hodgkin's lymphoma. The median time to onset of MDS/AML from the date of 
transplant was 3.0 years (range, 1.0-5.9 years), and from the time of first 
chemotherapy, 7.1 years (range, 3.0-12.8 years). Eight of 9 patients had abnormal 
bone marrow cytogenetics, including deletions of all or part of chromosomes 5 or 
7 or both in 5 patients and abnormalities involving chromosome llq23 in 2 
patients. Using competing risk methods, the cumulative incidence of MDS/AML in 
this series of patients is 11.5% at 10 years. There was no relationship between the 
number of cycles of salvage therapy received and the risk of developing secondary 
MDS/AML in our patient population. 

DISCUSSION 

A number of series of patients with relapsed or refractory Hodgkin's disease 
have shown that response to salvage chemotherapy is a major determinant of 
response rate, progression-free survival, and overall survival after autoSCT.1 3 1 6' 2 1' 2 2 

In addition, pretreatment characteristics such as disease bulk, performance status, 
B symptoms at relapse, duration of initial remission, extranodal disease at relapse 
and number of previous treatments have been noted by many authors to have an 
impact on outcome.8"15'22'23 There is, however, marked variation between these 
case series in terms of referral patterns, patient characteristics, definition of many 
of the prognostic variables mentioned above, and the high-dose regimen used. 
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Figure 4. Overall survival by disease status at transplant. 
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Prognostic models predictive of outcome have been developed by a number of 
investigators to guide treatment recommendations and identify patients for whom 
alternative or more aggressive therapy may be appropriate. In general, these models 
have identified extent of disease after salvage therapy as being important in 
predicting long-term outcome.5'1315 Favorable outcome is associated in these 
models with lack of disease progression with salvage chemotherapy,15 CR or PR to 
most recent chemotherapy,13 or the achievement of a minimal disease state after 
salvage with MOPP (mechlorethamine, vincristine, procarbazine, and prednisone) 
or DHAP. 5 On the other hand, patients with Hodgkin's disease that is refractory to 
salvage chemotherapy have a much worse outcome.2,10,13'24 For example, Chopra et 
al. 1 0 reported PFS at 5 years of 52% among 33 patients with chemotherapy-
sensitive relapse following autoSCT with BEAM, compared with 32% in patients 
with chemoresistant disease. In the analysis of adults with Hodgkin's disease that 
did not go into remission following initial anthracycline-based chemotherapy 
reported to the European Group for Blood and Marrow Transplantation (EBMT),2 

the outcome of patients who also progressed or did not respond to second-line 
therapy was significantly worse than those who went straight to autoSCT; the latter 
group presumably included some patients who would have been judged to be 
chemotherapy sensitive had they, too, had additional chemotherapy. 

Some authors have reported superior results for patients with relapsed 
Hodgkin's disease who were transplanted in "untested" relapse, compared with 
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those who actually received salvage therapy first. Chopra et al. 1 0 reported that 
among 155 patients treated at University College Hospital, 5-year PFS was 78% for 
patients who proceeded directly to autoSCT with BEAM without receiving 
conventional salvage therapy at time of latest relapse. This was significantly better 
than those who were chemotherapy sensitive or chemoresistant (<50% response) at 
transplant. In a smaller series of patients, Bierman et al. 1 4 reported failure-free 
survival of 90% for 10 patients who proceeded directly to transplant without 
salvage compared with 33% for 75 patients who received conventional salvage 
chemotherapy before transplant (/>=.016). 

What could account for the apparent superior outcome for patients with untested 
relapse? One argument is that salvage chemotherapy induces drug resistance, even 
to high-dose therapy. This is possible but seems unlikely given the consistently 
superior results observed when a minimal disease state or CR is obtained with 
chemotherapy before autoSCT; if drug resistance is induced by salvage therapy, it 
should be seen in both PR and CR patients, who have about the same amount of 
disease before salvage and therefore the same amount of disease that can be 
"induced" into drug resistance). Our data clearly show that relapse rates are 
different in these two patient populations. 

Closer evaluation of the reports by Chopra et al. and Bierman et al. suggests 
other explanations. In the series reported by Chopra et al.,1 0 multivariate analysis 
showed that disease bulk was the most important risk factor for disease progression 
at 5 years: only 13% of patients with disease >10 cm and 51% of those with disease 
measuring 5-10 cm were progression free. Therefore, the majority of the untested 
patients were likely to be in the more favorable group, with <5 cm disease at the 
time of autoSCT. Second, 120 of 155 patients had failed at least 2 lines of 
chemotherapy; hence, few of the untested patients would have received no therapy 
for first relapse and before autoSCT. Third, this cohort is unique in that it reports a 
significantly better outcome for patients in third or greater relapse (5-year PFS, 
70%) compared with those in second or first relapse (5-year PFS, 60% and 47%, 
respectively), a finding opposite that of many other case series.912'22'23 The authors 
made the observation that the length of first CR was longest for those in third 
relapse and shortest for those in first relapse, indicating that a large number of these 
patients likely had a relatively indolent disease course.10 Of the 10 patients treated 
in untested relapse, in the small series reported from Nebraska,14 6 had "minimal" 
adenopathy and 1 had involvement of bone marrow only at the time of referral for 
transplant. A comparison of the extent of disease present at transplant in these 
patients with those who received salvage chemotherapy first was not made but 
would be helpful in clarifying the effect of disease bulk on this favorable outcome. 

There are no randomized trials testing whether the use of salvage chemotherapy 
improves PFS or OS in patients with relapsed or refractory Hodgkin's disease. The 
extent of disease present at the time of autoSCT—whether a reflection of the 
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debulking effect of salvage chemoradiotherapy or the inherent biology of the 
disease itself—is clearly the most important determinant of outcome after high-
dose therapy. The use of salvage chemotherapy before transplant is the only means 
available at present to uncover valuable information with respect to the potential 
value of autoSCT and the expectation of cure, but this information comes at a 
significant price. In the Toronto General Hospital series described above, the long-
term risk of secondary myeloid malignancies in long-term survivors of autoSCT 
for relapsed or refractory Hodgkin's disease is 11% at 10 years. Data are emerging 
which suggest that patients who go on to develop this complication have clonal 
changes present in the bone marrow—and in the stem cells used to reconstitute 
hematopoiesis—at the time of high-dose therapy.25 Analysis of more than 4500 
patients with Hodgkin's disease in the BNLI database showed that the risk of 
developing MDS/AML was associated with the amount of prior chemotherapy and 
previous exposure to MOPP or lomustine.26 After adjustment for these factors in a 
multivariate model, the relative risk of MDS/AML associated with BEAM and 
autoSCT was 1.83 (95% CI, 0.66-5.11; P=.25). In addition, patients who are 
exposed to extensive prior therapy, especially alkylating agents such as BCNU, are 
more difficult to mobilize, and approximately one third will require a second stem 
cell collection before going on to high-dose therapy [M.C., unpublished data]. 

Salvage chemotherapy for Hodgkin's disease before autoSCT is therefore a 
necessary evil. Patients who respond to second-line therapy, particularly those with 
a complete response, do very well after autoSCT but remind us that more effective 
and less myelotoxic salvage therapy approaches need to be explored in this patient 
subgroup. Our treatments need to be refined for those with only a partial response 
or those who fail to respond to salvage chemotherapy. In this patient population, 
innovative approaches are required to reduce the relapse rate after autoSCT. 
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ABSTRACT 

High-dose therapy (HDT) and autologous stem cell transplantation (autoSCT) 
produce long-term disease-free survival in 30%-50% of patients with relapsed or 
refractory Hodgkin's disease and have been shown to be superior to conventional-
dose salvage therapy. Although studies of prognostic factors for these patients have 
produced conflicting results, most series have identified disease status and disease 
bulk at the time of autoSCT as predictive factors for disease-free and overall 
survival (OS), providing the rationale for cytoreductive therapy before HDT and 
autoSCT. However, the value of pretransplant cytoreductive chemotherapy has not 
been assessed prospectively and remains uncertain. In a European Group for Blood 
and Marrow Transplantation (EBMT) study of 139 patients with Hodgkin's disease 
receiving HDT and autoSCT in first relapse after chemotherapy, disease bulk at 
autoSCT did not predict for progression-free survival (PFS) or OS, and outcome 
for patients treated in untested relapse, without pretransplant cytoreductive therapy, 
was the same as those who received second-line treatment. Similar results have 
been reported in studies from Nebraska and London, with patients receiving 
autoSCT in untested relapse having a superior outcome to those receiving second-
line therapy. An EBMT study of 175 patients with Hodgkin's disease undergoing 
HDT and autoSCT after failure of induction therapy showed no survival advantage 
for the use of a second-line chemotherapy regimen. A similar study from the 
Autologous Blood and Marrow Transplant Registry (ABMTR) did not identify 
disease status as a predictive factor in Hodgkin's disease patients receiving 
autoSCT after induction failure. Studies reporting the use of Dexa-BEAM 
(dexamethasone, BCNU, etoposide, cytosine arabinoside, and melphalan) before 
HDT have yielded conflicting results. 

Disease bulk and disease status at the time of autoSCT may be surrogate 
markers for the intrinsic responsiveness of Hodgkin's disease to therapy and, 
therefore, may not provide a basis for pretransplant cytoreductive therapy. Further
more, this therapy has significant short-term and potential long-term toxicity. 

519 
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Pretransplant salvage therapy for Hodgkin's disease is unproven. Prospective 
randomized clinical trials are required to clarify its role. 

INTRODUCTION 

High-dose therapy and autoSCT have been tested extensively in the treatment 
of patients with relapsed and refractory Hodgkin's disease.1-12 They are now 
widely accepted as standard therapy for patients who relapse after 2 combination 
chemotherapy regimens such as MOPP (mechlorethamine, vincristine, procar
bazine, and prednisone) and ABVD (doxorubicin, bleomycin, vinblastine, and 
dacarbazine). With the increasing use of 7- or 8-drug regimens as first-line therapy, 
the use of high-dose therapy at first relapse is also generally regarded as standard, 
especially for patients whose initial remission duration is <1 year. To date, 2 
randomized prospective trials have compared high-dose therapy and autoSCT with 
conventional-dose salvage therapy in patients with relapsed Hodgkin's disease.13-14 

Both have reported an improvement in time to treatment failure and relapse rate, 
although neither demonstrated an improvement in overall survival, possibly 
because patients whose disease progressed or relapsed after conventional-dose 
therapy were salvaged by subsequent high-dose therapy. 

The use of high-dose therapy and autoSCT for patients who fail to enter 
remission after induction chemotherapy has also increased in recent years. No 
randomized trials have tested this approach compared with conventional-dose 
second- or third-line therapy, but 2 recent large retrospective series have reported 
long-term disease-free survival rates of between 30% and 40% in patients receiving 
high-dose therapy and autoSCT after induction failure.1516 

In most centers, patients undergoing high-dose therapy and autoSCT are 
initially treated with conventional-dose cytoreductive chemotherapy before 
receiving the high-dose regimen. This approach is based on observations initially 
made in patients with non-Hodgkin's lymphoma (NHL), in whom it was shown 
that the responsiveness of the disease to conventional-dose therapy given before 
high-dose therapy was highly predictive of response to autoSCT and subsequent 
survival.17 This approach was further supported by studies of prognostic factors for 
patients with Hodgkin's disease treated with autoSCT, in which disease bulk at the 
time of autoSCT and response to the conventional-dose regimen given immediately 
before high-dose therapy and autoSCT were shown to be important predictive 
factors for subsequent long-term survival. 

However, studies of prognostic factors in this patient group have yielded 
conflicting results. Bulk of disease at the time of autoSCT and response to previous 
chemotherapy have not been consistently identified as predictive factors. 

It is uncertain whether the apparent benefit of cytoreductive chemotherapy is 
a real phenomenon, or whether the observation of improved outcome in 
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optimally debulked patients is simply a surrogate for the intrinsic responsiveness 
of the disease. 

Results of several published studies challenge the almost routine practice of 
cytoreduction before high-dose therapy and illustrate the need for a prospective 
randomized trial to test this approach. 

EBMT Studies 

The issue of pretransplant cytoreductive therapy has been addressed in 2 
retrospective studies from the EBMT. 

Patients in First Relapse After Chemotherapy. This study included 139 
patients who underwent high-dose therapy and autoSCT in first relapse after 
chemotherapy.18 Patients in this study, who had achieved a complete remission 
(CR) or uncertain CR to initial combination chemotherapy, underwent high-dose 
therapy between February 1984 and July 1995. Most patients (82%) received 
MOPP, ABVD, MOPP alternating with ABVD, or variants of these regimens. 
Thirteen percent of patients received either hybrid regimens such as MOPP/ABV 
(mechlorethamine, vincristine, procarbazine, prednisone, doxorubicin, bleomycin, 
and vinblastine), or alternating weekly regimens including VAPEC-B (vinblastine, 
doxorubicin, prednisone, etoposide, cyclophosphamide, and bleomycin) and 
PACE-BOM (prednisone, doxorubicin, cyclophosphamide, etoposide, bleomycin, 
vincristine, and methotrexate). The median duration of first remission was 
11.5 months (range, 6 months to 16.5 years). Details of second-line pretransplant 
therapy for this group are shown in Table 1. 

Table 1. Second-Line (Cytoreductive) Therapy for Patients Undergoing High-Dose 
Therapy and Autologous Stem Cell Transplantation in First Relapse After Chemotherapy* 

Regimen n % 

None (untested) 22 16 
MOPP or variant 17 12 
ABVD or variant 15 11 
MOPP/ABVD or variant 14 10 
DHAP 9 7 
CEP 1 1 
Mini-BEAM 11 8 
Other 50 36 

*Adapted from Sweetenham et al.18 ABVD, doxorubicin, bleomycin, vinblastine, and 
dacarbazine; CEP, lomustine, etoposide, and prednisone; DHAP, dexamethasone, cytosine 
arabinoside, and cisplatin; mini-BEAM, carmustine, etoposide, cytosine arabinoside, and 
melphalan; MOPP, mechlorethamine, vincristine, procarbazine, and prednisone. 
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Table 2. Disease Status at Time of High-Dose Therapy and Autologous Stem Cell 
Transplantation* 

Status n % 

Second clinical remission 57 41 
Sensitive relapsef 54 39 
Resistant relapsef 6 4 
Untested relapsef 22 16 

* Adapted from Sweetenham et al.18 fDefined according to the criteria described by Philip 
etalP 

Sixteen percent of patients underwent autoSCT without prior cytoreductive 
therapy. The remainder were treated with various second-line regimens, depending 
on the active protocols at each center and the nature of the prior therapy. In general, 
the second-line regimen was chosen to be non-cross-resistant with the first-line 
regimen. The duration of therapy varied. In some centers, patients were treated 
with second-line therapy until they had achieved a complete remission. In other 
centers, second-line therapy was used for cytoreduction or to assess disease 
sensitivity, but patients were not required to achieve a CR before proceeding to 
autoSCT. Analysis of the presenting characteristics for patients who proceeded to 
autoSCT in untested relapse did not differ significantly from those who received 
second-line therapy. Disease status at the time of autoSCT is summarized in 
Table 2. Disease bulk at the time of high-dose therapy and autoSCT is summarized 
in Table 3. 

Factors predictive for outcome after autoSCT were determined using univariate 
(log-rank) and multivariate (Cox proportional hazards model) analysis. Factors 
examined in univariate and multivariate analysis were sex, stage at diagnosis, 
disease bulk at diagnosis, duration of first remission, second-line chemotherapy 
regimen, high-dose regimen, disease bulk at autoSCT, and source of stem cells. In 
view of the difficulty in determining remission status in Hodgkin's disease, 

Table 3. Disease Bulk at Time of High-Dose Therapy and Autologous Stem Cell 
Transplantation* 

Bulk n % 

Complete remission 57 41 
<5 cm 55 40 
5-10 cm 17 - 12 
>10 cm 7 5 
Unknown 3 2 

* Adapted from Sweetenham et al. 
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Figure 1. Overall and progression-free survival (OS and PFS) for 139 patients undergo
ing high dose therapy and autologous stem cell transplantation for Hodgkin 's disease in first 
relapse after chemotherapy. EFS, event-free survival. 

especially for patients who have residual mediastinal masses, the prognostic signif
icance of disease status at autoSCT was assessed in 2 ways. Patients in sensitive 
relapse and second CR were analyzed both separately and as a single group. 

With a median follow-up of 2.75 years, the 5-year actuarial OS and PFS rates 
for all patients were 49% and 45%, respectively (Figure 1). None of the factors 
examined in univariate analysis was found to be predictive for either OS or PFS 
when patients in second CR and responsive relapse were analyzed together (Figure 
2). A trend for poorer OS and PFS was observed for patients with resistant relapse. 
This trend was not significant, but the number of patients undergoing autoSCT in 
resistant relapse was very small (n = 6). When the same analysis was performed 
separately for patients in second CR and responding relapse (Figure 3), the 
difference in PFS became significant, and that for OS was borderline (/>=.057). 
According to disease bulk, there was a trend for poorer OS in patients with <5 cm 
disease at autoSCT compared with other groups. This achieved statistical signif
icance for PFS. The reason for this is unclear. We investigated the possibility that 
patients with chemoresistant disease might be overrepresented in this group, but 
this was not the case (Figure 4). The OS and PFS for patients in untested relapse 

RESULTS 
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Figure 2. A, Overall survival (OS) for patients undergoing autologous stem cell trans
plantation (autoSCT) in first relapse after chemotherapy according to disease status at 
autoSCT. B, Progression-free survival (PFS). 

who had not received prior cytoreductive therapy did not differ significantly from 
those for whom such treatment had been given. 

Patients Who Failed to Enter Remission After Induction Therapy. In a 
separate study, we analyzed outcome and prognostic factors for 175 patients with 
Hodgkin's disease who underwent high-dose therapy and autoSCT for Hodgkin's 
disease and had failed to enter remission after first-line or first- and second-line 
chemotherapy.16 Between November 1979 and October 1995, 281 adults who 



Sweetenham 525 

P-0.0S7Q 

/»« 0.0043 

CR2n-57 ,>„.i i i» i 

Untested relapse n - 22 
ii , i 

It »•-•• i Sensitive relapse » » 84 

J Resistant relapse IT « 6 

8 10 12 

Years 

F i g u r e 3. A, Overall survival (OS) for patients undergoing autologous stem cell transplan
tation (autoSCT) in first relapse after chemotherapy according to disease status, with patients 
in second complete remission (CR) analyzed separately. B, Progression-free survival (PFS). 

received high-dose therapy and autoSCT after failure of induction therapy were 
reported to the EBMT lymphoma registry. In view of the difficulties in assessing 
response in Hodgkin's disease, we initially identified all patients who failed to 
achieve a PR, CR, or uncertain CR after combination chemotherapy of 1 or 2 
regimens. This definition therefore included patients with progressive disease and 
stable or minimally responsive disease after remission induction therapy. After 
seeking additional information concerning details of induction therapy and 
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Figure 4. A, Overall survival (OS) for patients undergoing autologous stem cell trans
plantation (autoSCT) in first relapse after chemotherapy according to disease bulk at time of 
autoSCT. B, Progression-free survival (PFS). CR, complete remission. 

response, 175 patients were identified for whom complete data were available for 
subsequent analysis. Seventy-five of these patients proceeded to high-dose therapy 
and autoSCT after failing a single induction regimen. The remaining 100 patients 
failed to enter remission after first- and second-line therapy. Details of therapy are 
shown in Table 4. 

Univariate (log-rank) and multivariate (Cox proportional hazards model) 
analyses were performed to determine predictive factors for OS and PFS. The 
factors examined were sex, Ann Arbor stage, age, disease bulk at diagnosis, disease 
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Table 4. First- and Second-Line Therapy for European Groups for Blood and Marrow 
Transplantation Patients Receiving High-Dose Therapy and Autologous Stem Cell 
Transplantation After Failure of Induction Therapy* 
Regimen n % 

First line 
MOPP, ABVD, or variant 59 34 
Alternating MOPP/ABVD or variant 93 53 
MOPP/ABV hybrid or variant 10 6 
Brief duration, weekly regimen 6 3 
Other 7 4 

Second line 
None 75 43 
MOPP or variant 9 5 
ABVD or variant 7 4 
Alternating MOPP/ABVD or variant 2 1 
DHAP 6 3 
CEP 7 4 
Mini-BEAM 21 12 
Other 57 33 

*Adapted from Sweetenham et al.'6 ABV, doxorubicin, bleomycin, and vinblastine; ABVD, 
doxorubicin, bleomycin, vinblastine, and dacarbazine; CEP, lomustine, etoposide, and 
prednisone; DHAP, dexamethasone, cytosine arabinoside, and cisplatin; mini-BEAM, car-
mustine, etoposide, cytosine arabinoside, and melphalan; MOPP, mechlorethamine, vin
cristine, procarbazine, and prednisone. 

bulk at autoSCT, high-dose regimen, source of stem cells, number of induction 
regimens, response to induction regimen given immediately before high-dose 
therapy, and time interval between diagnosis and high-dose therapy. 

Results. With a median follow up of 73 months, the 5-year actuarial OS and 
PFS rates for the whole study population were 36% and 32%, respectively. 
Univariate analysis identified only 2 prognostic factors. Patients receiving only 1 
previous chemotherapy regimen had superior OS and PFS compared with those 
who received 2 prior regimens. Patients with an interval between diagnosis and 
autoSCT of <550 days had a superior OS and a nonsignificant trend for superior 
PFS compared with those with a longer interval. The disease bulk at the time of 
autoSCT had no predictive value in this series. The superior PFS and OS in patients 
receiving only 1 prior regimen may reflect the fact that this is a selected group that 
was proven to be refractory to only 1, rather than 2, chemotherapy regimens. 
Although there is no evidence from this study that the use of a second-line regimen 
contributed to long-term outcome, patients whose disease responded to second-line 
therapy were excluded from this analysis. 
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Other Studies 

Several other registry and single-institution retrospective studies have 
investigated prognostic factors for patients with Hodgkin's disease receiving high-
dose therapy and autoSCT in various clinical situations. Results of these studies 
have been conflicting, possibly because of the relatively small patient numbers in 
most series. 

In terms of assessing the role of cytoreductive chemotherapy, 2 prognostic factors 
are most likely to be informative, namely, disease status at the time of autoSCT and 
disease bulk at the time of autoSCT. These 2 factors are likely to be correlated. 

Disease Status at AutoSCT. In a series from Vancouver, British Columbia, 
Canada, Reece et al.8 reported on 58 patients who underwent high-dose therapy and 
autoSCT at first relapse. Initial cytoreductive therapy was used in all patients, most 
frequently using MVPP (mechlorethamine, vinblastine, procarbazine, and 
prednisone), but all patients proceeded to high-dose therapy, irrespective of their 
response. This therapy, therefore, was not used to select patients with chemosen-
sitive disease, and no formal assessment of response was performed after cytore
ductive therapy. The actuarial overall survival for all patients was 72%, with a 
median follow-up of 2.3 years. Although direct comparison with other series is 
difficult because of variable selection criteria for inclusion in transplant programs, 
these results are comparable with or superior to many series that have excluded 
patients in resistant relapse. 

A series from City of Hope National Medical Center, Duarte, CA, also failed to 
identify disease status at autoSCT as a predictive factor in 85 patients with relapsed 
and refractory Hodgkin's disease.1 

In contrast, several other studies have identified disease status as a predictive 
factor for OS and/or PFS. Crump et al. 1 9 reported a series of 73 patients receiving 
high-dose etoposide and melphalan with autoSCT, in whom disease status at 
autoSCT was the most important predictive factor for disease-free survival (DFS). 
This study defined disease status on the basis of disease bulk rather than respon
siveness to cytoreductive chemotherapy. Actuarial 4-year DFS was 68% for 
patients with no evidence of disease at autoSCT, 26% for those with nonbulky 
residual disease, and 0% for those with bulky residual disease. 

A study from Koln, Germany, reported a series of 26 patients with relapsed or 
refractory Hodgkin's disease who were treated with 2-A cycles of Dexa-BEAM 
followed by high-dose therapy and autoSCT in those patients who achieved a CR or 
PR to DexaBEAM." Eighteen of the 26 patients (69%) responded to DexaBEAM 
and proceeded to autoSCT. The 3-year actuarial PFS was 55% for all 26 patients. The 
authors concluded that the result justified their approach of cytoreductive therapy to 
maximum response before high-dose therapy and autoSCT. However, results in this 
small series are comparable to series in which less stringent selection criteria for 
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autoSCT were used, and because chemoresistant patients were not offered autoSCT, 
it is not possible to determine the impact of cytoreductive therapy on PFS or OS. 

Studies from London3 and Nebraska5 have identified disease status as a 
predictive factor. In both studies, superior PFS was observed in patients treated 
with high-dose therapy in untreated relapse, compared with those in chemosen-
sitive or chemoresistant relapse. The reason for this difference is unclear, although 
it may represent selection bias, in that patients selected for autoSCT in untreated 
relapse may be more likely to have only minimal disease at the time of relapse or 
progression, such that cytoreductive therapy is not considered worthwhile. 

Disease Bulk at AutoSCT. The presence of large-volume disease at autoSCT 
has been identified as an adverse factor in several previous studies. Rapaport et al. 2 0 

reported the experiences of 100 patients with lymphoma, 47 of whom had 
Hodgkin's disease, who received high-dose therapy and autoSCT for relapsed or 
refractory disease. Patients were initially treated with cytoreductive therapy, using 
DHAP (dexamethasone, cytosine arabinoside, and cisplatin), MOPP, ABVD, a 
hybrid, or in a few patients, other regimens. In addition, 10 patients underwent 
either radiation therapy or surgical debulking before SCT. 

Patients receiving chemotherapy were treated until CR or best response, 
although it is not clear whether patients who did not respond to cytoreductive 
therapy were excluded from subsequent autoSCT. The definition of bulk disease in 
this study was any mass measuring >2 cm. Disease bulk was the most powerful 
predictive factor for event-free survival (EFS) in this study, with a 3-year actuarial 
EFS of 70% for patients without bulky disease, compared with 15% for those with 
disease >2 cm. Similar results were reported in the study from Ontario (see above) 
and also in studies from London and Nebraska. 

Among prognostic factors identified at Stanford University Medical Center, 
disease bulk at autoSCT was an independent prognostic factor on multivariate 
analysis.7 Most patients received conventional-dose cytoreductive therapy 
initially in an attempt to achieve a minimal residual disease state. This was 
defined as a >75% reduction in a bulky (>10 cm) mass or no individual mass 
>2 cm in diameter. Various regimens were used for cytoreduction, depending on 
the previous therapy in each patient. The authors commented that patients who 
failed to respond to their first cytoreductive regimen were changed to an 
alternative regimen, although it is not clear whether any subsequent selection 
took place on the basis of response to this treatment. In this study, status before 
transplant was a powerful predictive factor for freedom from progression (FFP), 
OS, and EFS, with those patients with minimal disease having a significantly 
superior outcome. 

In contrast, the recent study from the Autologous Blood and Marrow Transplant 
Registry (ABMTR), which included patients who never achieved remission after 
induction therapy, did not identify disease bulk as a predictive factor, although the 
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authors acknowledged that most patients had bulky (mostly mediastinal) disease 
prior to autoSCT.15 

The results of all the studies mentioned above show clearly that disease status 
and disease bulk at the time of autoSCT are closely related, and one or both of these 
have been identified as prognostic factors for patients receiving autoSCT for 
Hodgkin's disease in many series. Although certain studies have demonstrated that 
patients treated in untested relapse have a particularly favorable outcome, this group 
is likely to be highly selected, representing a group with only minimal disease at the 
time of relapse, in whom cytoreductive therapy is not considered necessary. 

Despite these observations, the contribution of pretransplant cytoreductive 
therapy to long-term survival remains unclear. Because all of these studies are 
retrospective in nature, and because none has apparently developed a consistent 
policy of inclusion or exclusion of patients with chemoresistant disease, it is 
possible that the status at transplant and disease bulk at the time of autoSCT are 
simply surrogates for the intrinsic responsiveness of the disease. 

One small study has attempted to investigate the impact of Dexa-BEAM given 
before BEAM and autoSCT on overall survival after transplantation.21 This was a 
retrospective comparison that included 61 patients with relapsed or refractory 
Hodgkin's disease, 18 of whom did not receive cytoreductive therapy before high-dose 
therapy and autoSCT. The other patients all received cytoreductive chemotherapy using 
1 or 2 cycles of DexaBEAM. With a median survival of 48 months, there was no 
difference in OS between the 2 groups (66% for those receiving Dexa-BEAM vs. 71% 
for those with no Dexa-BEAM; P=.3). Unfortunately, the report of this study does not 
indicate how patients were selected for cytoreductive therapy or whether patients who 
did not respond to this therapy still proceeded to high-dose therapy and autoSCT. 

Prospective studies are required to determine the true effect of cytoreductive 
therapy on long-term outcome. To date, very few prospective studies have 
addressed this issue. The German Hodgkin's Disease Study Group (GHSG) and 
EBMT have reported a prospective, randomized trial comparing conventional-dose 
with high-dose salvage therapy for patients with relapsed Hodgkin's disease.14 

However, patients who failed to respond to initial cytoreductive chemotherapy with 
DexaBEAM were excluded from randomization in this study. 

Cytoreductive Regimens 

In addition to the uncertainty with respect to the impact of cytoreductive therapy 
on outcome, there is no consensus about the optimal regimen. Some centers have 
reported the use of debulking radiation therapy to large masses, particularly 
mediastinal masses, before high-dose therapy. However, this approach is 
associated with a high rate of subsequent pulmonary toxicity and treatment-related 
mortality and should not be used.7'22 
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Very few centers have adopted a consistent policy with respect to the choice 
of cytoreductive chemotherapy regimen. The choice of regimen has been based 
mostly on the desire to use a regimen non-cross-resistant with that used as 
initial therapy. As a result of this policy, the potential toxicity of cytoreductive 
therapy has been difficult to determine, because it is not included in most 
reports. Similarly, there are no comparative data on the efficacy of different 
cytoreductive regimens. 

Some centers and collaborative groups have used either mini-BEAM or Dexa-
BEAM consistently as cytoreductive regimens. Some data therefore exist on the 
short-term toxicity of these regimens. Myelosuppression has been the predominant 
reported toxicity. In the GHSG randomized study, of 139 patients treated with 
Dexa-BEAM, 9 (6.5%) suffered toxic deaths, and a further 5 (3%) did not proceed 
to autoSCT because of reported life-threatening toxicity.14 A single toxic death was 
reported in the series from Koln, in which 26 patients received Dexa-BEAM 
cytoreduction before autoSCT." 

In contrast, the reported toxicity of mini-BEAM in this context has been less. 
Both the British National Lymphoma Investigation (BNLI) study13 and a study 
from Toronto23 reported severe myelosuppression, but no toxic deaths were 
reported with this regimen. 

It is unclear whether the use of cytoreductive chemotherapy may also 
contribute to long-term toxicity following autoSCT. In a recent study, the risk 
of secondary myelodysplastic syndrome (MDS) and acute myeloid leukemia 
(AML) following autoSCT for Hodgkin's disease was shown to be attributable 
to the chemotherapy given before the high-dose regimen, rather than to the high-
dose procedure itself.24 Specifically, exposure to MOPP-type chemotherapy and 
nitrosoureas was identified as a risk factor for secondary MDS/AML. This 
provides further rationale for avoidance of cytoreductive therapy unless its role 
is proven. 

SUMMARY 

The use of cytoreductive therapy before high-dose therapy and autoSCT for 
Hodgkin's disease is unproven and is associated with significant toxicity. 
Identification of prognostic factors in these patients has been inconsistent in 
published studies, although most identify either low disease bulk at the time of 
autoSCT and/or chemosensitive disease at the time of autoSCT as favorable 
prognostic factors. Response to cytoreductive chemotherapy may be a surrogate for 
sensitivity of the disease to high-dose therapy. Its benefit may be to select patients 
more likely to respond to high-dose therapy and to allow time for planning of 
autoSCT in busy transplant schedules. Its contribution to long-term outcome after 
autoSCT is not clear. 
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ABSTRACT 

Radiation therapy and conventional-dose chemotherapy can cure the majority of 
patients with Hodgkin's disease (HD). Nevertheless, patients who do not respond 
to induction chemotherapy or relapse after chemotherapy have a poor prognosis. 
High-dose chemotherapy with autologous hematopoietic stem cell transplantation 
(autoHSCT) can produce prolonged remissions in 40% to 70% of patients with HD 
who relapse after chemotherapy and 30% to 40% of patients with primary 
refractory disease. It is evident that despite the success of autoHSCT, a significant 
proportion of patients do not benefit from this therapy. Allogeneic HSCT 
(alloHSCT) has been used as treatment for relapsed HD. Advantages of allogeneic 
over autologous transplantation include a graft free of tumor and the graft-vs.-
tumor effect. A review of the literature suggests that patients who undergo 
alloHSCT have a lower relapse rate posttransplantation but that this benefit is offset 
by higher transplant-related mortality. AlloHSCT has also been used in patients 
who relapse after autoHSCT. Published reports and registry data suggest that a 
small proportion of patients who relapse after autologous transplantation can attain 
prolonged remissions after an allogeneic transplant. Unfortunately, the treatment-
related mortality of this approach is high, and most patients die early after 
allogeneic transplantation of infections, organ failure, and other complications. We 
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conclude that the high mortality observed in patients with HD who undergo 
alloHSCT after failing an autologous transplant and the small proportion of 
patients that benefit from this procedure should be taken into consideration when 
treatment is being considered for these patients. More effective therapies are 
needed to treat patients with HD who relapse after an autologous transplant. 

INTRODUCTION 

The majority of patients with Hodgkin's disease are cured with radiotherapy or 
conventional chemotherapy. Nevertheless, patients who fail to respond to induction 
chemotherapy or who relapse after attaining a complete remission cannot be cured 
with standard chemotherapy and have a poor prognosis.1 High-dose chemotherapy 
with autoHSCT can induce prolonged remissions in patients with primary 
refractory and relapsed HD. 2 Despite the success of autologous stem cell transplan
tation, a significant proportion of patients fail to benefit from this modality of 
therapy. Allogeneic stem cell transplantation has also been used in patients with 
primary refractory and relapsed HD. In this article, we discuss the proportion of 
patients who fail to benefit from autoHSCT for HD, the results obtained after 
alloHSCT for this disease, and the results reported after allografting patients who 
fail an autologous hematopoietic stem cell transplant for HD. 

MATERIALS AND METHODS 

We performed a review of the English-language literature relevant to autologous 
and allogeneic transplantation for HD from 1985 to May 2000. Preliminary data 
from the International Bone Marrow Transplant Registry (IBMTR) and Autologous 
Blood and Marrow Transplant Registry (ABMTR) were analyzed. 

RESULTS 

Proportion of Patients With HD 
Who Do Not Benefit From Autologous Transplant 

The length of the initial complete remission is an important prognostic factor of 
the ability to attain a second remission in patients with HD. In a long-term follow-
up study from the National Cancer Institute, 85% of patients with initial remission 
duration of >1 year entered a second complete remission after the same induction 
chemotherapy or other salvage regimen compared with only 45% of patients who 
had an initial remission of <1 year.3 Unfortunately, only 24% of patients with initial 
remissions of >1 year and 11% of patients with initial remissions of <1 year 
survived beyond 11 years.4 Table 1 illustrates the results of several series using 
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Table 1. Progression-Free Survival of Patients With Relapsed Hodgkin's Disease Treated 
With Autologous Hematopoietic Stem Cell Transplantation 

Remission Remission Median 
Authors Reference <1 y, % >1 y, % Follow-Up, y 
Chopra et al. 5 43 62 8.0 
Reece et al. 6 48 85 2.3 
Nademanee et al. 7 51 63 2.3 
Yuen et al. 8 56 66 3.6 
Homing et al. 9 40 75 4.3 
Bierman et al. 10 32 47 2.4 

autoHSCT as treatment for patients with HD who relapsed after an initial remission. 
As expected, patients who enjoyed initial remissions >1 year had a higher 
probability of attaining a second prolonged remission.4-10 The progression-free 
survival of patients with initial remissions >1 year ranged from 47% to 62%, 
whereas progression-free survival of patients with initial remissions <1 year varied 
from 32% to 56%. The median follow-up of these studies ranged from 2.4 to 8 years. 

Patients with HD who fail to respond to initial chemotherapy can also benefit 
from autoHSCT. 5 1 1 - 1 5 Table 2 illustrates the progression-free survival of patients 
with HD who failed to respond to initial chemotherapy observed in several investi
gations with at least 2 years of median follow-up. The probability of attaining a 
prolonged disease-free survival ranged from 27% to 42%. The median follow-up 
of these studies ranged from 2 to 8 years. 

Despite the success of autoHSCT, these series demonstrate that a large 
proportion of patients who undergo autologous stem cell transplantation fail to 
benefit from this therapy. From 44% to 68% of patients with initial remission 
durations of <1 year failed to benefit from autologous transplantation. In the more 
favorable cohort of patients with initial remission durations of >1 year, 15% to 43% 
of patients failed to attain prolonged remissions after autologous stem cell 

Table 2. Progression-Free Survival (PFS) of Patients With Primary Refractory Hodgkin's 
Disease Treated With Autologous Hematopoietic Stem Cell Transplantation 
Authors Reference No. of Patients PFS Median Follow-Up, y 
Phillips et al. 11 26 27 3.8 
Gianni et al. 12 16 31 6.0 
Chopra et al. 5 46 33 8.0 
Reece et al. 13 30 42 3.6 
Lazarus et al. 14 122 38 2.0 
Sweetenham et al. 15 175 32 6.0 
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Table 3. Allogeneic Hematopoietic Stem Cell Transplantation for Hodgkin's Disease* 
No. of Nonrelapse 

Authors Reference Patients EFSIFFP at 3 y, % Mortality, % 

Appelbaum et al. 16 8 25 50 
Phillips et al. 17 8 13 50 
Lundberg et al. 18 7 43t 29 
Jones et al. 19 20 30 52 
Anderson et al. 20 53 22$ 53 
Gajewski et al. 21 100 15 61 

*EFS, event-free survival; FFP, freedom from progression; fat 1.5 y; fat 5 y. 

transplantation. Patients with primary refractory HD have a lower probability of 
obtaining a durable remission. As many as 73% of patients who did not attain an 
initial complete remission will not benefit from autoSCT. 

AlloSCT in the Treatment of Hodgkin's Disease 

AlloSCT has been used in the treatment of HD. Advantages of allogeneic over 
autologous transplantation include a graft free of tumor and the graft-vs.-tumor 
effect. Although the initial reports of this modality of therapy as treatment of HD 
included small number of patients, more recent studies have included larger 
numbers of patients and adequate follow-up.16-21 Table 3 illustrates selected series 
of patients who have been treated with alloHSCT for HD. The event-free survival 
(EFS) of patients with HD who have undergone alloHSCT ranges from 13% to 
43% at 3 years. The nonrelapse mortality of these series varied from 29% to 61%. 

In two of these studies,19-20 the results after alloHSCT were compared with the 
results after autoHSCT. Single-institution reports from Seattle and Johns Hopkins 
University using alloHSCT as treatment for relapsed or refractory HD suggest that 
the EFS of patients treated with alloHSCT is similar to the EFS of patients treated 
with autoHSCT. In the report from Seattle, the EFS did not differ statistically 
between alloHSCT and autoHSCT. The actuarial 5-year survival was 22% for 
alloHSCT vs. 13% for autoHSCT. In the report from Johns Hopkins University, the 
EFS of patients transplanted in sensitive relapse who received autologous 
transplantation was 51% compared with 56% in patients who received allogeneic 
transplants. Despite the fact that the relapse rate has been consistently lower after 
alloHSCT, the treatment-related mortality has also been higher in patients treated 
with alloHSCT, offsetting the benefit of the graft-vs.-tumor effect. 

A report from the IBMTR analyzed the outcome of 100 consecutive patients 
with advanced HD who underwent HLA-identical sibling bone marrow transplan-
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tation.21 The 3-year overall survival was 21%, and the 3-year disease-free survival 
was 15% (Figure 1). The 3-year probability of relapse was 65%. The authors 
concluded that HLA-identical sibling bone marrow transplantation has a limited 
role in advanced HD. 

The European Bone Marrow Transplant Registry (EBMTR) analyzed their 
results after alloHSCT as treatment of HD and compared it with the results 
obtained after autologous transplantation.22 Forty-five patients who underwent 
allogeneic transplantation were matched to 45 patients who underwent autologous 
stem cell transplantation. The matching criteria included sex, age at time of 
transplantation, stage of disease at diagnosis, bone marrow involvement at 
diagnosis and transplantation, year of transplantation, disease status at time of 
transplantation, time from diagnosis to transplantation, and conditioning regimen 
with or without total body irradiation. The 4-year actuarial survival and 
progression-free survival rates were 25% and 15% in the allogeneic group 
compared with 37% and 24% in the autologous group. Although they observed a 
graft-vs.-tumor effect in patients with graft-vs.-host disease (GVHD) grade II or 
higher, its positive effect on relapse was offset by its toxicity. The authors of the 
study concluded that allogeneic bone marrow transplantation from an HLA-
identical sibling donor did not offer any advantage compared with autologous bone 
marrow transplantation. 

In summary, patients treated with alloHSCT for relapsed or refractory HD have 
a lower relapse rate posttransplantation, but this beneficial effect is offset by the 
higher treatment-associated mortality observed after alloHSCT. 

100 

0 
0 12 

MONTHS 
18 24 

Figure 1. Survival of patients who underwent allogeneic stem cell transplantation after 
autologous stem cell transplantation for Hodgkin's disease reported to the International 
Bone Marrow Transplant Registry. 
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AlloHSCT in Patients With HD Who Relapse After Autologous Transplantation 

Because a significant number of patients with HD relapse after autologous stem 
cell transplantation, second stem cell transplants have been used in this population 
of patients. 

A report from the EBMTR described the results of second transplants in the 
management of lymphomas, including HD. 2 3 Twelve patients with HD underwent 
second HSCTs. Eight of the 12 patients had relapsed after autoHSCT, and 3 had 
obtained only a partial remission after autoHSCT. One patient received tandem 
transplants as treatment of relapse after conventional chemotherapy. Four of the 
12 patients remained in complete remission, 21, 27, 31, and 54 months after the 
second transplant. Of those 4 patients, 3 had been transplanted for relapses after their 
initial autologous transplants. Of the 3 patients transplanted for a second time because 
they only obtained a partial response after the initial transplant, only 1 was alive and 
free of disease at the time of the report. Two of the patients in this report underwent 
alloHSCT after autoHSCT. Both patients died from progression of disease. 

Vose et al. 2 4 reported on 4 patients who underwent second stem cell transplants 
for progression after autologous transplantation. Two patients received autoHSCT, 
1 an HLA-identical sibling alloHSCT, and 1 a syngeneic transplant. Three of the 
4 patients died of bacterial or fungal sepsis during the transplant. The fourth patient 
received a second autoHSCT with a subsequent relapse. 

Table 4 illustrates the experience of Tsai et al.2 5 with 10 patients who underwent 
alloHSCT after autoHSCT for HD at 5 institutions. The median age of this group 
was 32 years (range, 23-39 years). The median time from diagnosis to autologous 
transplantation was 24.5 months (range, 14-72 months). The median time from 
autologous to allogeneic transplantation was 19 months (range, 14-53 months). Of 

Table 4. Allogeneic Hematopoietic Stem Cell Transplantation (AlloHSCT) in Patients 
With Hodgkin's Disease Who Relapsed After Autologous Transplantation* 

Patients, n 10 
Median age, y (range) 35 (23-39) 
Median time from diagnosis to autoHSCT, mo (range) 24.5 ( 14-72) 
Median time from autoHSCT to alloHSCT, mo (range) 19 (14-53) 
Conditioning regimen for alloHSCT Bu/Cyt 
Incidence of grade II-IV GVHD, % 90 
Long-term survivors, % 10 
Treatment-related mortality, % 90 
*AutoHSCT, autologous hematopoietic stem cell transplantation; Bu/Cy, busulfanl 
cyclophosphamide; GVHD, graft-vs.-host disease; fn = 7. 
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interest is the fact that 7 of the 10 patients received busulfan and cyclophosphamide 
as conditioning regimens. Eight of the 10 patients received alloHSCT from an HLA-
identical sibling. One patient underwent a 1-antigen-mismatched related transplant 
and 1 a matched unrelated transplant. Only 1 patient was alive at the time of the 
report. Six of the patients died of infectious complications and 2 of veno-occlusive 
disease of the liver. All of the deaths in the report were treatment related. Although 
not listed as the direct cause of death, 90% of évaluable patients experienced grade 
II-IV GVHD. The authors concluded that because of the high treatment-related 
mortality observed after alloHSCT in patients who failed an autologous transplant, 
other treatments should be considered in this population of patients. 

To date, 37 patients who underwent alloHSCT after an autoHSCT have been 
reported to the IBMTR (Table 5). The median age of the patients was 27 years 
(range, 17-38 years). Only 46% had a Karnofsky performance status of >90%. 
Twenty-six (70%) underwent HLA-identical sibling transplants, 6 (16%) 
underwent unrelated transplants, 4 underwent related haploidentical transplants, 
and 1 (3%) received an identical twin transplant. Eighty-one percent of patients 
received bone marrow as the source of stem cells. 

Eighty-nine percent of patients who underwent alloHSCT after autoHSCT 
for HD attained neutrophil engraftment. In contrast to other studies, only 30% 
developed grade II-IV acute GVHD. Seventeen patients (35%) remain alive, but 
only 9 (24%) of them in remission. It has to be noted that the median time of 
follow-up among survivors is only 4 months (range, 2-27 months). The median 
time to death was 4 months (range, <1-21 months). Causes of death included 
organ failure (42%), infection (17%), interstitial pneumonitis (12%), 
progression of disease (8%), GVHD (4%), and other (17%). Actuarial survival 
at 1 year is 22%. 

Table 5. Characteristics of Patients Reported to the International Bone Marrow 
Transplant Registry Who Underwent Allogeneic Transplant After Autologous Transplant 
for Hodgkin's Disease 

Patients, n 37 
Median age, y (range) 27 (17-38) 
Karnofsky performance score >90, % 46 
Donor-recipient match, % 

HLA-identical sibling 70 
Matched unrelated 16 
Haploidentical 11 
Identical twin 3 

Incidence of grade II-IV GVHD, % 29 
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DISCUSSION 

Conventional radiotherapy or chemotherapy can cure the majority of patients 
with HD. Even patients who fail to respond to induction chemotherapy and patients 
who relapse after chemotherapy can attain prolonged remissions after autoHSCT. 
Despite the success in treating HD, a significant number of patients—especially 
patients with primary refractory HD—do not benefit from autoHSCT, mostly 
because of progression of the disease after autologous transplantation. Patients with 
initial remission durations of <1 year failed to benefit from autologous transplan
tation (44% to 68%), most of the time because of progressive disease. Even in the 
more favorable cohort of patients with initial remission durations of >1 year, 15% 
to 43% of patients failed to attain prolonged remissions after autologous stem cell 
transplantation. Patients with primary refractory HD have even a lower probability 
of obtaining a durable remission. As many as 73% of patients who did not attain an 
initial complete remission will not benefit from autoHSCT. Due to the large 
number of autoHSCT performed worldwide for HD, physicians will be 
increasingly faced with patients who relapse after this procedure. 

Because alloHSCT has the advantages over autoHSCT of a graft free of tumor 
and the graft-vs.-tumor effect, it has been used as treatment of relapsed or primary 
refractory HD. Single-institution reports, as well as registry data, suggest that 
patients treated with alloHSCT for relapsed or refractory HD have a lower relapse 
rate posttransplantation, but that this beneficial effect is offset by the higher 
treatment-associated mortality observed after alloHSCT. In addition, a case-
controlled study by the EBMTR did not demonstrate an advantage of alloHSCT 
over autoHSCT in terms of progression-free survival, relapse, and nonrelapse 
mortality.22 The report by Gajewski et al.2 1 analyzing a large number of patients 
who underwent bone marrow transplants from HLA-identical siblings reported to 
the IBMTR only showed a 15% disease-free survival at 3 years. Based on these 
studies, alloHSCT should not be routinely recommended to patients with HD. An 
exception to this approach could include patients with bone marrow involvement 
at the time of transplantation. 

Allogeneic hematopoietic stem cell transplantation has been used in patients 
who relapse after autoHSCT in an effort to exploit the graft-vs.-tumor effect. There 
are few reports of patients treated with alloHSCT after failing an autologous 
transplant for HD. Nevertheless, several similarities between these reports can be 
established. First, the patients who underwent alloHSCT after autoHSCT are 
young. The median age in the report of Tsai et al.2 5 was 32 years; it was 27 years 
in the IBMTR analysis. Given the toxicity of allogeneic transplantation in heavily 
pretreated patients who have already failed an autologous transplant, it is likely that 
this procedure is offered mostly to young patients with no coexisting medical 
problems. Second, the treatment-related mortality is extremely high. In the report 
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of Tsai et al., the treatment-related mortality was 90%; in the IBMTR experience, 
it was 75%. In both reports, most deaths occurred early, with a median time to 
death of 5.3 weeks in the report of Tsai et al. and 4 months in the IBMTR 
experience. This probably indicates that most deaths were related to infectious 
complications and organ toxicity and not to relapse or GVHD. The third and most 
important similarity is that few patients appear to benefit from this approach. In the 
report from the IBMTR, neither of the 2 patients with HD who underwent 
allogeneic transplantation after failing an autologous transplant were alive at the 
time of the report. In the report by Tsai et al., only 1 of 10 patients was alive at the 
time of the report. This patient remained free of disease 2 years after a 1-antigen-
mismatched related transplant. In the IBMTR experience, only 9 of 47 patients 
remained in remission at the time of analysis. Although this represents 24% of the 
patients, it has to be kept in mind that the median time of follow-up among 
survivors is only 4 months (lead follow-up, 27 months) and that most of these 
patients remain at high risk of relapse. 

Although the prognosis of patients with lymphoma who do not respond or who 
relapse after autologous transplant is extremely poor, several reports suggest that a 
small proportion of patients can attain prolonged remissions with additional 
radiotherapy or chemotherapy posttransplantation. Vose et al. 2 4 reviewed the 
outcome of 95 patients with HD who relapsed after autoHSCT. Ten patients (11%) 
remained alive and free of disease at the time of their report. Although 7 patients 
had been free of disease for <1 year, 2 patients enjoyed remissions of >2 years, and 
1 had been disease free for 4 years. 

The Seattle group reported the outcome of patients who relapsed after 
autologous transplantation for lymphoma.26 Ten of 62 patients benefited from 
further chemotherapy and/or local radiotherapy. In a more recent follow-up, this 
group reported a median survival >5 years (range, 2.6-8 years) for these 
10 patients.27 Four patients remained alive without disease progression. 

These studies suggest that additional treatment in patients who relapse after an 
autograft can produce prolonged remissions in a small proportion of patients. 

It will be important to analyze a larger number of patients who have undergone 
alloHSCT after failing autoHSCT and to follow up on the patients who remain free 
of disease in the IBMTR database. Nevertheless, it is unlikely that a large number 
of patients will benefit from this approach. The use of nonmyeloablative 
conditioning regimens should be studied in patients who relapse or do not respond 
to autoHSCT, since these regimens appear to be better tolerated. This is particularly 
attractive in patients in whom an alloHSCT is being considered after failing a 
previous autoHSCT, since many patients die early after this procedure because of 
infections or organ failure. 

In conclusion, a small proportion of patients appear to benefit from alloHSCT 
after failing autoHSCT. The mortality associated with this approach is extremely 
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high. New approaches for patients who do not respond or who relapse after an 
autoHSCT are necessary. 
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ABSTRACT 

High-dose therapy with autologous stem cell rescue has become the accepted 
therapy for patients with advanced Hodgkin's disease (HD) who have failed one or 
more chemotherapy/radiotherapy regimens. It is also being used in some first 
complete remission (CR) patients at high risk of relapse. With transplant-related 
mortality rates of ~5%, the survival probability for HD patients has significantly 
increased, bringing into focus the long-term risks of treatment. To design future 
protocols, it is important to accurately define the additional risks imposed by the 
transplant procedure, given that the patients will have received prior radiotherapy 
and multiple courses of combination chemotherapy. We reviewed the evidence for 
such risks and examined current strategies to reduce them. 

Fertility is an important issue in HD, as many of the patients are young adults 
or children. The majority of male patients lose their fertility during conventional 
treatment, and high-dose therapy may be associated with additional problems such 
as erectile dysfunction due to microangiopathy. The ovary is slightly more resistant 
to chemotherapy than the testis, but high-dose therapy, despite small numbers of 
reported normal pregnancies, is likely to cause ovarian failure. A number of 
strategies are under investigation to minimize the likelihood of infertility, including 
embryo storage after in vitro fertilization, cryopreservation of ovarian tissue, and 
the use of nonmyeloablative conditioning regimens. 

Cardiopulmonary complications are a major cause of morbidity and mortality 
following high-dose therapy. BCNU, cyclophosphamide, and total body irradiation 
(TBI) have all been shown to induce noninfectious pulmonary complications. 
There is evidence that cyclophosphamide may exacerbate the toxic effect of 
BCNU, and that doses of BCNU >600 mg/m2 are associated with a higher 
incidence of complications. Identifiable risk factors for lung damage include a 
history of lung disease or smoking, prior treatment with bleomycin or chest 
radiotherapy, and female sex. The role of steroids remains to be fully defined. 

545 
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Radiotherapy and alkylating agents are carcinogenic; the risks of developing 
second malignancies following high-dose treatment have been widely reported. 
Solid tumors (mainly breast, lung, and gastrointestinal tumors) account for the 
majority of secondary cancers, but the relative risk of developing myelodysplastic 
syndrome/acute myeloid leukemia (MDS/AML) following treatment for HD is also 
increased. Risk factors include prior use of alkylating agents, patient age, previous 
radiotherapy, female sex, and (more controversially) prior splenectomy and use of 
peripheral blood stem cells. Telomere shortening, well documented after transplan
tation procedures, has been suggested as a possible cause of stem cell exhaustion 
and MDS. However, we have not found any association between telomere length 
and either MDS following transplantation or the development of clonal 
hematopoiesis and believe that it is unlikely to be the cause. Furthermore, a number 
of recent studies have suggested that the risk of developing MDS is no greater after 
high-dose therapy than after conventional chemotherapy. 

We conclude that many of the complications following autologous transplan
tation in HD are extensions of those seen after conventional therapy and, in general, 
the benefits of this treatment outweigh the risks. The improved characterization of 
risk factors should allow the development of tailor-made protocols to further 
improve the outcome for HD patients. 

INTRODUCTION 

Whereas the overall prognosis for patients with advanced Hodgkin's disease is 
good, there exists a subset of patients who will fail induction therapy or relapse 
following chemotherapy.1-3 The results of conventional salvage therapy for such 
patients have been poor.4 High-dose therapy with autologous bone marrow 
transplantation (autoBMT) and, more recently, peripheral blood stem cell 
transplantation (PBSCT), have been used as second-line therapy for more than 
10 years in such patients. A number of series have been reported5-15 which—although 
difficult to compare directly because of variation in patient selection, induction and 
conditioning regimens, and definition of outcomes—generally demonstrate that this 
approach is safe (<10% transplant-related mortality), allowing the possibility of long-
term disease-free survival in ~50% of patients. As the prognosis for patients with HD 
has improved, concerns have been raised about the late complications of therapy. This 
review presents some key advances in our understanding of long-term complications 
and examines some of the potential underlying mechanisms for the development of 
MDS/AML after stem cell transplantation. 

Donaldson et al. 1 6 recently reported 2617 consecutive HD patients treated at 
Stanford over a 40-year period and found the projected actuarial overall survival to 
be 94% in the cohort presenting between 1990-1999 compared with 20% in the 
1960-1969 cohort. The investigators found that 45% of the deaths were due to HD 
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and, of the remainder, 20% were due to new cancers and 14% to cardiovascular 
disease. Analysis of risk factors demonstrated that the most serious late effects 
were associated with high doses of radiation administered in large fractions over 
extended fields and often combined with long-duration chemotherapy regimens 
involving toxic agents. Because such treatments are no longer in general use, the 
incidence of complications related to conventional therapy may be predicted to fall 
in the future. A similar range of complications has been described following 
autologous transplantation for HD. It is of considerable importance to accurately 
quantify the additional risk imposed by the transplant procedure itself and to weigh 
this risk against the benefits of the therapy at the present time and against future 
requirements for protocol modification to address the current high relapse rate. 

The toxicity of the conditioning regimen has been implicated as the main cause 
of the complications of high-dose therapy. A variety of conditioning regimens have 
been used in the reported series and may be divided into those that include TBI and 
those that do not. The use of TBI in HD is often restricted, because many patients 
will have received prior radiotherapy. No prospective randomized trials have been 
carried out to directly compare different conditioning regimens, but a number of 
studies have failed to show significant differences in overall survival (OS) or event-
free survival (EFS) between patients treated with TBI-containing or chemotherapy-
based conditioning regimens.81117 Concerns have existed about the use of TBI 
because of its leukemogenicity18 and the possibility of increased pulmonary 
toxicity,13 and most centers have preferred to use chemotherapy-based regimens. 
The two most commonly used chemotherapy-based regimens are CBV (cyclophos
phamide, BCNU, and etoposide, at varying doses) and BEAM (BCNU, etoposide, 
cytosine arabinoside, and melphalan). High doses of BCNU (>600 mg/m2), 
however, have also been associated with increased incidence of interstitial 
pneumonitis,1719-21 and dose escalation of etoposide has resulted in severe gastro
intestinal toxicity.22 In addition, the use of cyclophosphamide has been shown to 
exacerbate the pulmonary toxicity of BCNU, 2 3 and both TBI and alkylating agents 
cause infertility. 

Infertility is a major issue in the treatment of HD because the majority of the 
patients are treated as young adults. Radiation impairs gonadal function in a dose-
dependent and (in women) age-dependent manner. Spermatogenesis is exquisitely 
sensitive to radiation. Ovarian function is less so, as fewer cell divisions occur, but 
it is estimated that half of the follicles are lost at a radiation dose of 4 Gy. 2 4 

Additionally, there is a higher risk of spontaneous abortion, preterm labor, and low-
birth-weight infants in women who have undergone previous abdominal radio
therapy, presumably because of the effect of radiation on the uterus.25-27 TBI 
causes permanent gonadal damage, although in a few patients, recovery is possible 
after some years.28 Chemotherapy effects on gonadal function are agent, dose, and 
age dependent, with combinations more damaging than single agents. Alkylating 
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agents produce severe damage to oogonia and the seminiferous epithelia.29 

Platinum compounds, vinblastine, bleomycin, and adriamycin all have mutagenic 
effects in oocytes.30,31 High-dose therapy almost invariably results in gonadal 
failure. It has been demonstrated that testicular and ovarian damage is detectable 
within 12-24 hours of the BMT conditioning regimen, whether TBI- or 
chemotherapy-based.32,33 A recent report of 69 patients undergoing myeloablative 
therapy and BMT found that ovarian failure was induced in all but 5 patients, and 
there was no correlation with age, conditioning regimen, or suppression of 
endogenous hormonal secretion during B M T . 3 4 Even when recovery of 
menstruation and pregnancies occur, the patients remain at risk of premature 
menopause due to follicular depletion.35 In male BMT recipients, there is evidence 
for germ-cell damage and Leydig cell insufficiency,36 and more recently, 
cavernosal artery insufficiency has been identified as a major cause of erectile 
dysfunction following high-dose chemotherapy and TBI. 3 7 The probability of 
recovery of spermatogenesis following myeloablative therapy is extremely low. 

A number of strategies have been employed to reduce the impact of infertility 
following transplantation. Semen collection and cryopreservation is a possibility 
for postpubertal males, and with techniques such as intracytoplasmic sperm 
injection, fewer numbers of spermatozoa are required for successful fertilization. 
However, the take-up rate appears to be low. A recent study of prolonged follow-
up of 115 male HD patients found that only 33 had used their stored gametes, and 
only 8 of those had had a successful subsequent live birth (Blackhall FH, Atkinson 
AD, Maaya MB, et al., unpublished data). For women, superovulation and embryo 
cryopreservation is an option before the commencement of chemotherapy, but 
requires ~1 month to complete and the presence of a male partner. It also raises a 
number of complex ethical issues. In some patients with ovarian failure who 
received chemotherapy-based conditioning regimens, it has been possible to induce 
ovulation and pregnancy by hormone manipulation.38 More recently, there has 
been considerable interest in the possibility of cryopreserving ovarian tissue before 
receiving high-dose chemotherapy, following successful animal models. This 
procedure has been carried out in a number of women. The potential risk of 
reimplanting malignant cells with the tissue is under investigation in NOD/SCID 
mice, although this is believed to be low in HD patients; a recent study of patients 
with advanced HD failed to demonstrate any evidence of minimal residual disease 
in the ovary.34 A similar strategy is under investigation in men, the harvesting and 
cryopreservation of testicular tissue as a cell suspension before commencing 
treatment, for re-injection after therapy is completed. 

A simpler approach to the problem of infertility is to limit the exposure of the 
patient to radiation and alkylating agents. The role of TBI-containing conditioning 
regimens, in the absence of convincing evidence of their superiority in terms of 
survival, should be challenged in this respect. Similarly, less toxic chemotherapy 
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regimens require evaluation. Jackson et al.,3 9 for example, reported that the use of 
melphalan and etoposide conditioning was associated with a 5-year EFS of 60% in 
second CR HD while preserving ovarian function. 

Cardiac and pulmonary toxicity are major causes of morbidity and mortality 
following high-dose therapy. Both are multifactorial in origin. Pulmonary compli
cations may result from infection secondary to immune suppression, and several 
agents, including TBI, BCNU, and cyclophosphamide, cause noninfectious 
pulmonary complications.40 The lungs are extremely sensitive to radiation, and TBI 
has long been implicated as a major cause of posttransplant pulmonary fibrosis.13 

BCNU causes toxic lung reactions, characterized by chronic interstitial fibrosis and 
a reduction in pulmonary diffusion capacity, in a dose-dependent manner.1341 A 
number of investigators have identified a BCNU dose of 600 mg/m2 at or above 
which the incidence of interstitial pneumonitis is significantly increased.1719-21 

However, lung toxicity may occur at lower doses in patients with a history of 
mediastinal irradiation21 or those undergoing concurrent treatment with cyclophos
phamide.23 Other identified risk factors include a history of lung disease or 
smoking,42 female sex,23,43 and previous treatment with bleomycin.44 It is of note 
that abnormalities of pulmonary function tests have been identified in up to 60% of 
patients undergoing high-dose therapy before the transplant procedure,45 although 
in the majority of cases, abnormalities were mild or moderate, and only severe 
defects were found to be predictive for the subsequent development of pulmonary 
complications. Steroids have been demonstrated to improve the outcome of 
BCNU-induced lung toxicity in terms of symptom relief and diffusion capacity.46 

The timing of treatment has been controversial, but the effects appear to be more 
beneficial when started promptly at the onset of symptoms or reduction in diffusion 
capacity.2347 The prophylactic use of steroids remains controversial and requires a 
prospective randomized trial for validation. 

Cardiac toxicity is a consequence of radiotherapy, and a number of chemo
therapy agents, the most important group being the anthracyclines,48 which are 
used in the induction regimens for HD but not in conditioning regimens for high-
dose therapy. Apart from the use of TBI-containing regimens, therefore, this 
complication is more likely to be a result of conventional chemotherapy rather than 
the transplant procedure per se. The risk factors for anthracycline toxicity include 
cumulative dose and dose intensity,4950 preexisting heart disease or hypertension,49 

and mediastinal irradiation.51 The clinical presentation is variable, ranging from 
acute cardiomyopathy to a spectrum of cardiac failures presenting years after the 
initial treatment. The mechanism of the cardiac toxicity is likely to be generation 
of free radicals.52 A number of possible cardioprotective agents have been 
investigated, including metal-chelators, which, by reducing the availability of 
intracellular iron and other metals to form complexes with the anthracyclines, may 
reduce the probability of free-radical formation and subsequent cardiac damage. 
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One agent, ICRF-187 (dexrazoxane), has undergone clinical trials, mainly in 
patients with advanced breast cancer, and preliminary data have been 
encouraging,53 with a reduction in the incidence of acute cardiotoxicity. Other 
approaches include the investigation of anthracycline analogs and the use of 
liposomes for anthracycline delivery. 

Secondary malignancies are a recognized risk of treatment for HD, with or 
without high-dose chemotherapy and stem cell transplantation. In 1996, Hancock 
and Hoppe reported the Stanford experience of secondary cancers among 2162 
consecutive HD patients presenting between 1960 and 1990.54 The relative risk 
(RR) of developing any cancer increased with time of follow-up, from 1.5 at <5 
years to 5.6 for those with >20 years of follow-up. The risk was greatest for those 
treated when young. The distribution of tumors reflected that in the general 
population lung, breast, and melanoma were the most common, although relative 
risks for soft-tissue sarcomas and salivary gland tumors were particularly high. 
Breast cancer has been particularly linked to early age of treatment and the dose of 
radiation received by the mediastinum.55 The British National Lymphoma 
Investigation (BNLI) recently reported on a cohort of 5519 patients treated between 
1963 and 1993.56 The findings were similar, although a higher absolute risk of 
developing gastrointestinal cancers was described. In addition, the relative risks of 
developing different tumors were calculated for different treatment modalities. 
Lung cancer risk was increased after all types of treatment, breast cancer was more 
common after radiotherapy alone, and gastrointestinal tumors were more common 
after mixed-modality treatments. 

The relative risk of developing secondary leukemia and myelodysplasia is high 
following treatment for HD. The Stanford cohort had an RR of 37.7, with a 2.3% 
projected actuarial risk of leukemia over a 35-year period. This risk was highest 
within the first 10 years of exposure to alkylating agents (especially nitrogen 
mustard), procarbazine, and etoposide. The relative risk of developing leukemia was 
not found to be related to age at treatment, in contrast to the BNLI study, which 
additionally linked leukemia to chemotherapy and mixed-modality treatments. 
However, these studies did not address the issue of autologous transplantation in 
HD. A number of initial small studies addressing this issue reported an alarmingly 
high actuarial risk of MDS/leukemia following transplantation (15-18% at 6 
years).5758 It is extremely important to determine whether the autografting 
procedure significantly increases this risk or whether the risk is due mainly to prior 
exposure to leukemogenic agents. The European Group for Blood and Marrow 
Transplantation (EBMT) recently reported a retrospective questionnaire study of 
131 centers representing 4998 patients who had undergone autologous transplan
tation for lymphoma, including 1715 patients with HD. The actuarial risk of 
developing MDS/AML at 5 years posttransplant was 4.6% for HD. Risk factors 
included older age at transplant, radiotherapy in the conditioning regimen, number 
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of transplants, time between diagnosis and transplant, and female sex. There was no 
increased risk associated with autologous PBSC transplants as opposed to bone 
marrow transplants, although this had been previously suggested.58 The actuarial 
5-year risk was not dissimilar to the incidence of MDS/AML after conventional 
therapy,59-61 and similar findings were reported by the French registry study.60 

Harrison et al. 6 2 undertook a retrospective comparative study of 4576 HD patients 
from the BNLI and University College London Hospital databases, including 595 
who had undergone autologous transplantation with BEAM. The most important 
risk factors for the subsequent development of MDS/AML were the quantity of prior 
chemotherapy regimens and exposure to MOPP (mechlorethamine, vincristine, 
procarbazine, and prednisone) or lomustine. Multivariate analysis revealed a 
nonsignificant relative risk association with the transplant procedure itself. 

Possible mechanisms for the development of MDS/AML include cumulative 
damage to stem cells by previous courses of chemotherapy, but it is possible that 
the transplant procedure itself may play a role. There has recently been consid
erable interest in the phenomenon of accelerated telomere shortening that has been 
described following autologous and allogeneic transplantation.63-67 This results 
from the increased replicative stress in the hematopoietic system following 
myeloablative therapy, and concerns have been raised that it may lead to stem cell 
exhaustion. Telomeres are tandemly repeated DNA sequences (TTAGGG in 
humans) that protect the ends of chromosomes and are important in maintaining 
their length.6869 Because DNA polymerases cannot completely replicate a linear 
DNA molecule, ~50-100 base pairs of telomeric DNA at the end of a chromosome 
are lost with each cell division.70 Critical shortening of telomeres is associated with 
cellular senescence in vitro.71 In malignant cells, on the other hand, critical 
telomere shortening is avoided by the activation of telomerase, a unique cellular 
reverse transcriptase that can extend the TTAGGG repeat.72 This is one mechanism 
by which such cells can bypass senescence and attain immortality.73 Thus, the 
majority of cancers have short but stable telomeres, which allows them to escape 
senescence but contributes to the genomic instability that characterizes the 
condition. Telomere shortening with aging of individuals has been demonstrated in 
vivo in skin, blood, and colonic mucosa.74-76 This has raised concerns that telomere 
shortening may contribute to the increased incidence of clonal disorders such as 
myelodysplasia as well as malignancy in the elderly. In a large cohort of patients 
with MDS, short telomeres correlated with the presence of poor risk factors and 
likelihood of transformation into A M L . 7 7 In acute leukemias, telomere length is 
short and telomerase levels are high, as discussed above.78 

Sequential samples from large numbers of patients undergoing transplantation 
are required to adequately address the issue of whether posttransplant telomere 
shortening has a causative role in the development of secondary MDS/AML. 
However, there are indications that this is not likely to be the case. First, it has been 
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shown that the onset of posttransplant MDS/AML can be predicted by the 
development of oligoclonal hematopoiesis in some patients. This is detected by the 
presence of skewed X-chromosome inactivation patterns (XCIPs) in informative 
women. Studies in hematologically normal females using XCIPs have 
demonstrated that normal hematopoiesis becomes increasingly skewed with age.79 

We have shown that this acquired skewing of XCIPs occurs independently of 
telomere shortening, suggesting that it is not the critical shortening of the telomere 
that is driving stem cell depletion80 (Figure 1). Second, we have undertaken a study 
in AML comparing 5 patients who underwent chemotherapy alone with 5 who 
underwent autologous PBSCT in first CR and a further group of 5 patients who 
developed secondary myelodysplasia following transplantation (Figure 2). There 
was no significant difference in mean telomere length between these groups, 
although the numbers were small and the data are preliminary. Third, we have 
compared the telomere length of bone marrow harvest cells with that of peripheral 
blood neutrophils sampled at a median of 5 years' follow-up following transplan
tation in 6 patients with HD (Figure 3). We failed to show a significant degree of 
shortening. All patients received BEAM, which may be less myeloablative than the 
TBI-containing regimens in other studies of posttransplant telomere shortening63-67 

and may thus impose less replicative stress on the hematopoietic system in marrow 
reconstitution. 

CONCLUSIONS 

The clinical data published so far suggest that chemotherapy before stem cell 
transplantation is the most important risk factor in the development of therapy-
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Figure 1. Comparison of telomere (TRF) length in healthy females older than 70 years with 
balanced (left) or skewed (right) X-chromosome inactivation patterns (XCIPs)(>75% expres
sion ofl allele). The mean TRF value for those with balanced XCIPs was 7.36 ± 0.32 Kb and 
7.76 ± 0.3 kb for those with skewed XCIPs. There was no statistically significant difference 
between these groups. 
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Chemotherapy n=5 PBSCT n=5 MDS post PBSCT n=5 

Figure 2. Comparison of mean telomere (TRF) length in 3 groups of patients following con
ventional and high-dose chemotherapy for AML. The median ages of the groups were simi
lar (37,41, and 43 years). Means and standard errors are shown. There was no significant 
difference in TRF length between the groups. 

associated MDS/AML. This raises the possibility to decrease such long-term 
complications by using earlier dose intensification in poor-risk patients. The 
challenge will be to establish reproducible prognostic indicators that can identify 
patients with Hodgkin's disease likely to have recurrent or refractory disease. Our 
studies, presented here, suggest that the transplant procedure per se, and the 
replicative stress imposed on the infused stem cells, is not the primary mechanism 
for development of MDS/AML. Furthermore, the use of telomere length to detect 

10 

Figure 3. Sequential telomere (TRF) measurements in 6 patients (median age 29 years) 
undergoing BEAM (BCNU, etoposide, cytosine arabinoside, and melphalan)!autologous bone 
marrow transplantation therapy for Hodgkin 's disease with a median follow-up time of 5 years. 
The initial sample was taken from the bone marrow harvest. The mean degree of TRF short
ening detected was 0.35 kb but was not significant (P=.12). 



554 Chapter 12: Hodgkin's Disease 

early progression to MDS may not be feasible due to the wide variations seen in 
patients after transplant. Why some individuals develop MDS/AML may be related 
to a number of genetic factors, and we are currently studying the relationship 
between antioxidant enzyme levels and secondary leukemia. Other strategies to 
prevent DNA damage resulting from alkylating agents may be to use chemopro-
tective agents. There is initial evidence that macrophage inflammatory protein 
(MlP)-la may attenuate the toxic effects of some alkylating agents in human bone 
marrow cells.80 
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ABSTRACT 

Despite modifications of standard chemotherapy regimens, long-term survival of 
patients with advanced Hodgkin's lymphoma has remained disappointing, with 
survival rates of only 50% to 60%. In an attempt to improve the prognosis of these 
patients, the German Hodgkin's Lymphoma Study Group (GHSG) has developed the 
BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, 
procarbazine, and prednisone) regimen in a baseline and a dose-escalated version. 
The main principles of BEACOPP are (1) increase of total dose, (2) acceleration of 
administration schedule, and (3) addition of etoposide. Both BEACOPP variants have 
been compared with the standard regimen COPP (cyclophosphamide, vincristine, 
procarbazine, and prednisone)/ABVD (doxorubicin, bleomycin, vinblastine, and 
dacarbazine) in the randomized HD9 trial for advanced Hodgkin's lymphoma. Interim 
analysis in February 1999 showed significant superiority of the BEACOPP regimen with 
regard to induction of complete remission, reduction of progressive disease, and freedom 
from treatment failure. Despite increased transient hematologic toxicity, the regimen is 
manageable, showing no increase in the rate of toxic deaths during primary 
chemotherapy. 

INTRODUCTION 

The treatment of adult Hodgkin's lymphoma is strictly dependent on stage. In 
early- and intermediate-stage Hodgkin's lymphoma (ie, Ann Arbor stage I/II, 
without or with clinical risk factors), the strategy of radiotherapy alone or in 
combination with polychemotherapy has led to excellent long-term survival rates 
of ~90%. In contrast, only ~60% of patients with advanced-stage Hodgkin's 
lymphoma (ie, stages IIB with particular risk factors, III, and IV) can be cured. 
Standard treatment in advanced Hodgkin's lymphoma has been the administration 
of 6-8 cycles of polychemotherapy (MOPP [mechlorethamine, vincristine, procar
bazine, and prednisone], COPP, ABVD). Commonly, radiotherapy is used only as 
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an adjuvant for initial bulky tumor sites and residual lymphomas after chemo
therapy. Several modifications of the standard polychemotherapy regimens have 
been evaluated, eg, MOPP alternating with ABVD, MOPP/ABV hybrid, and 
others. None of these modifications, however, has improved survival of patients 
with advanced-stage Hodgkin's lymphoma.1-3 

Based on a mathematical model of tumor growth and chemotherapy sensitivity, 
the GHSG has developed the BEACOPP regimen. The BEACOPP regimen 
contains the main agents in COPP/ABVD (without vinblastine and dacarbazine) 
and, as an addition, etoposide. Compared with the BEACOPP baseline regimen, 
cyclophosphamide, doxorubicin, and etoposide are dose-escalated in the 
BEACOPP escalated version, with mandatory use of granulocyte colony-
stimulating factor (G-CSF). Efficacy and feasibility of BEACOPP in patients with 
advanced-stage Hodgkin's disease were confirmed in an initial phase 2 study 
followed by a dose-finding study with G-CSF-supported dose escalation of 
cyclophosphamide, doxorubicin, and etoposide.4 

PATIENTS AND METHODS 

In 1993, the GHSG started a randomized trial (HD9) in which the standard 
treatment (4 cycles of COPP/ABVD, arm A) was compared with baseline 
BEACOPP (arm B) and escalated BEACOPP (arm C). Radiotherapy was 
administered to initial bulky sites and residual lymphomas in all 3 arms. The first 
interim analyses with 321 évaluable patients in September 1996 showed significant 
inferiority of the COPP/ABVD arm in terms of progression rate and freedom from 
treatment failure (FFTF), compared with the pooled results of both BEACOPP 
variants. Accordingly, arm A of the HD9 study had to be closed, and further 
patients were randomized between arms B and C. When the fourth interim analysis 
in February 1999 was performed, 1128 patients were randomized in the HD9 trial 
before November 1, 1997. One thousand seventy patients (94%) were évaluable. 
The median observation time was 28 months. Two hundred sixty-two patients were 
randomized in arm A, 405 in arm B, and 403 in arm C. In this analysis, all patients 
were analyzed in the arm to which they were originally randomized—strictly 
intent-to-treat. Fourteen arm C patients and 3 arm B patients were switched to 
COPP/ABVD, and 1 arm A patient was switched to BEACOPP (escalated) due to 
progression. Only negligible differences were observed in patient characteristics. 

RESULTS 

There was significant superiority of the BEACOPP regimen compared with 
COPP/ABVD in terms of complete remission, progressive disease, and FFTF. 
Complete remission at the end of the treatment was achieved by 83% of the patients 
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in arm A, 88% in arm B, and 96% in arm C. In parallel, a significant reduction of 
the rate of patients with progressive disease could be observed: 12% progressive 
disease in arm A, 8% in arm B, and 2% in arm C. FFTF at 24 months was 74% in 
arm A, 81% in arm B, and 90% in arm C. Also, the Hodgkin's-specific FFTF 
reflected significant superiority of the BEACOPP regimen compared with COPP/ 
ABVD and, in addition, of escalated BEACOPP compared with baseline 
BEACOPP. Analysis of overall survival (OS) at 24 months yielded OS in arm A, 
89%; arm B, 93%; and arm C, 96% (due to the short observation period, no 
significant differences could be observed). 

Despite the higher transient hematologic toxicity of the BEACOPP regimen, 
there was no increase in the toxic death rate during primary chemotherapy (1.9% 
arm A, 1.2% arm B, 1.5% arm C). Five cases of leukemia/myelodysplastic 
syndrome (MDS) (1 MDS, 4 acute myeloid leukemia [AML]) occurred in arm C 
and 1 (AML) in arm B. Eleven NHL and 4 solid tumors were equally distributed 
between arms A and B. In arm C, there was 1 NHL and no solid tumors. However, 
the median observation period is still too short to draw any conclusions on the 
impact of the new regimen on the induction of secondary neoplasias. 

CONCLUSIONS 

With regard to induction of complete remission, reduction of the rate of 
progressive disease, and freedom from treatment failure, the new BEACOPP 
regimen for treatment of advanced Hodgkin's lymphoma shows significantly 
improved efficacy compared with the COPP/ABVD regimen. The regimen is 
manageable and does not increase the toxic death rate. Although the final analysis 
of the HD9 study was not performed before 2001, the results obtained so far 
support the strategy of a moderate dose escalation for the total population of 
patients with advanced Hodgkin's lymphoma. Thus, the GHSG has replaced 
COPP/ABVD with BEACOPP as standard treatment for patients with advanced 
Hodgkin's lymphoma. Questions as to the optimal dose (escalated or baseline) and 
the role of adjuvant radiotherapy are addressed in the current HD12 trial of the 
GHSG. In this protocol, 8 cycles of escalated BEACOPP are being compared with 
4 cycles of escalated BEACOPP followed by 4 cycles of baseline BEACOPP. A 
factorial design allows for a comparison of the effect of adjuvant radiotherapy on 
residual disease and initial tumor bulk. 
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ABSTRACT 

The curative potential of high-dose chemotherapy (HDC) in mantle cell 
lymphoma (MCL) is unknown: the European Group for Blood and Marrow 
Transplantation (EBMT) carried out a retrospective analysis of MCL cases 
autografted between 1983 and 1998. The cases were reviewed by a national 
lymphoma panel or specialist hematopathologist. One hundred ninety-three 
patients from 98 centers were identified; 43 cases were excluded after pathology 
review (n = 14), because slides were unavailable for central review (n = 32), or 
because no details were available from first transplant. 

The outcome of 150 patients (112 male and 38 female; mean age at diagnosis, 
47 years) was analyzed. Median time to transplant was 416 days (range, 48-2689 
days). One hundred sixteen patients (92%) had stage III/IV disease at diagnosis, 
and 66 (52%) received >1 chemotherapy regimen pre-HDC. Status at transplant 
was complete remission (CR), 64; partial remission (PR)/chemosensitive disease, 
71; and refractory/progressive disease, 15. Total body irradiation (TBI) 
conditioning was used in 61 patients. Status at 100 days was CR, 96; PR, 23; 
refractory/progressive disease, 6; death from disease, 2; and toxic death, 6. 

The overall and progression-free survival (OS and PFS) rates at 5 years were 
48% and 30%, respectively, with no plateau in the curve and a median follow-up 
of 25 months. OS from diagnosis at 5 years was 61%. Status at transplant was 
significant for survival (P=.0Q29) by univariate analysis and multivariate analysis 
(P=.001), and 70% of patients transplanted in first CR were alive at 5 years. HDC 
prolongs survival, but for most patients cure remains elusive in MCL. 
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INTRODUCTION 

Mantle cell lymphoma was included as a distinct clinicopathological entity in 
the Revised European American Lymphoma (REAL) classification system 
described in 1993.' Subsequent clinicopathological studies have confirmed the 
poor prognosis that these predominantly middle-aged to elderly men with stage 
III/IV disease have, with a median survival of 34—40 months.2-6 Because of this 
dismal prognosis, many centers offer high-dose chemotherapy with peripheral stem 
cell rescue to patients <65 years of age with MCL, despite the lack of randomized 
trial data showing the efficacy of this approach. Numerous unrandomized small 
series have been published with conflicting conclusions, possibly because of small 
numbers or inadequate follow-up.7-10 

We undertook a retrospective study of all patients who were autografted for 
MCL between 1988 and 1998 and who were registered with the EBMT, in an 
attempt to clarify (1) whether HDC conferred a survival advantage to patients with 
MCL, (2) whether HDC cured patients with MCL, and (3) whether it was possible 
to identify different prognostic subgroups. 

MATERIALS AND METHODS 

A study protocol defining study objectives and a minimum data set was agreed 
on by a working group from the EBMT. 

All patients who were registered with the EBMT and allografted or autografted 
for MCL between 1988 and 1998 were initially included. Each center with eligible 
patients was approached for information about diagnostic methodology. Patient 
material that had been reviewed by a national lymphoma pathology group was 
included without further review. Centers that did not participate in this form of 
review and whose center pathologist was not part of a lymphoma review panel 
were asked to send material for review by an expert hematopathologist (P.I.). If the 
material was not made available for review, the case was excluded from further 
study. The patients who were allografted were excluded from this study but will be 
analyzed later. 

The basic data set deemed necessary for inclusion in the study included age at 
diagnosis and transplant, sex, and updated outcome data. Disease status was 
defined as CR, no evidence of disease; PR, >50% response to therapy; refractory 
disease, <50% response to therapy; and progressive disease, disease progression 
after therapy. If patients had been transplanted more than once, outcome was 
analyzed from first transplant; however, data were collected on all patients. 

Other parameters analyzed included disease stage at diagnosis, nodal disease, 
measurable disease, bone marrow involvement at transplantation, number of 
regimens used prechemotherapy, interval from diagnosis to transplantation, disease 



Vandenberghe et al. 569 

status at transplant and 100 days posttransplant, type of conditioning used, use of in 
vitro purged stem cell/marrow rescue, and cytokines administered posttransplant. 

The Kaplan-Meier method was used to calculate OS, PFS, and disease-free 
survival (DFS). Univariate analysis was done using the log-rank method. Multi
variate analysis to study the relevance of individual prognostic factors on OS and 
PFS used the proportional hazard (Cox regression). Proportionality assumptions 
were tested using standard methods. 

RESULTS 

Two hundred fifteen patients from 98 centers were initially identified, of whom 
22 were allografted and were therefore excluded from the current study. A further 
45 cases were excluded following pathology review (14 cases), because diagnostic 
material was not made available for central review (28 cases), or because of 
inadequate data (3 cases). 

The final cohort of 150 patients included 112 male and 38 female patients with a 
mean age at diagnosis of 47 years. Disease stage at diagnosis was stage I/II (n = 10), 
stage III/IV (n =116), and stage unknown (n = 34). Numbers of regimens used before 
transplantation were 1 (n = 50), 2 (« = 51), >2 (n = 15), and unknown (n = 34). The 
interval from diagnosis to transplantation was 416 days (range, 48-2689 days). 
Eleven patients had 2 transplants, of which 2 had allografts for the second 
procedure. 

Status at transplant was CR (n = 64), PR or sensitive relapse (n = 71), and 
refractory/progressive disease (n = 15). Seventy-four patients were conditioned 
with chemotherapy and 61 with radiotherapy and chemotherapy; in the remaining 
cases, the conditioning data were unavailable. Mean time to engraftment was 
12 days (range, 8-33 days), with 4 engraftment failures. Fifteen patients received 
in vitro purged marrow/stem cells, and no purging information was available on 
27 patients. The outcome at 100 days was CR (n = 96), PR (n = 23), no change or 
progressive disease (n = 6), death from progressive disease (n = 2), toxic death 
(n = 6), and unknown (n = 17). The 5-year OS and DFS rates from transplantation 
were 48% and 30%, respectively (Tables 1 and 2), with no plateau in the curves. 
The 5-year OS from diagnosis was 61%. 

Disease status at transplant was the only significant prognostic factor for OS 
(P=.0029). Disease status and age at transplant (<50 years) were significant by 
multivariate analysis. 

DISCUSSION 

The OS from diagnosis of this group of patients is 61%, with a median follow-
up of 25 months, which compares favorably with conventionally treated historical 
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Table 1. Demographic and Clinical Details* 
n Unknown 

Sex, M/F 112/38 
Median age at diagnosis, y (range) 47(18-66) 
Stage IH/IV at diagnosis 116 34 
Number of regimens before HDC 34 

1 50 
>1 66 

Median time to HDC, d (range) 416 (48-2689) 
Lymph nodes involved at HDC 23 43 
Bone marrow involved at HDC 25 40 
Measurable disease at HDC 37 46 
TBI conditioning 61 14 
In vitro purging 15 27 
Cytokines after HDC 47 79 
Median time to engraftment, d (range) 12(4-33) 

*HDC, high-dose chemotherapy; TBI, total body irradiation. 

series. Transplanted patients are highly selected by being young and fit enough to 
undergo the procedure. Outcome in the EBMT patients is not as good as in the 
other 2 reported series with follow-up—these have OS and PFS rates of 80% and 
58% at 4 and 9 years, respectively.6'7 Unfortunately, there appears to be no plateau 
in the survival curve, indicating that the number of patients with MCL cured by 
high-dose chemotherapy may be small. 

The success of HCVAD (cyclophosphamide, vincristine, dexamethasone, 
adriamycin, high-dose methotrexate, and high-dose Ara-C)—with projected 4-year 
OS and EFS rates of 90% and 79%, respectively, at a median follow-up of 34 
months—suggests that intensifying initial treatment and transplanting in first CR 
or PR may improve outcome.11 Data from a recently published article12 showed 

Table 2. Disease Status 
Pretransplant At 100 days 

Clinical remission 64 96 
Chemosensitive disease 18 NA 
Partial remission 53 23 
Refractory/progressive disease 15 6 
Death from mantle cell lymphoma NA 2 
Toxic death NA 6 
Unknown NA 17 
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improved outcome for patients treated with transplant in first CR/PR, compared 
with later transplantation: OS of 93% vs. 63% at a median of 4 years from 
diagnosis. The current study confirms that patients transplanted in first remission 
have a significantly better outcome, with OS of 70% at 5 years. In contrast to the 
EBMT data, TBI-containing conditioning regimens were associated with improved 
OS and PFS at 4 years: 89% vs. 60% and 71% vs. 0%, respectively, in 1 study.7 

Novel strategies such as conventional chemotherapy to maximal response 
followed by allogeneic transplantation or the use of in vivo purging agents such as 
the anti-CD20 antibody with autologous transplantation are currently being 
assessed and may improve outcome. 

The logistical difficulties of carrying out this sort of retrospective analysis were 
compounded by our requirement for stringent pathological assessment before 
inclusion in the study. It is interesting that only 14 cases were excluded on review 
because of an incorrect diagnosis and that analysis of OS and PFS was not signifi
cantly altered by including these cases. It is encouraging that most centers have 
effective pathology review for patients before proceeding to high-dose 
chemotherapy. This may allow future retrospective studies to proceed with more 
confidence without central review. An alternative explanation could be that only 
centers with specific hematopathology expertise and interest reclassified cases in 
accordance with REAL criteria, and many transplants for MCL in the registry have 
therefore not been identified for this study. 
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INTRODUCTION 

Approximately 45% of adult patients with aggressive non-Hodgkin's 
lymphoma (NHL) will be cured of their disease with conventional chemo
therapy.1-3 Patients who relapse after multiagent chemotherapy have a particularly 
poor prognosis.4 A randomized prospective trial performed by the Parma group5,6 

demonstrated a survival advantage with high-dose chemotherapy and autologous 
bone marrow transplantation (autoBMT) for patients in sensitive relapse compared 
with a conventional salvage regimen. Although both arms in the Parma trial 
received involved-field radiation therapy (IFRT), its importance to the overall 
treatment remains unclear.6 

The rationale for the use of IFRT is supported both by the recently completed 
Eastern Cooperative Oncology Group (ECOG) and Southwest Oncology Group 
(SWOG) trials7,8 and by the pattern of relapse observed by other investigators.4 

However, contemporary practice for the use of radiation therapy in combination 
with high-dose therapy largely reflects institutional preferences. Neither the 
appropriate fields nor the appropriate sequencing of radiation in conjunction with 
bone marrow transplantation has been adequately defined. 

This study reviews current published data on the role of IFRT as an adjunct to 
autologous transplantation and reports on the impact and toxicity of IFRT in 
combination with high-dose sequential (HDS) chemotherapy. Schenkein et al.2 (and 
Boyle T, Morr J, Wazer D, et al., unpublished data), have reported on the feasibility and 
efficacy of this treatment approach in newly diagnosed high-risk patients with NHL. 
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PATIENTS AND MATERIALS 

Patient Characteristics 

Between October 1993 and October 1996, 31 patients were treated 
according to a prospective phase 2 protocol at 5 participating centers.2 HDS 
chemotherapy consisted of intensive, non-cross-resistant agents delivered in 
5 sequential treatment phases, followed by autologous peripheral blood stem 
cell transplantation (PBSCT) as initially described by Gianni9 and revised by 
Schenkein.2 

IFRT was used in 15 of the 27 patients (56%) following transplantation (Boyle T, 
Morr J, Wazer D, et al., unpublished data). Radiotherapy was initiated at a median 
of 61 days (range, 31-136 days) following stem cell infusion. IFRT was delivered to 
2 patients achieving complete remission (CR), 10 patients achieving partial remission 
(PR), and 3 patients with persistent disease. Radiotherapy was delivered to a median 
of 3 sites (range, 1-6 sites) as defined by the Ann Arbor Staging Manual. Patients 
received a median of 2400 cGy per site (range, 1980-5400 cGy). Twelve patients did 
not receive IFRT because of early progressive disease following transplant (n = 2), no 
areas of bulky disease (n = 5), early complications (n = 2), and unknown reasons (n - 3). 
Toxicity resulting from radiotherapy was determined from medical chart review and 
graded according to the ECOG system. 

RESULTS 

The median follow-up for the cohort was 26 months (range, 2-59 months) after 
the infusion of stem cells. The overall and relapse-free survival (OS and RFS) rates 
were 63% and 56%, respectively. OS was 73% and 50% (P=.13) with and without 
the use of IFRT, respectively (Boyle T, Morr J, Wazer D, et al., unpublished data). 
Relapse occurred in 12 of 27 patients (44%). Two of the patients who suffered late 
relapses are currently disease-free after undergoing either a second transplant or 
further multiagent chemotherapy. RFS was 73% for the IFRT group vs. 33% for 
the group that did not receive IFRT (P=.03) at a median follow-up of 26 months. 

Patterns of Failure 

Local failure following IFRT occurred in 4 of 15 patients (27%). Failure in the 
radiation portaloccurred in all 3 patients considered to have radiographic persistent 
disease following HDS chemotherapy. The mean radiation dose in the group of 
patients with in-field failure was 2434 cGy (range, 2400^1580 cGy), and 
radiotherapy was initiated within an average of 67 days (range, 42-93 days) from 
PBSC infusion. The mean radiation dose for the patients without evidence of 
failure was 2929 cGy (range, 2000-5400 cGy), and radiation therapy was initiated 
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within an average of 58 days (range, 31-105 days) from PBSC infusion. These 
differences did not reach statistical significance. 

Toxicity 

Toxic effects occurred in 10 patients receiving IFRT following HDS 
chemotherapy and PBSCT (Boyle T, Morr J, Wazer D, et al., unpublished data). 
Grade III toxicity (hematologic) occurred in 3 patients. These patients required a 
significant break in the course of their radiation treatments (14-15 days) because 
of myelosuppression, required transfusions, and hematologic growth factors. There 
were no grade IV or V toxicities. Esophagitis was the most common form of 
toxicity recorded; however, all cases were minor grade I symptoms. 

DISCUSSION 

The use of IFRT is supported historically by the fact that 70%-80% of patients 
with stage I NHL who are disease negative, documented by laparotomy, achieve 
prolonged survival with radiation alone.1011 Using 4 cycles of ProMACE-MOPP 
(cyclophosphamide, etoposide, doxorubicin, nitrogen mustard, procarbazine, 
vincristine, and high-dose methotrexate) with 4000 cGy IFRT, Longo et al. 1 0 

reported durable remissions in 96% of early-stage intermediate and high-grade 
NHL. Philip et al.,4 in their analysis of 100 patients with advanced NHL who failed 
conventional therapy and then went on to high-dose therapy, reported that 67% of 
the episodes of progression were isolated and involved initial sites of disease. It 
was their conclusion that local control remained a major factor. A program of 
CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) for 4 cycles 
and IFRT to 4000—4400 cGy and 3600 cGy to proximal uninvolved nodal regions12 

yielded a local recurrence rate of 3.3% in 183 patients with early-stage aggressive 
NHL. The ECOG reported the results of a randomized trial involving 345 patients 
with intermediate early-stage NHL. 7 In that trial, patients received 8 cycles of 
CHOP and then were randomized to 3000 cGy to sites of pretreatment involvement 
vs. no further treatment. At 6 years, improved DFS was reported for the radiation 
therapy arm, 73% vs. 58% (P=.03), and OS was better in the radiation therapy arm, 
84% vs. 70% (P=.06). Of interest in this trial is that 28% of PRs were converted to 
CRs with additional radiation therapy. The SWOG 8 completed a similar study but 
used short-course CHOP plus 4000 cGy vs. CHOP alone. Estimates of survival at 
4 years favored the radiation therapy arm, 87% vs. 75% (P=.01). 

The updated LNH87-2 trial,13 which compared sequential chemotherapy versus 
autologous transplantation as consolidation for NHL patients in first complete 
remission, reported superior DFS (59% vs. 39%) and OS (65% vs. 52%) for 236 
high-risk patients. Haioun et al.1 3 did not report radiation as part of either the 
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preparative or consolidative phase of treatment. The Parma data5 demonstrated a 
53% OS at 5 years with autologous transplantation for patients with chemotherapy-
sensitive NHL in relapse. Forty-five percent of the patients received 130 cGy bid 
to a total dose of 2600 cGy to areas of bulky disease as part of the preparative 
regimen. There was a nonsignificant RFS advantage for the group receiving 
radiation therapy, compared with the group that did not receive radiation therapy, 
64% vs. 45%, respectively. 

Numerous authors have observed that transplant failures result from progressive 
lymphoma rather than toxicity. Phillips et al. 1 4 reported on a group of 68 patients 
with relapsed NHL treated with intensive chemotherapy, TBI, and autologous 
marrow transplantation. In their study, when disease could be covered with a 
conventional radiation port, it was treated with 2000 cGy IFRT. They reported a 
trend toward improved survival with the use of IFRT (P-.07) before transplant.14 

Mundt et al. 1 5 reported on the use of IFRT in a group of 53 patients with aggressive 
NHL treated with high-dose chemotherapy and PBSCT. They reported a 61% local 
control rate for sites amenable to a radiation port but not irradiated. Local control 
for sites failing to achieve a CR was 29%; of note, adjuvant IFRT improved the 
local control to 100% (P=.05). A 2-year event-free survival of 70%, reflecting the 
use of IFRT posttransplant, was reported by Brasacchio et al. 1 6 vs. 35% without 
IFRT. Advantages of IFRT for progressive Hodgkin's disease have been reported 
by several authors.17-20 Phillips et al. 1 7 reported a trend toward increased OS 
(P-.09) with the use of IFRT. Mundt et al. 1 8 noted that patients with refractory 
Hodgkin's disease with persistent disease posttransplant had a better RFS of 40% 
vs. 12% (P=.04) with the use of IFRT. Similar observations have been made by 
Horning et al.,1 9 who reported an improved 3-year RFS of 100% vs. 60% (P-.04) 
with the use of IFRT posttransplant. Pezner et al. 2 0 described a 7% in-field failure 
rate posttransplant for sites treated with IFRT. 

The issue of dose is more complex, however. Mauch21 currently recommends 
4000 cGy for patients with diffuse large cell lymphoma who achieve a CR to 
multiagent chemotherapy. In the present study (Boyle T, Morr J, Wazer D, et al., 
unpublished data), there was a 27% in-field failure rate at a dose of 2400 cGy. The 
mean radiation dose for patients without failure in the radiation portal was higher, 
2935 cGy vs. 2455 cGy. 

Several studies have documented the higher toxicity of IFRT when used before 
radiotherapy, particularly in patients receiving thoracic radiation.22 In addition, the 
use of radiotherapy within the preparative regimen has the potential to increase the 
risk of secondary malignancies, in particular, MDS and acute leukemia.23 

Vose et al. 2 4 have recently analyzed data from the Autologous Blood and 
Marrow Transplant Registry (ABMTR) on the use of autologous transplantation 
for 184 patients with aggressive NHL that had never achieved a remission to 
standard chemotherapy. In multivariate analysis, not receiving posttransplant IFRT 
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was an adverse prognostic factor (P=.05). Other adverse factors included chemo
therapy resistance, receiving >3 prior chemotherapy regimens, Karnofsky score 
<80% at transplant, and age >55 years. In contrast, registry data from the ABMTR 
have failed to demonstrate an advantage for IFRT with transplant in patients in first 
relapse or second complete remission (Lazarus, HM, personal communication). 

Overall, the data from nonrandomized clinical trials suggest that IFRT 
posttransplant is well tolerated and likely decreases field relapses at sites of prior 
disease. However, randomized prospective clinical trials will be needed to fully 
answer this question. 
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ABSTRACT 

Background. CD34+ enrichment of peripheral blood progenitor cells (PBPCs) 
may reduce tumor burden but could compromise immunologic reconstitution and 
increase infectious risk in the autologous PBPC transplant patient. 

Design. We compared infectious complications in lymphoma autotransplant 
patients treated with a single high-dose chemotherapy regimen and supported 
either with CD34+-enriched PBPCs (n = 19) or unmanipulated PBPCs (« = 24). 
Analysis was limited to patients followed for a minimum of 1 year after discharge 
from initial hospitalization and free of lymphoma recurrence. 

Results. We observed a statistically significant increase in the number of 
patients with 1 or more infectious events in the CD34+-enriched group (14 of 19) 
compared with the unmanipulated PBPCs group (9 of 24, P<.01). Greater numbers 
of patients with 2 or more infectious events were observed in the CD34+-enriched 
population (7 of 19 vs. 2 of 24, P<.03) as well as an increased incidence of bacterial 
infections (10 of 19 vs. 5 of 24, P<.05). Two deaths due to infectious complications 
were observed in the CD34+-enriched subjects. There was no significant difference 
in blood lymphocyte or monocyte recovery between groups. 

Conclusions. Lymphoma patients undergoing autotransplant using CD34+-
enriched rather than unmanipulated PBPC collections have a significant increase in 
long-term incidence of infectious events. Patients who undergo CD34+ selection of 
PBPC transplantation should be followed closely for infectious complications, and 
prolonged infectious prophylaxis should be considered. 

INTRODUCTION 

High-dose chemotherapy followed by autologous peripheral blood progenitor cell 
transplantation can provide prolonged disease-free survival for refractory and 
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relapsed Hodgkin's disease and non-Hodgkin's lymphoma patients.'"7 A number of 
investigators have provided evidence in leukemia, lymphoma, breast cancer, and 
neuroblastoma that contaminating tumor cells in the harvested PB PC collections may 
be responsible for relapse after transplantation.8-17 Positive selection of PBPC 
collections for CD34+ progenitors may reduce the number of contaminating tumor 
cells while preserving hematopoietic engraftment.18-20 Along with reducing tumor 
burden, the CD34+ cell enrichment procedure may also compromise immunologic 
reconstitution by depleting the grafts of mature T and B lymphocytes20-22; an increase 
in the number of opportunistic infections may result. Severe viral infections, 
including cytomegalovirus (CMV) retinitis, adenovirus-associated hemorrhagic 
cystitis, fatal herpes pneumonitis, and severe cryptosporidiosis, have been reported 
after autologous CD34+-enriched PBPC transplants.2122 One study found a higher 
frequency of CMV disease in patients transplanted with the CD34+-enriched PBPCs 
compared with patients transplanted with unselected PBPCs.23 We therefore 
compared infectious morbidity associated with CD34+-enriched PBPC transplan
tation in lymphoma patients with that in patients treated with an identical high-dose 
chemotherapy regimen but who received unmanipulated PBPCs. In this single-
institution study, we determined that patients supported with autologous CD34+-
enriched PBPCs had a higher 1-year infectious morbidity after transplantation. 

PATIENTS AND METHODS 

We reviewed the records of all lymphoma patients undergoing autologous 
PBPC transplantation at the Ireland Cancer Center, University Hospitals of 
Cleveland, Case Western Reserve University. Patients with relapsed, primary 
refractory (induction failure), or high-risk non-Hodgkin's lymphoma or Hodgkin's 
disease were treated with high-dose carmustine (BCNU), etoposide, and cisplatin7 

and were supported using either CD34+-enriched autologous PBPCs (1996-1998) 
or unmanipulated autologous PBPCs (1993-1998). A total of 19 CD34+-enriched 
and 24 unmanipulated PBPC transplant patients who had a minimum of 1 year of 
follow-up and were free of malignant disease recurrence were included in this 
analysis. All patients achieved myeloid engraftment before discharge from the 
hospital.19'24 The total leukocyte, absolute lymphocyte, and monocyte counts were 
recorded from patient charts at approximate intervals of 3 weeks, 6 weeks, 
6 months, and 1 year after autotransplant. The records were reviewed for compli
cations after transplant, commencing at discharge from the initial hospitalization 
and limited to 1 year after transplantation. Complications incurred during the 
inpatient autotransplant hospitalization are not part of this report. The demographic 
and clinical characteristics of the study patients are included in Table 1. 
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Eligibility for Autotransplant 

Patients were required to have an Eastern Cooperative Oncology Group 
performance status of 0 or 1 and have adequate visceral organ function, including 
left ventricular ejection fraction at least 45% of predicted, no uncontrolled 
congestive heart failure or hypertension, no myocardial infarction in the previous 
6 months, 1-second forced expiratory volume and pulmonary carbon monoxide 
diffusing capacity >50% of predicted, actual or calculated creatinine 
clearance >60 mL/min, alanine transaminase and aspartate transaminase <3 times 
normal, and no active infections or severe endocrine or neurologic disorders. 
Patients were excluded if they had cumulative exposure to BCNU >200 mg/m2, 
cumulative exposure to bleomycin >100 U/m2, cumulative exposure to doxorubicin 
>550 mg/mg2, evidence of active infection, or a history of another malignant 
disease within the past 5 years. Patients were not excluded for evidence of tumor 
on routine histologic staining of bilateral paraffin-embedded posterior iliac crest 
bone marrow biopsies. 

Mobilization and Collection of PBPCs 

The PBPC mobilization regimen consisted of cyclophosphamide 4.0 g/m2 

intravenously over 3-6 hours on the first day of mobilization; mesna 3.0 g/m2 was 
contained within the cyclophosphamide dosing bag, followed by 500 mg every 
3 hours by mouth or by vein for 8 doses.19,24 Prednisone 2 mg/kg per day was given 
orally for the first 4 days of mobilization. Granulocyte colony-stimulating factor 
(Amgen, Thousand Oaks, CA) 10 /<g/kg per day was given subcutaneously beginning 
between 36 and 48 hours after the completion of cyclophosphamide until combined 
PBPC collections provided at least 2.0 X106 CD34+ cells/kg patient weight. 

Positive Selection of CD34+ Cells From Mobilized PBPCs 

Mononuclear cells from each leukapheresis collection were prepared and passed 
over the immunoaffinity column device (Ceprate, SC System) as directed by the 
manufacturer (CellPro, Bothell, WA).' 9- 2 4 Absorbed CD34+ cells were resuspended at 
2X107 cells/mL and frozen using a controlled-rate liquid nitrogen freezer in the 
presence of 7.5% (final concentration) dimethylsulfoxide (Sigma, St. Louis, MO). 1 9' 2 4 

Evaluation 

This study included only patients who were followed frequently at the Ireland 
Cancer Center, ie, who returned for follow-up approximately every 2 months. 
Patients were given antimicrobial prophylaxis with trimethoprim-sulfamethoxazole 
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for up to 3—4 months after discharge from the initial transplant hospitalization. 
Acyclovir and ciprofloxacin were not given routinely as prophylaxis. Furthermore, 
vaccination with pneumococcus and Hemophilus influenza b vaccines and 
diphtheria/tetanus toxoid was not begun until 1 year after transplant. 

Complications and infections occurring during the initial hospitalization while 
patients were neutropenic are not reported herein. Patients lacking documentation 
of follow-up visits and those with documented disease relapse in the year after 
transplantation also were excluded from analysis, as were patients who received 
rituximab (Genentech, South San Francisco, CA), anti-B-cell monoclonal antibody 
therapy. Bacterial, viral, and fungal infections were defined either by clinical 
symptoms and response to treatment or by confirmation with laboratory culture. 
Infections leading to sepsis and multiorgan failure, adult respiratory distress 
syndrome (ARDS), and death were considered as one infectious event. Infections 
occurring in different anatomical sites concurrently were recorded as separate 
infections. Presumed infectious complications that had an unproven or unknown 
etiology were included in a "presumed infectious complications" category. Such 
events included upper respiratory infections, flu-like illnesses, and unexplained 
fevers unrelated to malignancy. 

Statistical Methods 

The Fisher exact test was used to compare the frequency of infectious and 
noninfectious complications between the CD34+-enriched transplant patients and 
the unmanipulated PBPC transplant patients. 

RESULTS 

Demographics 

Study patients' clinical characteristics are summarized in Table 1. Median age at 
transplant was similar in the 2 groups, as was the number of prior chemotherapy 
regimens. Patients transplanted using unmanipulated PBPCs included a greater 
number of women, and more patients had received localized radiation therapy, 
either in conjunction with transplant or earlier in the treatment course. 

Infectious Complications 

The CD34+-enriched population had a significantly increased number of 
patients with 1 or more infectious events compared with the unmanipulated PBPCs 
group (14 of 19 vs. 9 of 24, P<.01) (Table 2). Additionally, there were increased 
numbers of patients with 2 or more infectious events in the CD34+-enriched group 
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Table 1. Characteristics of Lymphoma Patients Undergoing Autotransplants*  
CD34+-Enriched PBPCs Unmanipulated PBPCs 

Patients 19 24 
Age,y 39 (22-58) 44 (22-59) 
Sex, M/F 9/10 15/9 
Diagnosis 

Hodgkin's disease 7 6 
Non-Hodgkin's lymphoma 12 18 

Number of prior chemotherapy 2(1-3) 2(1-4) 
regimens 

Prior radiationt 7(37) 13 (54) 

*Data are n, median (range), or n (%). PBPC, peripheral blood progenitor cell, flncludes 
any previous exposure to local radiation therapy, either in conjunction with transplantation 
or earlier in the treatment course. 

(7 of 19 vs. 2 of 24, P<.03). This difference reflected an increased incidence of 
bacterial infections observed in the CD34+-enriched group (10 of 19 in the CD34+-
enriched group vs. 5 of 24 in the unmanipulated PBPCs group, P<.05). The greater 
numbers of viral infections and the presumed infections found in the CD34+-
enriched group was not significantly different from those in the unmanipulated 
PBPCs group. Only 1 fungal infection (hepatosplenic candidiasis) was noted; it 
occurred in the unmanipulated PBPC transplant population. A detailed documen
tation of the infectious complications in individual patients, including the type and 
timing of bacterial, viral, and fungal infections, appears in Table 3. Infectious 
events occurred at a median of 4 months in the CD34+-enriched patients and 

Table 2. Comparison of Infectious Complications Within 1-12 Months in Patients Given 
Unmanipulated vs. CD34+-Enriched Peripheral Blood Progenitor Cells 
Complication Unmanipulated CD34+-Enriched P* 

n 24 19 — 
No infections 15 5 .Olt 
>1 infectious complication 9 14 — 
>2 infectious complications 2 7 — 
One or more bacterial infections 5 10 .05 
One or more viral infections 2 5 .21 
One or more fungal infections 1 0 NS 
One or more presumed infections 3 5 NS 
Infectious deaths 0 2 NS 

* Fisher exact test; 1ordered columns, 2 X3 table. 
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Table 3. Infectious Complications and Time to Occurrence After Transplant in Patients 
Receiving CD34+-Enriched and Unmanipulated PBPC Collections* 
Patient Infectious Complication 

CD34+-enriched PBPCs 
1 Flu-like illness, 1 mo 
2 Sinusitis/mastoiditis, 7 mo 
3 Sinusitis, 3 mo and 10 mo 
4 URI, 1 mo and 9 mo 
5 Streptococcal sp pharyngitis, 11 mo 
6 S. aureus sepsis, 1 mo 

Flu-like illness, 12 mo 
7 pericolic Pseudomonas sp abscess, 1 mo 
8 Sinusitis, 1 mo 
9 Flu-like illness and Guillain-Barre syndrome, 5 mo 

Sepsis, ARDS, death, 5 mo 
10 Varicella zoster, 4 mo 

Viral thyroiditis, 4 mo 
Perianal HSV-II, 4 mo 
Pneumonia, 7 mo 

11 Bronchitis (Pseudomonas sp), 1 mo 
UTI, 2 mo and 3 mo 
Pneumonia, ARDS, death, 4 mo 

12 FUO, 1 mo 
13 URI, 2 mo and 7 mo 

Pneumonia, 4 mo 
Varicella zoster, 7 mo 

14 Varicella zoster, 10 mo 
Unmanipulated PBPCs 

1 FUO, 3 mo 
Hepatosplenic candidiasis, 5 mo 
Varicella zoster, 11 mo 

2 Sinusitis, 12 mo 
3 Polymicrobial sepsis, 1 mo 
4 Vestibulitis, 1 mo 
5 Varicella zoster, 4 mo 
6 Varicella zoster, 5 mo 
7 Bacterial conjunctivitis, 5 mo 

URI, 5 mo 
8 Flu-like illness, 1 mo 
9 Sinusitis, 10 mo 

*ARDS, adult respiratory distress syndrome; FUO, fever of unknown origin; HSV, herpes-
simplex virus; URI, upper respiratory infection; UTI, urinary tract infection. 
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5 months in the unmanipulated PBPC recipients. Sixty-nine percent of the 
infections in the CD34+-selected patients occurred before 6 months, and 75% in the 
unmanipulated PBPC transplant patients. There were 2 infectious deaths in the 
CD34+-selected group and none in the unmanipulated PBPC patients. This low 
event rate precludes a statistically significant conclusion; infectious deaths in 
lymphoma patients undergoing autologous PBPC transplantation, however, is 
uncommon at our center and thus has clinical significance. 

Lymphocyte and Monocyte Counts 

Peripheral blood lymphocyte and monocyte counts at 3 weeks, 6 weeks, 
6 months, and 1 year after transplant are shown in Figures 1 and 2. There was no 
significant difference in mean lymphocyte and monocyte counts between study 
groups during the 12-month posttransplant follow-up period. There appeared to be 
a greater variability in blood lymphocyte and monocyte counts obtained from 
patients transplanted using CD34+-enriched cells. 

3 Weeks 6 Weeks 6 Months 

Figure 1. Peripheral blood lymphocyte counts obtained from patients undergoing autotrans-
plant using autologous unmanipulated peripheral blood progenitor cells (PBPC) or CD34+-
enriched PBPCs. Scattergram of lymphocyte counts after transplant at indicated time points. 
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Figure 2. Peripheral blood monocyte counts obtained from patients undergoing auto-
transplant using autologous unmodified peripheral blood progenitor cells (PBPC) or CD34+-
enriched PBPC. Scattergram of monocyte counts after transplant at indicated time points. 

DISCUSSION 

We report a significant increase in the incidence of 1 or more late infectious 
complications in lymphoma patients transplanted using autologous CD34+-enriched 
PBPCs compared with unmanipulated PBPCs within the first year after transplan
tation. The two patient groups had comparable demographics, and both populations 
were monitored frequently after autograft. Interestingly, there was an increased 
incidence of bacterial infections but neither fungal nor viral infections in the CD34+-
enriched patients. This finding may be due to a low detection rate of viral infections, 
because viral cultures are not routinely performed in these patients. Only 1 
documented fungal infection occurred in the entire study population, and the low 
event rate precludes meaningful comparison between cohorts for fungal infections. 

The increased morbidity in the CD34+-enriched transplant patients may be 
attributed to either qualitative or quantitative differences in the reconstituted 
immune systems of the patients. The absolute lymphocyte and monocyte counts do 
not appear to differ between groups, and it is more likely that qualitative and 
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quantitative differences in CD4+ or CD8+ lymphocyte subsets may be responsible 
for the increased infection rate in this group. Others investigating the lymphoid 
reconstitution of patients given CD34+-selected PBPC collections found fewer 
circulating B-cells and CD4+ T-cells after autotransplant compared with subjects 
who received unmanipulated PBPC grafts.25 According to reverse transcription-
polymerase chain reaction amplification of the T-cell receptor antigen binding 
region (VDJ regions), T cells in the CD34+-enriched transplant patients had 
decreased diversity of VDJ regions compared with those in the unmanipulated 
PBPC transplant group. These studies suggest that the CD34+ enrichment process 
may result in both quantitative and qualitative deficiencies in a reconstituted 
immune system compared with the immune system of patients reconstituted with 
the unmodified PBPC graft. A lower CD4+/CD8+ ratio and/or fewer B lymphocytes 
could result in a clinically significant defect in immunity of the patients 
transplanted with CD34+-enriched cells. Two studies found that chemotherapy 
exposure alters blood lymphocyte subsets, ie, PBPC collections obtained from 
patients have a decreased CD4+/CD8+ ratio compared with the peripheral blood of 
normal volunteers.26'27 Furthermore, the autotransplant patients had increased 
suppressor T-cell activity.22 The use of an additional step in the processing of 
PBPCs for transplantation, such as the CD34+ enrichment process, may further 
alter the lymphoid reconstitution of autologous PBPC recipients. 

We did not focus on infectious events that occurred during the initial hospital
ization but chose to address those episodes that occurred during posttransplant 
months 1-12. Patients transplanted with CD34+-enriched cells may require increased 
infectious prophylaxis and closer monitoring than patients receiving unmanipulated 
PBPC grafts. To address the mechanism responsible for our observation, it may be 
necessary to prospectively examine B-cell and CD4 +CD8 + T-lymphocyte 
engraftment and function after autotransplant. The problem of an increased infectious 
diathesis may be magnified with the increased use of the newly developed anti-B-
cell or anti-T-cell targeted therapies designed to decrease tumor recurrence. Such 
agents may further decrease tumor burden, but also could delay immune reconsti
tution and increase infections when used in the autotransplant setting. 
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ABSTRACT 

Limitation in the numbers of collected CD34+ cells in a peripheral blood stem 
cell collection can mean that an otherwise curable patient may not receive high-
dose chemotherapy because of the risk of delayed engraftment or nonengraftment. 
We explored the feasibility of adding ex vivo expanded bone marrow cells to 
limited CD34+ cell dose peripheral blood stem cells—either of which would be 
expected to produce delayed engraftment—to accelerate engraftment. Rapid 
granulocyte recovery was seen in all 5 patients. Rapid platelet recovery was seen 
in 3 patients but in 2 patients who had previously received fludarabine, delayed 
platelet recovery was seen (perhaps only coincidentally). 

INTRODUCTION 

The anticipation of delayed engraftment or failure to engraft after peripheral 
blood stem cell (PBSC) transplant is a contraindication to high-dose chemotherapy 
(HDCT), even though the patient's specific malignancy may be treatable with 
curative intent. The quantity and quality of PBSCs obtained after mobilization 
therapy may be inadequate to ensure prompt engraftment. Consequent prolonged 
pancytopenia after suboptimal-dose PBSC transplant may be too risky, in certain 
subpopulations of patients, because of high probabilities of infection, bleeding, and 
vital organ compromise. 

There are a number of identifiable risk factors for potential poor engraftment 
after autologous PBSC transplant,1 including older patient age, involvement of 
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bone marrow by the malignant disease process, prior chemotherapeutic drug 
exposures (eg, fludarabine or nitrogen mustard), and poor mobilization of stem 
cells into the peripheral blood (ie, low numbers of CD34+ cells collected).2'3 After 
the first attempt at PBSC collection has been considered poor, second attempts at 
mobilization have been tried.4 Expansion of bone marrow cells (BMCs) ex vivo has 
been shown to be feasible on a large scale5 and has resulted in successful 
hematopoietic engraftment.6 The combination of expanded BMCs along with 
PBSCs may be advantageous to prevent delayed engraftment or failure to engraft. 

After autologous PBSC transplants following HDCT when more than 2X106 

CD34+ cells/kg are infused, engraftment is usually prompt, and when fewer than 
2X106 CD34+ cells/kg are infused, engraftment may be delayed.2'3'7 For patients 
with breast cancer receiving BMCs collected after granulocyte colony-stimulating 
factor (G-CSF) treatment and expanded ex vivo in the AastromReplicell, 
engraftment is disconcertingly slow.8 However, when ex vivo expanded BMCs are 
infused along with very low doses of PBSCs (<1 X106 CD34+ cells/kg), the pace of 
engraftment is, surprisingly, nearly normal.8 

We hypothesized that, for patients with Hodgkin's disease and non-Hodgkin's 
lymphoma (NHL) who have poor collections of PBSCs and other risk factors for 
poor engraftment, adding ex vivo expanded BMCs to suboptimal doses of PBSCs 
may improve the pace of engraftment after PBSC transplant.9 This pilot feasibility 
study was performed at 2 institutions, the Roger Williams Medical Center (RWMC) 
in Providence, Rhode Island, and the Hackensack University Medical Center 
(HUMC) in Hackensack, New Jersey. 

MATERIALS AND METHODS 

All patients who participated in this phase 1/2 study gave written informed 
consent to participate in protocols that were approved and annually reviewed by the 
respective institutional review boards of RWMC and HUMC. Characteristics of the 
5 patients and their diseases that form the basis of this report of preliminary data 
are given in Table 1. Patients were deemed eligible to enter this study if their first 
PBSC mobilization regimen was suboptimal because it yielded fewer than 1X106 

CD34+ cells/kg body weight (Table 2). 
At RWMC, the mobilization regimen for PBSCs, called CPG, was cyclophos

phamide (total of 3500 mg/m2 in 2 doses per day), prednisone (2 mg/kg per day for 
4 days) and G-CSF (10 ^g/kg per day starting on day 3 of chemotherapy). PBSCs 
were collected starting the day after the white blood cell count rose above 1000/̂ L. 
In poor PBSC mobilizers, in addition, G-CSF (alone) was given at 10 ̂ g/kg per day 
for 3 days, after which PBSC collection commenced with continuation of daily 
G-CSF. At HUMC, the mobilization regimen for PBSCs was G-CSF alone at 
16 fig/kg twice a day, commencing PBSC collection on the third day of G-CSF. 
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Table 1. Patient and Disease Characteristics* 

Lymphoma 
Shown in Prior Therapy 

Histologie Relevant Bone Marrow With Fludarabine 
Patient Age, y Sex Type Characteristic Biopsy or Nitrogen Mustard 

1 54 F NHL Intermediate Grade Yes Yes 
2 69 M NHL Intermediate Grade No No 
3 69 F NHL Low Grade Yes Yes 
4 64 M NHL Low Grade Yes No 
5 34 M HD Primary refractory No Yes 

*HD, Hodgkin's disease; NHL, non-Hodgkin's lymphoma. 

At RWMC, the high-dose chemotherapy regimen, called CTC, consisted of 
cyclophosphamide (6000 mg/m2), thiotepa (500 mg/m2), and carboplatin 
(800 mg/m2) in 3 divided doses per day. The PBSC infusion was given 48-96 hours 
after the conclusion of chemotherapy, and G-CSF (5 ug/kg per day) was begun 1 
day after the PBSC infusion. At HUMC, the high-dose chemotherapy regimen, 
called CBVA, was cyclophosphamide (90 mg/kg), BCNU (600 mg/m2), VP-16 
(etoposide) (1600 mg/m2), and cytosine arabinoside (Ara-C) (15 mg/m2). The 
PBSC infusion was given 48 hours after the final dose of chemotherapy, and 
G-CSF (10 ug/kg per day) was begun 1 day after the PBSC infusion. 

The clinical end points measured were, for myeloid engraftment, the first day of 
3 consecutive days that the absolute granulocyte count (AGC) exceeded 500/p.L 
and, for megakaryocytic engraftment, the first day of 3 consecutive days that the 
platelet count (PLT) exceeded 20,000/uL without platelet transfusion support. 

Ex vivo marrow expansion was performed as follows. Upon bone marrow 
biopsy, if the cellularity was at least 20%, then a small marrow harvest (SMH) 

Table 2. Stem Cell Harvests and Engraftment Times* 

Patient 

CD34+PBSCs 
After CPG, 

Xltf/kg 

CD34* PBSCs 
After G-CSF, 

Xl(fi/kg 

Expanded 
BMCs, 
Xl(f/kg 

First Day 
of ANC 
>500/uL 

First Day 
ofPLT 

>20,000/pL 

1 0.3 1.0 3.0 14 >120 
2 0.04 2.3 2.6 10 16 
3 0.4 0.5 6.6 14 >120 
4 — 0.8 1.0 13 20 
5 0.4 0.6 1.0 10 16 

*ANC, absolute neutrophil count; BMC, bone marrow cell; CPG, cyclophosphamide, 
prednisone, G-CSF; G-CSF, granulocyte colony-stimulating factor; PBSC, peripheral blood 
stem cell; PLT, platelet count. 
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(80 mL bone marrow) was collected into heparinized syringes. The SMH was 
transported at 4°C to Progenitor Cell Therapy (Hackensack, NJ). Cells were 
cryopreserved using 10% dimethylsulfoxide (DMSO) (Research Industries) and 
stored at -135°C until use. On day -12 of transplant, the SMH cells were thawed 
and washed using a Gentran (Baxter) and Pulmozyme (Genentech) solution. 
Washed SMH cells were inoculated at a seeding density of 366 to 500 X106 cells 
into each of 3 cell cassettes. Inoculates were cultured at 37°C for 12 days in the 
AastromReplicell using Iscove's modified Dulbecco's medium supplemented with 
fetal bovine serum, horse serum, hydrocortisone (Complete Medium; Aastrom 
Biosciences), erythropoietin (Amgen or Ortho Biotech), flt3-ligand (Immunex), 
PIXY321 (Immunex), L-glutamine (Gibco), gentamycin (Gibco), and vancomycin 
(Eli Lilly). Medium perfusion started on day 3 of culture. On the day of transplant, 
the expanded cells were released from the growth surface of the cell cassettes using 
trypsin, then washed, pooled, and transported to the transplant center at 4°C. The 
ex vivo expanded cells were reinfused at least 2 hours before the thawing and 
reinfusion of PBSCs (which were considered to be a suboptimal dose). 

RESULTS 

Five patients were enrolled in this feasibility study. All had at least 2 and up to 
4 risk factors for poor engraftment (Table 1), all had poor collections of PBSCs 
after their first attempt at mobilization (Table 2), and all had SMH expanded 
ex vivo (Table 3). For these 5 patients, ex vivo BMC expansion (Table 4) resulted 
on the average in a 60% increase in nucleated cells; a 75% reduction in CD34+, 
CD3", CDllb", CD15", CD20", glyA" cells (CD34+ lineage-negative hemato
poietic progenitors); a 13-fold increase in CD13+, CD3", CDllb", CD14", CD20", 
glyA" cells (CD13+ myeloid progenitors); and a 6.2-fold increase in colony-
forming units-granulocyte/macrophage (CFU-GM). All 5 patients had prompt 
AGC recovery (median, day 13) after limited-dose PBSCs and expanded BMCs 
were infused (Table 2). Three patients had prompt PLT recovery, but 2 patients had 
delayed PLT recovery. The median time of PLT recovery was day 20. In the only 
patient studied, CD20+ cells were depleted from the ex vivo expanded BMC. It is 
worthy of note that 4 patients had sufficient hematopoietic reserve after the 
combination transplant to tolerate subsequent immunoconsolidation therapy with 
anti-CD20 antibody (n = 3) or extensive field irradiation therapy (n = 1). 

DISCUSSION 

It is attractive to believe that any source of hematopoietic progenitor cells that 
are limited in number (ie, contain a low number of CD34+ cells) may be expanded 
ex vivo and produce prompt and durable engraftment. One such example is 
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Table 3. Expanded Bone Marrow Cell Doses* 
Nucleated BMCs, CD34+Lin~, CD13*LinBr, CFU-GM, 

Patient Xl07/kg xlWkgt Xltflkgt Xltf/kg 
1 3.0 0.02 4.67 0.81 
2 2.6 0.02 7.43 0.82 
3 6.6 0.04 10.1 2.54 
4 1.0 0.01 2.25 0.16 
5 1.0 0.01 1.65 0.02 
Mean 2.8 0.02 5.22 0.87 

*BMC, bone marrow cell; CFU-GM, colony-forming unit-granulocytelmacrophage; fLin~ = 
CD3~, CDllb; CD15-, CD2Q-, andglyAr; tLinB~ = CD3-, CDllb; CD14; CD20~, and glyA~. 

umbilical cord blood.10 It is also attractive to believe that, if the first mobilization 
of CD34+ cells is insufficient to ensure rapid engraftment, it would be advan
tageous to collect more hematopoietic progenitor cells from the same source (the 
blood) or an alternative source (the marrow) to exceed a critical value of CD34+ 

cell content when the 2 collections are added together. Unfortunately, this does not 
always ensure prompt engraftment. When mobilization of a critical number of 
CD34+ cells into a blood-derived stem cell collection does not occur, merely 
exceeding the critical number with a second collection of hematopoietic progenitor 
cells derived from the bone marrow does not always ensure prompt engraftment.11 

As seen in breast cancer patients, ex vivo expanded BMCs alone did not ensure 
prompt engraftment, but adding ex vivo expanded BMCs to limited numbers of 
PBSCs was advantageous in preventing delayed engraftment.8 Perhaps the same 
would be true in lymphoma patients, providing proof for the nascent principle. 

From the observations reported in this communication, it is reasonable to 
conclude that it is feasible to harvest and expand a small amount of bone marrow 
even from patients with NHL who have disease in their marrow. In patients 
receiving suboptimal doses of PBSCs plus expanded BMCs, prompt granulocyte 

Table 4. Bone Marrow Cell Fold Expansion* 
Patient Nucleated BMCs CD34*Lin Cells f CD13+LinB~ Cellsf CFU-GM 

1 2.0 0.19 13.2 9.2 
2 1.4 0.62 10.4 8.0 
3 1.8 0.27 13.17 8.4 
4 1.0 0.10 8.82 4.8 
5 0.6 0.08 18.0 0.6 
Mean 1.4 0.25 12.72 6.2 

*BMC, bone marrow cell; CFU-GM, colony-forming unit-granulocytelmacrophage; fLin = 
CD3~, CDllb-, CD15-, CD20-, andglyA-; tUnB~ = CD3~, CDllb, CD14; CD20~, and glyA~. 
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recovery was seen in all patients, but delayed platelet recovery was seen in the 2 
NHL patients with prior exposure to fludarabine (perhaps only coincidentally). 
These observations lead us to conclude that poor PBSC-mobilizing patients may still 
be candidates for curative intent therapy with high-dose chemotherapy as long as 
both small marrow harvest and an ex vivo expansion of BMCs can be performed. 

At this point, only speculation can be made as to what cell population in the 
expanded bone marrow is responsible for the hastening of engraftment of PBSCs 
with limited CD34+ cell content. One school of thought is that it is the additional 
CD34+ cells. We, however, favor the hypothesis that it is microenvironmental 
progenitor cells that are responsible.12,13 
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ABSTRACT 

This article describes stroma-based and clinically applicable stroma-free 
cultures that maintain long-term engrafting umbilical cord blood (UCB) cells for 
at least 14 days ex vivo. UCB CD34+ cells were cultured in transwells above 
AFT024 feeders (AFT-NC) with Flt-3 ligand (FL), stem cell factor (SCF), 
interleukin (IL)-7, and/or thrombopoietin (TPO) or in stroma-free cultures with 
glycosaminoglycans (GAGs) and the same cytokines found in stromal 
supernatants (SF). Progeny were transplanted into NOD-SCID mice or 
preimmune fetal sheep. SCID repopulating cells (SRCs) with multilineage 
differentiation potential were maintained in AFT-NC culture with FL/SCF/IL-
7- or FL/TPO-containing cultures for up to 28 days. Marrow from mice 
engrafted with high levels of uncultured or expanded cells induced multilineage 
human hematopoiesis in 50% of secondary but no tertiary recipients. Day-7 
expanded cells engrafted primary, secondary, and tertiary fetal sheep recipients. 
Whereas day-14 expanded cells engrafted primary and to a lesser degree 
secondary fetal sheep, they failed to engraft tertiary recipients. Likewise, &14-
day SF cultures maintained SRCs that could be transferred to secondary NOD-
SCID recipients. This is the first demonstration that ex vivo culture in AFT-NC 
and stroma-free cultures maintains long-term engrafting cells—defined by their 
capacity to engraft secondary or tertiary hosts—and supports retroviral gene 
transfer into SRCs. 
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INTRODUCTION 

We have developed/examined a number of ex vivo expansion systems for 
primitive progenitors from adult bone marrow (BM), mobilized peripheral blood 
(PB), and UCB. Emphasis has been placed on stroma-based contact and noncontact 
systems. To determine the capacity of a given culture system to expand primitive 
progenitors, we enumerated the number of long-term culture-initiating cells (LTC-
ICs), natural killer-initiating cells (NK-ICs), and in vivo repopulating cells before 
and after ex vivo culture. LTC-ICs are defined as cells able to generate colony-
forming unit colonies after 5 weeks of culture.1 NK-ICs are defined as cells capable 
of generating lymphoid progeny after 5 weeks of culture.2 The majority of progeny 
cells are NK cells (CD56+CD3"), although there are also B-cell progenitors 
(CD19+) and dendritic-like cells (CDla+). Finally, SRCs are defined as cells that 
can initiate human hematopoiesis in NOD-SCID mice (ie, >1% human CD45+ cells 
6 weeks after transplantation that coexpress human myeloid [CD15/CD33] 
antigens and lymphoid [CD 19] antigens, determined by fluorescence-activated cell 
sorting [FACS] analysis).3 

PRECLINICAL STUDIES 

LTC-ICs as well as NK-ICs can be maintained in a noncontact culture system 
in which the feeder is normal human BM stroma,1 the M2-10B4 murine BM 
fibroblast feeder,4,5 or the murine fetal liver feeder AFT-024.6"8 Highest levels of 
expansion of UCB LTC-ICs and NK-ICs are obtained when cultured in a AFT024 
contact or noncontact system containing combinations of SCF, IL-7, FL, and TPO. 
Culture in contact and noncontact systems leads to similar expansion. 

We also showed that UCB NOD-SCID and fetal SRCs are maintained for 
1-2 weeks in AFT024 noncontact cultures containing SCF, IL-7, and FL. 7 In 
experiments in which repopulating cells were enumerated in both primary and 
secondary recipients, we showed that UCB repopulating cells are maintained for 
up to 2 weeks in vitro in an AFT24 noncontact culture supplemented with SCF, 
IL-7, and FL. 

We have identified factors secreted by hematopoietic supportive stromal feeders 
(M2-1-B4, AFT-024, or primary BM) that are important for the survival/expansion 
of LTC-ICs (and NK-ICs). 4 , 9 - 1 2 These include cytokines such as SCF, granulocyte-
and granulocyte-macrophage colony-stimulating factor (G-CSF and GM-CSF), 
macrophage inflammatory protein (MlP)-la, IL-8, monocyte chemoattractant 
protein (MCP)-l, and vascular endothelial growth factor (VEGF). We have shown 
that highly 6-O-sulfated heparins produced by hematopoiesis-supportive feeders 
(M2-10B4, AFT024) mediate the formation of progenitor niches by colocalizing 
specific heparin-binding cytokines and matrix components (IL-3, MlP-la, platelet 
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factor [PF]-4, and thrombospondin [TSP]) with CD34+ cells, thereby orchestrating 
the controlled growth and differentiation of stem cells. We demonstrated that 
addition of O-sulfated heparin to stroma-free cultures significantly improves 
maintenance/expansion of LTC-ICs and NK-ICs. We have shown that this is due 
to binding of MlP-la, IL-3, TSP, PF-4, VEGF, and fibronectin in a concentration-
dependent manner to 6-O-sulfated heparin. In contrast, nonsupportive LTC-IC 
completely desulfated heparin, and /V-sulfated heparin showed no binding to any of 
these proteins. Unmodified heparin, possessing a high degree of both O- and 
/V-sulfation, also bound to all these proteins. The affinity of heparin for TSP was 
4-fold higher than the affinity of O-sulfated heparin. Real-time binding kinetics by 
surface plasmon resonance showed that unmodified and O-sulfated heparins 
possess comparable affinities for the chemokine PF-4. However, the rates of 
association (on rate) and dissociation (off rate) of unmodified heparin were 2-log 
higher than those of O-sulfated heparin. Thus, the 6-O-sulfated nature of heparin 
sulfate glycosaminoglycans from the supportive cell line M210-B4 and AFT024 
may allow adhesion of progenitors and cytokines, recreating the putative 
progenitor niche. 

CLINICALLY APPLICABLE EXPANSION CULTURES 

Based on this information, we have reconstituted artificial stroma-conditioned 
medium: RPMI, 20% fetal calf serum, 6-O-sulfated heparin, 20-200 pg/mL SCF, 
G-CSF, GM-CSF, leukemia inhibitory factor, and MlP-la; 10 ng/mL VEGF, 
IL-8, and MCP-1; and 10-20 ng/mL SCF, IL-7, and FL. This medium allows 
expansion of UCB LTC-ICs and NK-ICs at 2 and 5 weeks.13 We have also 
examined the ability of these cultures to support SRCs ex vivo. Preliminary 
studies suggest that SRCs survive for 1 and 2 weeks ex vivo in this culture 
system. Additional studies are needed to demonstrate definitively whether SRCs 
are supported.8 

RETROVIRAL TRANSDUCTION OF CORD BLOOD PROGENITORS 

We have used an adaptation of the AFT024 noncontact culture that allows 
expansion of LTC-ICs and NK-ICs and supports the growth and proliferation of 
myeloid/lymphoid-initiating cells (ML-ICs) to transduce primitive progenitors 
with murine leukemia virus-based vectors. We showed that a combination of 
2 different means of overcoming Brownian motion, which interferes with cell-virus 
interaction (CH296 or transwell flow-through system), significantly enhances the 
transduction of BM, UCB, or PB CD34+ cells and LTC-ICs. 1 4 When SCF, FL, 
IL-7, and SCF are added to the noncontact cultures on AFT024, we can obtain 
>80% transduction of ML-ICs, and possibly SRCs. The use of artificial 
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conditioned medium rather that the AFT024 noncontact culture system for 
transduction purposes is now being examined. 

CONCLUSIONS 

We have developed a clinically applicable expansion culture system for cord 
blood cells that supports expansion of CFCs, LTC-ICs, and NK-ICs. This system 
at the least maintains SRCs that can be transferred to secondary recipients and also 
cells that engraft in the fetal sheep model that can be transferred to secondary and 
tertiary animals. However, the culture system still contains serum. We are in the 
process of reevaluating the media and determining whether similar results can be 
obtained with serum-free medium. 
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Culture Conditions for Ex Vivo Expansion of 

Hematopoietic Primitive Cells 

L Douay 

St. Antoine and Trousseau Hospitals, Paris, France 

ABSTRACT 

The clinical value of ex vivo expansion of hematopoietic stem cells (HSCs) 
might be to increase the number of mature cells or the number of primitive stem 
cells. It is therefore essential to define the aims of hematopoietic cell expansion and 
adapt the experimental conditions to obtain the expected cell population for 
successful therapeutic use. HSC transplantation, indeed, requires expansion of all 
cellular subsets including precursors, progenitors, and primitive stem cells for 
short- and long-term engraftment of patients. 

In this context, we and others have identified a number of important experi
mental parameters for bone marrow (BM) or cord blood (CB) expansion, notably: 
(1) CD34+ cell selection rather than expansion of the total cells; (2) the importance 
of the input cell concentration; (3) the efficiency of a stroma-free system; and (4) a 
serum-free medium vs. the presence of serum. We further defined various 
combinations of cytokines that are able to expand precursors, progenitors, and the 
primitive compartment. Six cytokines were selected: stem cell factor (SCF), Flt3 
ligand (FL), megakaryocyte growth and development factor (MGDF), interleukin 
(IL)-3, IL-6, and granulocyte colony-stimulating factor (G-CSF). We demonstrated 
the clinical relevance of culturing the cells in gas-permeable polypropylene bags, 
the functional capacity of the expanded mature cells, and the feasibility of 
subsequently freezing the expanded cells. 

These conditions allow up to 1500-fold expansion of total cells, 150-fold 
increase of colony-forming cells (CFCs), and 40-fold augmentation of long-term 
culture-initiating cells (LTC-ICs) with the presence of primitive B and natural 
killer (NK) lymphoid progenitors. We also report the long-term multilineage 
capacity of ex vivo expanded cells under these conditions. 

The potential clinical utility of the ex vivo expansion of HSCs is extensive. The 
aim can be to increase the number of mature cells, produce specific cells for 
adoptive therapy, or increase the number of primitive stem cells. In our experience, 
the establishment of controlled culture conditions is a prerequisite for the 
successful expansion of these cells for therapeutic use. In this context, we have 
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identified a number of important experimental parameters, notably the importance 
of the input-cell concentration, the value of a serum-free medium, and the 
efficiency of the cell container. We describe the long-term multilineage capacity of 
ex vivo expanded cells under these well-defined conditions. 

MATERIALS AND METHODS 

CB and BM Cell Preparation 

CB samples were obtained after informed consent from healthy donors at the 
end of full-term deliveries, into sterile bags containing anticoagulant citrate-
phosphate dextrose, at the Hospital Saint-Vincent de Paul, Paris. BM cells were 
obtained with informed consent from healthy donors. Samples were diluted 1:3 in 
phosphate-buffered saline (PBS) without Ca 2 + and M g 2 + (Gibco, Life 
Technologies, Paisley, UK) before separation over Ficoll-Isopaque (density 
1.077 g/mL; Seromed, Biochrom, Berlin, Germany). Low-density mononuclear 
cells were separated, washed, and resuspended in cold PBS without Ca 2 + and Mg 2 + 

plus 0.1% bovine serum albumin (StemCell Technologies, Vancouver, BC, 
Canada). CD34+ cells were isolated with superparamagnetic microbead selection 
using high-gradient magnetic field and miniMACS columns (Miltenyi Biotech, 
Glodbach, Germany). 

Liquid Cultures 

CD34+ cells were suspended at various concentrations (5X103, 104, 5X104, or 
105 cells/mL) in serum-free long-term culture medium (LTCM) 1' 2 supplemented 
with mast cell growth factor (MGF) or SCF (100 ng/mL), FL (100 ng/mL), IL-3 
(5 ng/mL), IL-6 (10 ng/mL), and G-CSF (10 ng/mL) ± MGDF (100 ng/mL) or 
erythropoietin (Epo) (0.5 U/mL) (complete LTCM). MGF and FL were kindly 
provided by Immunex (Seattle, WA), IL-3 and IL-6 by Sandoz (Basel, 
Switzerland), Epo by Behring (Marburg, Germany), G-CSF by Shugai Rhone 
Poulenc (Ukima, Japan), and MGDF by Amgen (Thousand Oaks, CA). The cell 
suspensions were incubated at 37°C in a 5% C02/95% air atmosphere for 14 days, 
after which the cells were collected, washed, and analyzed for progenitor cells, 
LTC-IC, immunophenotype, and cytology. 

Culture assays were performed in either gas-permeable bags or tissue culture 
flasks. Using gas-permeable polypropylene bags (11.2 cm X 7.5 cm, PL2417; 
Baxter), CD34+ cells were seeded in 4 mL complete LTCM according to the 
manufacturer's recommendations. Fresh medium containing cytokines (16 mL) 
was added to each bag on day 6. According to our previous studies,3 cells were 
removed on day 14 with a syringe and washed in Iscove's modified Dulbecco's 
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medium (IMDM) before analysis. Using tissue culture flasks (25-cm2 T-flasks; 
Falcon, Heidelberg, Germany), CD34+ cells were seeded in 4 mL complete LTCM 
according to our previously published procedure.4 Fresh medium containing 
cytokines (4 mL) was added to each flask on day 6. On day 14, nonadherent cells 
were collected and mixed with adherent cells, which were recovered with a rubber 
scraper. The viable cells were then washed in Iscove's medium and assayed for 
progenitors. 

Progenitor Cell Assays 

Burst forming units-erythroid (BFU-E) and colony forming units-granulocyte/ 
macrophage (CFU-GM) were assayed in single-layer methylcellulose cultures. 
Cells were stimulated with 20 ng/mL G-CSF and granulocyte-macrophage (GM)-
CSF (Shugai Rhone Poulenc), 10 ng/mL IL-3, 3 U/mL Epo, and 50 ng/mL SCF. 

Limiting Dilution Assay for LTC-IC 

LTC-IC and extended (E)-LTC-IC were assayed as previously described,3 with 
the cultures being performed during 5 and 10 weeks, respectively, on stroma layers 
established with a murine cell line (MS5) generously provided by K. Mori (Japan). 
LTC-IC and E-LTC-IC frequencies were determined by scaling the cultures down 
to a volume of 100 fiL in 96-well microtiter plates and performing limiting dilution 
assays with 20-50 replicates per step. Dilution steps were 2-64 cells/well for day 
0 or day 14 CD34+ cells. The total expanded population was assayed from 32 to 
1X104 cells/well, taking into account the cell expansion rate. Frequencies were 
calculated using Poisson statistics, from which we could deduce the absolute 
number of LTC-IC and E-LTC-IC as well as the number of CFC/LTC-IC. 

NK and B Lymphopoiesis Assays With Ex Vivo Expanded Cells 

NK and B progenitors were assayed as previously described5 in cultures on 
murine MS5 stroma layers in 24-well plates. Briefly, 2X104 CD34+ cells/well from 
day 0 and 5X105 cells/well from day 14 of ex vivo expansion were plated in 
IMDM. For the B lymphopoiesis assay, the IMDM was supplemented with 3% 
fetal calf serum (FCS), 1% L-glutamine, 50 mM B2-mercaptoethanol (M7522; 
Sigma), and 100 ng/ml FL. After 6 weeks of coculture, the cells were harvested for 
immunophenotyping. 

For NK lymphopoiesis, the medium was supplemented with 1% L-glutamine, 
10% human AB serum, 1000 U/mL IL-2 (Proleukine; Chiron, Suresne, France) and 
24 fiM B2-mercaptoethanol. After 5 weeks, the nonadherent cells were harvested 
for cytology and immunophenotype analysis. 
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Functional Analyses 

Normal bone marrow cells served as positive control cells in functional assays. 
Contaminating erythrocytes in the bone marrow samples were lysed by hypotonic 
shock before evaluation of the functional capacity of the remaining cells. 

Phagocytosis Assay. Leukocyte phagocytosis was evaluated using heat-killed 
yeast (Saccharomyces cerevisiae; Sigma, St. Quentin Fallavier, France) as the test 
particle.6 Results were expressed as the mean percentage of cells having 
internalized S. cerevisiae among the population of cells the most apt to phago-
cytose, in the range, namely, from monocytes or metamyelocytes to segmented 
neutrophils. 

Hydrogen Peroxide Assay. H 2 0 2 production was measured by means of a 
flow cytometric assay employing 2',7'-dichlorofluorescein-diacetate (DCFH-
DA; Kodak, France), as previously described. After preincubation with DCFH-
DA at 37°C for 15 minutes, aliquots containing 106 cells/mL were incubated for 
a further 15 minutes in PBS with or without 50 ng/mL phorbol myristate acetate 
(PMA). Mean fluorescence intensities of cells were determined using a 
FACScan flow cytometer. Data were analyzed with Lysis II software, and the 
effect of PMA on H 2 0 2 production was calculated according to a stimulation 
index (ratio of mean fluorescence intensity of stimulated cells to that of unstim
ulated cells). 

Mice 

NOD-LtSz-scid/scid (NOD-SCID) breeding pairs were originally obtained 
from Dr. J. Dick (Toronto, Ontario, Canada). Mice were produced in the animal 
facilities of the Institut Gustave Roussy (Villejuif, France) under sterile conditions 
in air-filtered containers. Before transplantation, 8-week-old NOD-SCID mice 
were given a sublethal dose of irradiation (3.5 Gy) (cobalt-60 Eldorado S 
irradiator; AECL Medical, Ontario, Canada). Mice were anesthetized briefly with 
ether during the intravenous injection of human hematopoietic cord blood CD34+ 

cells (2X103 to 5X104 cells/mouse) or expanded cells generated from the same 
number of initial CD34+ cells in the retro-orbital vein. Twenty weeks after 
transplantation, mice were killed and BM cells were obtained by flushing the 
mouse femurs and tibias with a-minimal essential medium (a-MEM)/10% FCS. 
Nucleated cells were counted and used for phenotypic analysis and/or assessment 
of hematopoietic progenitor cells. Human cell engraftment is expressed as the 
absolute number of different cell types calculated by multiplying the total number 
of cells obtained from 2 femurs and 2 tibias by the percent of human CD45+ cells 
measured by flow cytometry. 
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RESULTS 

Decreasing cell input from 10X104 to 0.5X104/mL increases the expansion 
of all compartments: total cells, CD34+, CFU-GM, BFU-E, and LTC-IC, 
whatever the combination of cytokines used. Interestingly, the proportions of 
erythroid, monocytic, and granulocytic cells among expanded cells were found 
to depend also on the initial number of input cells to the culture: a lower cell 
input favored the production of erythroid cells, whereas a higher initial cell 
concentration favored the production of granulocytic cells, with terminal differ
entiation, up to neutrophils. 

A serum-free medium is, in any case, better for cell expansion than any serum-
or plasma-containing medium, from human or animal origin. 

Flasks are not suitable for therapeutic use of expanded cells, because of the 
risk of sample contamination and the difficulty of manipulating large volumes 
of culture medium. Gas-permeable polypropylene bags are therefore of interest. 
In addition to their convenience, they allow a 2-fold higher expansion of 
nucleated cells, compared with flasks. 

These observations taken together identify the most efficient conditions to 
date, in our hands: gas-permeable polypropylene bags, 5X104 CD34+ cells/mL for 
BM or 1X 104/mL for CB, and serum-free and stroma-free medium for 14 days. 
The combination of cytokines we finally found to allow high-level expansion of 
all compartments appeared to differ for BM and CB cells: SCF, FL, MGDF, 
G-CSF, IL-6, and IL-3 for BM and SCF, FL, MGDF, and G-CSF for CB. 

1000 

total cells CFU-GM BFU-E LTC-IC 

Figure 1. Expansion of bone marrow cells. BFU-E, burst-forming unit-erythroid; CFU-GM, 
colony-forming unlt-granulocytelmacrophage; LTC-IC, long-term culture-initiating cell. 
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Figure 2. Cell expansion. CFC, colony-forming cell; E-LTC-IC, extended long-term culture-
initiating cell; LTC-IC, long-term culture-initiating cell. 

The levels of expansion of BM cells reached under these conditions are shown 
in Figure 1. In the case of the expansion of CD34+ cord blood cells, under similar 
experimental conditions but with an initial cell concentration of 1X lOVmL and a 
combination of SCF, FL, MGDF, and G-CSF, the results are as follows: the mean 
total cell expansion is 1500-fold, 100-fold for CD34+ cells. When considering the 
myeloid compartment, CFCs are expanded up to 150-fold, 5-week LTC-ICs up to 
20-fold, and 10-week E-LTC-ICs up to 10-fold (Figure 2). 

To estimate the ability of the expanded cells to maintain their functions in vivo 
after infusion into patients, we analyzed various functional properties, such as 
phagocytosis and oxidative metabolism. Compared with normal BM cells, these 

Table 1. Functional Capacity of Mature Expanded Bone Marrow Cells 
Normal Bone Marrow Control Expanded Cells* 

Percent phagocytic cellsf 58 ± 4 45 ±6 
Intracellular H 20 2 production̂  

Responsive cells 35 ±3 30 ±5 
Stimulation index 9 ± 1 3 ±0.1 

*CD34* cells (5X104/mL) in the presence of stem cell factor, interleukin-3, Flt-3 ligand, 
granulocyte colony-stimulating factor, and erythropoietin for 14 days, fPhagocytic activity 
toward heat-killed yeast opsonized with AB serum. fFlow analysis of dichlorofluorescein 
fluorescence after preincubation with 2 ',7'-dichlorofluorescein-diacetate. 
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expanded cells have the capacity to perform their biological functions, although at 
slightly lower levels (Table 1). 

Consequently, extrapolating our data, we can expect the following doses of 
hematopoietic cells from a 50-mL bone marrow starting graft after 14 days of 
expansion: 1X106 CD34+ cells/kg, 1X105 CFU-GM/kg, and 3X104 LTC-IC/kg. 
Such an expansion would require only 500 mL of culture medium, which is 
clinically relevant. In fact, this suggests that reduced volumes of bone marrow 
could be expanded ex vivo in bags, with a view to potential clinical application for 
transplantation. 

The infusion of expanded cells into a patient compels clinicians to carefully 
manage timing. Therefore, we investigated the possibility of cryopreserving the 
final ex vivo products. The total cell recovery after thawing was 45%, while the 
recovery of progenitors, LTC-IC, and E-LTC-IC ranged from 65% to 90%. Data 
are similar for BM and CB cells. The conclusion is clearly that expanded cells can 
be cryopreserved. 

The question we then raised was related to the expansion of lymphoid cells under 
conditions that promote the expansion of myeloid progenitor/stem cells. Indeed, in 
the population harvested after 14 days, <0.2% of the cells expressed lymphoid 
antigens. The expanded cells were therefore assayed for lymphopoiesis and NK and 
B lineage differentiation. After 4 to 8 additional weeks of culture, the cells were 
harvested for immunophenotyping. In the day-14 expanded population, the mean 
detectable level of NK committed cells—that is, CD3-/CD56+ cells—was 0.2%. 
After 5 weeks under NK conditions, this population reached a mean level of 71%, 
which corresponds to a 600-fold expansion in terms of absolute number. Similarly, 
in the day-14 expanded fraction, the mean concentration of CD19+ cells was very 
low, <0.2%. When cultured under B conditions, the CD19+ population progressively 
reached a plateau of 30%. Most of these cells were positive for CD10 but negative 
for CD14, CD33, and CD2. Taking into account the total cell expansion, this 
corresponds to a 65-fold expansion of the CD19+ cells of the day-14 population 
(Table 2). We conclude from these data that the expanded products contain not only 
cells with myeloid potential, but also cells with lymphoid potential. 

Table 2. Lymphopoiesis Assays in Expanded Cord Blood and Bone Marrow 
Populations* 

NK Culture, % B Culture, % 
CD3-ICD56* CD19+ CD19+ICD10bri«h' 

Starting population 0.2 ±0.1 0.1 ±0.1 0.1 ±0.1 
After culture 79 ± 9 23 ±5 19 ± 3 
*Data are mean ± SEMfrom 3-7 experiments. 
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We explored the capacity of these populations to generate dendritic cells. For 
that purpose, 106 day-14 expanded cells/mL were maintained in presence of 
GM-CSF, tumor necrosis factor (TNF)-a, SCF, and FL for the 5 first days. IL-13 
was added from day 5 to day 12. As shown in the lower part of the slide, the 
generation of CDla+/DR+/CD86+/CD14" dendritic cells was observed at day 12. 
Further incubation with lipopolysaccharide induced terminal differentiation, 
notably with expression of CD83 and an increase of other dendritic cell markers. 
As a whole, 106 expanded cells could generate 9X105 dendritic cells. 

We then addressed the question of the repopulating capacity of these expanded 
cells compared with that of nonexpanded CD34+ cells, using the NOD-SCID mouse 
model. NOD-SCID mice were injected with fresh CD34+ cells or day-14 expanded 
cells, after sublethal irradiation. The criteria for human cell engraftment were the 
presence of at least 0.1% CD45+ cells, the presence of human myeloid and 
B-lymphoid cells, and the conservation of the cloning efficiency of the engrafted 
cells. To assess long-term engraftment, mice were analyzed 5 months after injection 
of 5 X104 CD34+ cells, or the total cells obtained from their amplification. In both 
groups, all the mice had engrafted. A detailed analysis shows that human cell 
engraftment was comparable in terms of CD34+ cells, myeloid CD15+ and 
glycophorine A + cells, and B-lymphoid CD19+ cells in the bone marrow of mice 
transplanted with expanded vs. nonexpanded cells. These grafted cells were able to 
give rise to human CFU-GM and BFU-E progenitors. Data on the engrafted mice 
argue strongly in favor of both the preservation of the multilineage capacity of these 
expanded cells and the conservation of their long-term reconstitution capacity. 

DISCUSSION 

Considerable effort is currently directed to define culture conditions that enable 
optimal expansion of hematopoietic cells while maintaining LTC-IC levels during 
precursor/progenitor cell proliferation.9""11 However, the majority of investigations 
to date have not been aimed at developing clinically feasible culture systems. The 
classic material support, a T-flask, does not allow easy medium replacement and 
requires complex manipulation, with the result that serious risks of contamination 
appear in some procedures. Gas-permeable bags represent an interesting alternative 
approach for large-scale expansion, notably through the use of a closed and easily 
manipulated system. The initial input concentration of cells in the bags influences 
the expansion of all hematopoietic compartments. Increasing this initial concen
tration induced the production of granulocytic cells with terminal differentiation 
while decreasing the overall extent of expansion. To assess the functional capacity 
of expanded neutrophils and monocytes, we tested their phagocytic activity and 
oxidative metabolism, two properties representing the terminal stages of functional 
granulocytic differentiation.12 The expanded cells produced in cultures displayed 
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lower but nonnegligible phagocytic activity compared with normal control cells. 
These results suggest that the cultured cells have the capacity to perform the 
biological functions essential to host defense against bacterial infection, even if such 
functions are not equivalent to those of control cells from normal bone marrow. 

It is of major importance for the clinician to collect all parameters relating to the 
expanded product before its infusion into the patient. The possibility of freezing 
expanded cells has not yet been investigated. Our data clearly demonstrate that it is 
possible to cryopreserve expanded progenitor/stem cells, including E-LTC-IC, 
although, as expected, the mature cells were less well recovered. 

An objective of the present study was to show that a combination of cytokines— 
namely SCF, FL, MGDF, and G-CSF for CB or SCF, FL, MGDF, G-CSF, IL-3, and 
IL-6 for BM—can efficiently support the expansion of CD34+ cord blood cells in a 
serum-free, stroma-free medium.1314 Thus, we showed that these conditions allowed 
high-level expansion of total nucleated cells, CD34+ cells, CFU-GM, BFU-E, LTC-
IC, and E-LTC-IC without loss of their CFC-generating capacity.15 These results 
obtained in a clinical setting are consistent with previous studies using highly 
enriched progenitor preparations such as CD34+/CD38" or CD34+/Lin" cells.16'17 

We then explored the lymphoid potential of the expanded CB cells. In the 
population harvested after 14 days, <0.2% of the cells expressed lymphoid 
antigens. Our data show that they nevertheless clearly retained NK- and B-cell 
potential. The present data suggest the persistence, or expansion, of B and NK 
lymphoid progenitors.5 

One major objective was to collect in vivo evidence for the long-term multi-
lineage reconstitution capacity of the above ex vivo expanded cells. Transplanted 
human cells can home and function during several months in the microenvironment 
of the murine NOD-SCID BM, where they proliferate and differentiate to produce 
large numbers of LTC-IC, CFC, and immature and mature myeloid, erythroid, and 
lymphoid cells.1 6 - 1 8 Our current data indicate that after expansion, CB cells include 
a primitive compartment capable of long-term lymphoid/myeloid engraftment in 
the marrow of the NOD/SCID mice. 

Taken together, our data showing the capacity of engrafted human cells to 
generate myeloid (LTC-IC and E-LTC-IC) and lymphoid (B, NK) progenitors 
strongly argue in favor of the totipotency of these expanded cells. 

The experiments reported here show that CD34+ cells, after 14-day expansion 
in serum-free, stroma-free liquid culture in presence of SCF, FL, MGDF, and 
G-CSF, retain their capacity to engraft sublethally irradiated NOD/SCID mice, 
with the ability for both long-term hematopoiesis and multipotent differentiation 
into myeloid and B-, NK-, T-lymphoid cells. These data constitute rationale for the 
clinical use of ex vivo expanded cells. 

In conclusion, culture conditions are critical parameters that can affect the 
extent of expansion of the various hematopoietic pools. Careful monitoring of these 
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conditions allows the production of expanded populations that retain high levels of 
primitive progenitor/stem cells with myeloid and lymphoid potential. The capacity 
of these expanded populations to sustain multilineage long-term human hemato-
poiesis in NOD-SCID mice confirms the efficiency of this approach. 
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ABSTRACT 

A sequential series of studies examining the impact of minimal tumor contam
ination of stem cell harvests on outcome following autologous transplantation has 
been performed for patients with non-Hodgkin's lymphoma (NHL), Hodgkin's 
disease, and breast cancer with a follow-up of 5 or 10 years. In all patient groups 
where tumor cells were detected in the harvest, no matter the source of stem cells, 
a faster time to progression and/or death was observed than for recipients of tumor-
negative harvests, although these differences were usually minor for patients with 
lower tumor burdens. Despite differences in time to progression, overall survival 
did not differ significantly for recipients of tumor-positive vs. tumor-negative 
harvests. These data imply that the detection of tumor cells in the stem cell harvests 
is a surrogate measure of tumor burden in the patients. In comparing blood vs. bone 
marrow as the source of reconstituting stem cells, recipients of tumor-contaminated 
bone marrow harvests generally progressed faster than recipients of blood stem cell 
harvests, perhaps because clonogenic differences between tumor cells in marrow 
vs. blood. A potential confounding influence was the 3-5 times increased number 
of mononuclear, stem, and progenitor cells infused with blood vs. marrow graft 
products, since infusion of a higher stem cell dose has been associated with better 
outcomes. This might explain the slight advantage in outcomes of blood stem cell 
vs. marrow autotransplant recipients in some studies and emphasizes the need for 
multivariate analysis of all potential variables in studies of tumor contamination of 
autologous stem cell harvests and outcomes. 

617 
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INTRODUCTION 

High-dose therapy and autologous stem cell transplantation are increasingly 
employed as salvage and consolidative adjuvant therapy for patients with various 
malignancies.1,2 Over the past decade, the preferred source of stem cells has 
changed from bone marrow to blood, because mobilized blood stem cells were 
found to provide advantages of rapid hematopoietic recovery of the recipient, 
economy, and convenience.3 

Interest in defining the importance and impact of minimal tumor contamination 
of transplanted autologous stem cell harvests continues.4 Many studies have 
reported on the incidence and frequency of tumor cell detection in stem cell 
harvests.5 The variable results are influenced by the different sensitivities of the 
detection technologies used.6 The few available reports on the clinical 
consequences of reinfusing tumor cells in stem cell harvests suggest that patients 
receiving even a minimally contaminated bone marrow harvest do less well than 
recipients of tumor-negative marrow harvests.7,8 Whether this is due to relapse 
caused by reinfused tumor cells, as has been observed by genetically marking the 
contaminating tumor cells,9-11 or whether the detection of tumor cells in the stem 
cell harvest is a surrogate marker of a greater tumor burden and consequently a 
poorer outcome is not clear. The importance (if any) of tumor contamination in 
blood stem cell harvests is uncertain, because few clinical studies have been 
reported of the impact of tumor contamination of blood stem cells on outcome.12 

This report presents a reappraisal of the results of a series of studies of outcomes 
based on minimal tumor contamination of stem cell harvests transplanted at the 
University of Nebraska Medical Center from 1985 to 1999. The objective was to 
assess the significance of the contaminating tumor cells. 

MATERIALS AND METHODS 

Patients 

The évaluable patient subgroups analyzed in these studies comprised 65 patients 
with NHL undergoing high-dose therapy and bone marrow or nonmobilized blood 
stem cell transplants from November 1985 to November 1988; 96 patients 
randomized to receive blood vs. bone marrow transplants from November 1993 to 
June 1997; 45 patients with Hodgkin's disease undergoing high-dose therapy and 
blood stem cell transplantation from June 1988 to March 1991; 38 patients with 
metastatic breast cancer undergoing high-dose therapy and bone marrow or 
nonmobilized blood stem cell transplants from January 1986 to October 1989; and 
32 patients with stage II breast cancer, 4-9 positive lymph nodes, undergoing 
adjuvant high-dose therapy and mobilized blood stem cell transplantation from 
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February 1996 to May 1999. All patients gave informed consent for high-dose 
therapy and transplantation, as well as for the application of tumor detection 
techniques to their stem cell harvests. Most patients were followed until 
progression and death or to the present time. A small number of patients have been 
lost to follow-up. 

Stem Cell Collection and Stem and Progenitor Cell Enumeration 

These procedures have been described elsewhere.1314 In general, for mobilized 
cell collections, either granulocyte colony-stimulating factor (G-CSF) or granulo
cyte-macrophage colony-stimulating factor (GM-CSF) was used as the mobilizing 
cytokine. 

High-Dose Therapy and Transplant 

The high-dose therapy regimens employed for the lymphoma patients in these 
studies have been described for NHL patients,7,8 for Hodgkin's disease patients,15 

for metastatic breast cancer patients,16 and for the stage II, 4-9 positive node, breast 
cancer patients.3 

Tumor Detection Techniques 

The most recent descriptions of the lymphoma detection technology employed 
in NHL were reported by Wu et al.1 7 and Sharp and Chan.18 The detection of 
morphologically abnormal CD30+ cells in Hodgkin's disease is described in Sharp 
and Chan18 and Sharp et al. 1 9 The detection of breast cancer cells by culture assays 
is described in reports by Sharp et al. 2 0 and by immunocytochemical and molecular 
techniques in Traystman et al.6 For the purpose of this analysis, harvests were 
characterized as either positive or negative at the level of sensitivity of the assay 
employed, and no attempt was made to quantify the number of tumor cells in each 
harvest. 

Statistical Analysis 

The median time to progression of the patients who progressed or died was 
calculated for each patient category along with the percentage of long-term disease-
free survivors. Because the patient groups are relatively small, the confidence 
limits on these estimates are correspondingly large. 
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Table 1. Summary of the Impact of Tumor Contamination of Autologous Stem Cell 
Harvests on Time to Progression or Death and Overall Survival of Recipients 

Median Time 
to Progression! 5- or 10-y 

Death, mo* Survival, %f 
Disease and Subgroup Stem Cell Source Tumor* Tumor Tumor* Tumor 

Non-Hodgkin's Bone marrow 14 55 18* 36$ 
lymphoma, 1985-1988 Nonmobilized blood 6 50 50* 42* 

Non-Hodgkin's Bone marrow 3 4 43§ 78§ 
lymphoma, 1993-1997 Mobilized blood 11 25 38§ 50§ 

Hodgkin's disease Nonmobilized blood 15 52 41* 42* 
Breast cancer stage IV Bone marrow 2 5 o§ o§ 

Nonmobilized blood 7 27 6§ 8§ 
Breast cancer stage II Mobilized blood 12 16 67§ 76§ 
(4-9 positive nodes)  

*Of patients who progressed. fAll differences were nonsignificant, f10-year follow-up; 
§5-year follow-up. 

RESULTS 

In all patient groups where tumor cells were detected, a faster time to 
progression or death was observed compared with recipients of tumor-negative 
harvests (Table 1). In some instances, the differences were minor. The proportion 
of long-term survivors did not differ between recipients of tumor-positive or 
-negative harvests (Table 1), suggesting that the primary difference in outcomes 
between recipients of tumor-positive and -negative harvests was time to 
progression. In situations where comparisons could be made (NHL 1993-1997 and 
breast cancer stage IV), the majority of recipients of marrow autografts progressed 
faster than recipients of blood stem cell harvests. For nonmobilized blood stem cell 
recipients, patients (with NHL, Hodgkin's disease, or stage IV breast cancer) who 
received tumor-negative harvests experienced slower progression than recipients of 
tumor-positive harvests. The ultimate proportion of disease-free survivors did not 
differ between tumor-positive and -negative recipients, however, again suggesting 
that the primary difference in outcome between tumor-positive and -negative 
recipients was in time to progression. 

Patients with earlier stage disease, eg, stage II (4—9 positive lymph nodes) breast 
cancer or NHL 1993-1997 (Table 1), with presumed lower tumor burdens, who 
received mobilized blood stem cell harvests exhibited less difference in time to 
progression or death between tumor-positive and -negative recipients. Because 
these studies involved patients with earlier stage disease, follow-up may be too 
short for valid conclusions. Comparisons of the proportion of marrow and blood 



Sharp et al. 621 

Table 2. Molecularly Positive Harvests Exhibiting Significant (1-Month) Growth of 
Tumor Cells in Culture 

Disease Stem Cell Source n 

Molecularly 
Tumor-Positive 
Harvests, % 

Positive Harvests 
Exhibiting Tumor 

Growth in Culture, % 

Non-Hodgkin's lymphoma Bone marrow 81 42 74 
Mobilized blood 29 66 56 

Breast cancer (high risk Bone marrow 45 35 100 
and metastatic) Mobilized blood 23 48 9 

harvests with molecularly detected tumor cells vs. the proportion that grew in 
culture (Table 2) showed that mobilized blood stem cell harvests containing 
molecularly detected tumor cells were less likely to be clonogenic in culture than 
tumor cells present in bone marrow harvests (Table 2). 

The estimated number of both hematopoietic stem and progenitor cells and 
mononuclear cells transplanted differed between the recipients of cytokine-
mobilized and nonmobilized blood stem cell transplants and bone marrow harvests 
(Table 3). The recipients of both nonmobilized and cytokine-mobilized blood stem 
cell transplants received 3- to 5-fold higher mononuclear cell doses than recipients 
of bone marrow transplants. The recipients of cytokine-mobilized blood stem cell 
harvests received 3- to 4-fold greater stem and progenitor cell doses than the 
marrow recipients (Table 3). Nonmobilized blood stem cell recipients received the 
lowest stem cell dose. A confounding factor in the interpretation of the importance 
to clinical outcome of tumor cells in transplanted stem cell harvests is the dose of 
cell subpopulations infused.21-24 In this series, the outcome for nonmobilized blood 
stem cell recipients was not different from that of bone marrow recipients who 
received a higher stem cell dose but lower mononuclear cell dose, and the 
outcomes of recipients of cytokine-mobilized harvests appeared slightly better than 
those of bone marrow based on time to progression, but not overall survival. 
Consequently, the individual roles in outcomes of transplanted mononuclear vs. 
stem/progenitor cell dose in this series cannot be resolved. 

DISCUSSION 

The primary difference in outcomes for recipients of tumor-contaminated stem 
cell harvests compared with negative harvests was a faster time to progression. 
This aspect of the studies supports, but does not confirm, the hypothesis that 
reinfused tumor cells contribute to relapse. The observation of longer times to 
progression of recipients of nonmobilized blood stem cell harvests that are less 
likely contaminated with tumor cells than bone marrow harvests or cytokine-
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Table 3. Estimated Number of Stem/Progenitor Cells Transplanted in Recipients of Bone 
Marrow vs. Blood Stem Cell Transplants 

Average No. Cells Transplanted 
Mononuclear, CFC-GM, 

Disease Stem Cell Source Xlfß/kg Xl0>/kg* 

Non-Hodgkin's lymphoma Bone marrow l-2.0t 3.2 
Nonmobilized blood 10.5 0.5 

Mobilized blood 9.0 12.6 
Breast cancer Bone marrow -2.0 3.1 

Nonmobilized blood 7.2 0.7 
Mobilized blood 9.2 8.4 

*Colony-forming cell-granulocyte I macrophage (CFC-GM) was the only consistently 
applied stem/progenitor cell assay for all patients and is employed as a surrogate for 
infused stem/progenitor cell content. ^Harvests were collected to achieve a predetermined 
mononuclear cell target, in the case of marrow 2 X108/kg predicted on the basis of the cell 
count after 300 mL harvest. This target was achieved more often in breast cancer patients 
than in lymphoma patients. 

mobilized blood stem cell harvests in patients with the same disease5,25,26 is also 
supportive of this conclusion. 

If this were the sole explanation, recipients of tumor-negative harvests should 
have a significantly greater disease-free survival. In fact, the proportion of long-
term survivors did not differ significantly between recipients of tumor-negative vs. 
tumor-positive harvests. Consequently, alternative explanations are likely. The 
data are more compatible with the proposition that the detection of tumor cells in 
stem cell harvests identifies patients with a greater tumor burden and, 
consequently, a shorter time to progression of their disease. The stem cell harvests 
judged to be tumor negative likely were not free of tumor cells. Rather, the tumor 
burden of these patients was low and tumor cells in the harvests too rare to be 
detected by the techniques employed. Indeed, recent applications of tumor-
enrichment techniques have demonstrated an increased frequency of contami
nation.25,27 Although a much longer time elapses (up to 10 years) before patients 
with purportedly negative harvests progress, this ultimately occurs, resulting in no 
significant differences in overall survival between recipients of tumor-positive and 
-negative harvests. A reanalysis in the next few years of the high-risk breast cancer 
patients who received tumor-positive or -negative bone marrow harvests reported 
by Vredenburgh et al. 2 8 will be informative in this regard. Seven years from 
diagnosis, the recipients of tumor-negative harvests had a significantly better 
outcome, but this advantage may be lost with time. A somewhat related situation 
exists when the detection of micrometastasis is used to predict the long-term 
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outcome of breast cancer patients undergoing surgical removal of their primary 
tumors. Micrometastasis detection is an independent predictor of a poorer outcome 
initially but not long term.29 

The above explanation of observations is relevant to the interpretation of studies 
comparing high-dose therapy and transplantation to intense standard therapy. High-
dose therapy is postulated to increase tumor cell kill, with a corresponding 
reduction in tumor burden, compared with intense standard therapy, leading to the 
prediction that the most likely difference between the 2 arms will be in time to 
progression of relapsing patients rather than a difference in long-term survival. 
Only those patients with tumor burdens that can be reduced to a very low value (or 
zero) by the high-dose therapy compared with conventional therapy could be 
expected to be cured. If the discredited South African study is discounted, 2 studies 
(Peters et al. 3 0 and PEGASE 3 1) showed an increased time to progression in the 
high-dose therapy arm, as predicted. It is too early to evaluate long-term survival. 
Potential problems with other studies have been described by Peters et al. 3 0 As the 
tumor burden is decreased, the range of tumor burdens in the patient cohort is 
compressed, and it may be increasingly difficult to demonstrate a difference in time 
to progression (Table 1). In this group of patients, however, the proportion 
achieving cured status should increase. The most relevant end point might differ 
based on the tumor burdens of the patients undergoing therapy. 

Controversy has developed as to whether blood is a better stem cell source than 
bone marrow, based on tumor contamination.32 Faster hematopoietic reconsti
tution, convenience, and economic issues have swung the pendulum firmly in favor 
of the use of blood stem cells without regard to the role of tumor contamination.3 

Generally, the number of tumor cells per nucleated cell in the blood is lower than 
in bone marrow and is translated into a lower frequency of patients with contam
inated blood stem cell harvests.5,33 The application, since 1991, of cytokines to 
mobilize blood stem cells, concurrently with increasing sensitivity of tumor 
detection techniques, appeared to suggest that the use of cytokines mobilized tumor 
cells as well as stem cells into the circulation (Table 2). There is no doubt that in 
individual patients tumor cell mobilization occurs,5,34,35 but this may affect a 
minority of patients. In a multivariate analysis performed in NHL patients, the only 
significant correlate of tumor cell contamination of the harvest was the mono
nuclear cell count.36 Since the use of cytokines for mobilization increased the 
number of mononuclear cells as well as stem and progenitor cell content of the 
harvest, this may be the basis of the association of cytokine use with increased stem 
cell harvest contamination rather than tumor cell mobilization per se. 

The biological properties of tumor cells in the circulation and in bone marrow 
appear to differ, even though they overlap. Molecularly detected tumor cells in 
blood are less likely to be clonogenic compared with similarly detected cells from 
bone marrow, especially in the case of breast cancer (epithelial) cells (Table 2). 
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Tumor cells in bone marrow also associate with stromal cells and/or certain 
extracellular molecules and appear to express genes that inhibit apoptosis and 
confer chemoresistance.3738 This may be the basis of the predictive ability of the 
presence of bone marrow micrometastases for outcome.39 The observation of tumor 
cells in the circulation or in blood stem cell harvests is much less predictive of 
outcomes, probably because many of these cells are effete, non-clonogenic, or 
destined to undergo apoptosis. The importance of these differences will be 
amplified if, as proposed above, the primary significance of the detection of tumor 
cells in stem cell harvests is as a surrogate for tumor burden. 

There is an additional, more recently recognized, uncontrolled variable in most 
studies of transplanted blood vs. bone marrow stem cell harvests, in that the infused 
mononuclear cell and stem cell content of a cytokine-mobilized blood stem cell 
harvest is generally greater than that of a bone marrow harvest (Table 3). A 
preliminary analysis showed that for recipients of normal donor cells, the 
posttransplant recovery of immune cells (CD4, CD8, CD56, CD19) tracked much 
more closely with the infused mononuclear and CD34+ (also CD56+) cell dose than 
with the infused immune cell (CD4+ or CD8+) dose.40 Similar observations were 
reported by Hangretinger et al.4 1 in studies of megadoses of transplanted CD34+ 

cells in the haploidentical situation. The high CD34+ cell doses were associated 
with faster immunological recoveries. Higher stem cell doses are reported to be 
associated with improved outcomes in elderly leukemia patients22 and recipients of 
mafosfamide purged stem cell harvests23 as well as in allogeneic transplant 
recipients.21-24 Consequently, the prediction from these observations is that a 
greater proportion of the patients who relapse, regardless of the tumor contami
nation of their harvest, might have received lower numbers of transplanted stem 
cells. Cytokine-mobilized blood stem cell recipients, because they generally 
receive more stem cells, should have fewer relapses (or perhaps, longer average 
times to progression) than bone marrow recipients. This does not appear to be the 
case for nonmobilized blood stem cell recipients who, based on the colony-forming 
cell-granulocyte/macrophage (CFC-GM) content of their harvest, received low 
stem cell doses but did not have a worse outcome. Other factors such as 
mononuclear cell dose may also be important. A multivariate analysis of the 
outcomes of these patients based on both stem cell number transplanted and tumor-
negative vs. -positive harvests should further segregate good outcomes for 
recipients of tumor-negative, high stem cell number harvests compared with 
recipients of tumor-positive, low stem cell number harvests with poorer outcomes. 

Testing these postulates is important because they contradict the trend toward 
minimizing the number of apheresis employed, providing a sufficient number of 
CD34+ cells to achieve rapid hematologic reconstitution is obtained. This number 
of CD34+ cells may not be sufficient for rapid immunological reconstitution or 
optimal outcomes.40 However, increasing the mononuclear and stem cell doses will 



Sharp et al. 625 

also increase the likelihood of tumor contamination. This influence could be 
decreased by purging the tumor cells from the harvest, but only if this can be 
accomplished without significant loss of stem or progenitor cells.22 How these two 
interrelated but opposing influences on clinical outcome ultimately play out 
remains to be determined. 
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ABSTRACT 

Malignant tumors of epithelial tissue, the most common form of cancer, are 
responsible for the majority of cancer-related deaths in Western industrialized 
countries. As a result of progress in surgical treatment of these tumors, lethality is 
linked increasingly with early metastasis, which is generally occult at the time of 
primary diagnosis. The decision whether systemic adjuvant therapy should be 
applied for secondary prevention of metastatic relapse following resection of the 
primary tumor is based solely on statistical prognosis. For this reason, the direct 
identification of minimal residual cancer is of particular importance. The studies 
described below demonstrate the utility of immunocytochemical and molecular 
analysis in the diagnosis and characterization of minimal residual cancer. For the 
first time, these methods give access to this critical stage of tumor progression and 
also contribute to the development of new approaches to therapy aimed at 
preventing manifest metastasis. 

INTRODUCTION 
Research into the molecular basis for tumor metastasis has resulted in the identi

fication of numerous proteins that influence this critical property of tumor cells. 
The conditions necessary for the growth of epithelial cells that must be present in 
mesenchymal organs such as bone marrow are extensively unknown. The factors 
determining tumor cell dormancy, ie, the period from the dissemination of tumor 
cells until the appearance of clinically manifest metastases, during which time 
these cells appear to remain latent, are also unclear. 

In contrast to solid metastases, isolated micrometastatic tumor cells are 
appropriate targets for intravenously applied therapeutics because of their accessi
bility for macromolecules and immunocompetent effector cells. From analyses of 
single cells, it would appear that most disseminated tumor cells do not proliferate.' 
For this reason, forms of treatment aimed at both dormant and proliferating cells 
are particularly interesting as adjuvant therapy. 

629 
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IMMUNOCYTOCHEMICAL DETECTION OF MICROMETASTASES 

Whereas even micrometastatic tumor cell aggregates have been identified using 
conventional histopathological methods,2 individual disseminated carcinoma cells 
in bone marrow have generally resisted clear cytological identification.3 In the last 
15 years, more sensitive immunocytochemical and molecular procedures have been 
developed that permit the identification of individual disseminated tumor cells in 
organs remote from the primary tumor on the basis of qualitative features.4-6 

Because some epithelial tumors tend to develop skeletal metastases, this relatively 
easily accessible compartment is particularly amenable to exploration by iliac crest 
aspiration. In addition, the medullary space is a site of particularly intensive cell 
exchange between circulating blood and mesenchymal interstitium. 

The identification of individual disseminated tumor cells in cytological bone 
marrow preparations on the basis of cytomorphological criteria is extremely 
difficult and not very practical because of the lack of sensitivity. Experience to date 
has shown that cytokeratins (CKs) as integral components of the cytoskeleton of 
epithelial cells are stably expressed characteristics of tumor cells that can be clearly 
identified in individual carcinoma cells by means of specific monoclonal 
antibodies. Mucin-like tumor-associated cell membrane proteins, on the other 
hand, are less well suited for analysis on account of their expression through 
hematopoietic cells.3,7 Immunohistochemical examination of bone marrow 
biopsies has shown that CK-positive tumor cells are mostly situated in interstitial 
tissue outside the sinusoidal vessels, which indicates that extravasation, one of the 
last processes in the metastasis cascade, has been successfully completed.8 

Although ectopic or illegitimate mRNA expression of cytokeratins in 
mesenchymal cells cannot be ruled out,9-11 numerous negative findings in patients 
without identifiable malignant processes show that ectopic expression of 
cytokeratin proteins in bone marrow is very rarely identifiable by immunocyto-
Ghemistry.3,5,7 The time-consuming microscopic screening of large amounts of 
cytological samples could be facilitated in future through automated analysis of 
stained preparations using an image-analysis system (scanner). As an alternative, 
density gradients and antibody-charged magnetic particles can be used to enrich 
tumor cells over several logarithmic units.12 However, the reproducibility of these 
enrichment techniques needs to be confirmed on clinical samples. 

MOLECULAR DETECTION OF MICROMETASTASES 

In the last few years, molecular detection procedures have been used 
increasingly to identify disseminated tumor cells in organs remote from the 
primary tumor. In principle, cDNA of disseminated tumor cells can be amplified 
millions of times as a result of polymerase chain reaction (PCR), so that even the 
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smallest quantities of such tumor cells can be detected.6 For this to happen, 
however, the tumor cell must have specific changes in its genome or mRNA 
expression pattern distinguishing it from the surrounding hematopoietic cells. 
Because solid tumors are notable for their extreme genetic heterogeneity, the 
detection of tumor-specific genomic changes at the level of a single cell is highly 
complex. Each individual primary tumor must be genotyped so that the 
corresponding patient-specific genetic lesion can be identified and the appropriate 
PCR probes (primers) selected.1314 This method is currently beyond the means of 
routine clinical diagnosis. 

The detection of tumor-specific expressed mRNA species, on the other hand, 
appears to present fewer obstacles to widespread use of the PCR method.1516 The 
cell mRNA is transcribed into cDNA by means of reverse transcriptase (RT), and 
the cDNA is amplified in the subsequent PCR reaction. Although this method 
offers great potential for future clinical use, the specificity of tumor cell identifi
cation is currently the greatest barrier. Apart from the mRNA of the few tumor 
cells, the basic material for the PCR reaction also contains the mRNA of the large 
surplus of hematopoietic cells (in a ratio of 106:1), and a false-positive result can 
be obtained even with minimal expression of the corresponding marker mRNA in 
these hematopoietic cells. Although a series of RT-PCR assays has been developed 
to detect tumor cells in bone marrow, blood, and lymph nodes (Table 1), a number 
of reports have questioned the specificity of this method.911 Some of the discrep
ancies could be clarified by methodical comparison in future ring tests for standard
ization of this extremely interesting detection technique. Apart from these 
methodological aspects, however, the prognostic significance of RT-PCR assays 
was demonstrated in some studies on smaller groups of patients with melanomas 
and various types of carcinomas.16"18 

PROGNOSTIC RELEVANCE OF MICROMETASTASES 

Although the prognostic relevance of the immunocytochemical identification 
procedure has been confirmed in prospective clinical studies by various working 
groups (Table 2), doubts as to the value of the method have been expressed.4'32 A 
closer analysis of these reports shows that the techniques used differ considerably 
in terms of reproducibility. This might also explain the different detection rates, 
ranging from 4% to 45%, that have been published, for example, for mammary 
carcinoma.4 It is therefore necessary to define the critical variables in the immuno
cytochemical method7 and to introduce standardization so as to allow a 
reproducible and more precise determination of the residual cancer cell count.33 

Several studies have confirmed the result of the cytokeratin assay as a 
prognostic factor unaffected by conventional risk factors (Table 2). The observed 
correlation to the total relapse rate is of particular interest, as clinically manifest 
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Table 1. Detection of Disseminated Tumor Cells by Molecular Methods 
Tissue and Tumor Organ mRNAIDNA Marker 

Bone marrow 
Breast tissue CK-19, CEA 
Colorectum CEA, CK-19, CK-20 
Stomach CEA, CK-20 
Pancreas CEA 
Prostate PSA, CK-19 
Head and neck E48 

Lymph nodes 
Breast tissue CK-19, MUCl,B-hCG 
Cervix HPV16,E6/E7 
Colorectum CEA, CK-19, CK-20, p53, and Ki-ras mutations 
Prostate PSA, PSM 
Skin (melanoma) Tyrosinase 
Lung p53, Ki-ras mutations 
Pancreas Ki-ras mutations 
Head and neck p53 mutations 

Blood 
Breast tissue CK-19, EGF-R, B-hCG 
Colorectum Ki-ras mutations, CK-20 
Pancreas ras mutations 
Prostate PSA, PSM 
Skin (melanoma) Tyrosinase, p97, MUC18, MAGE-3 
Lung Microsatellite alterations 
Stomach CK-20 
Liver ot-Fetoprotein 
Head and neck Microsatellite alterations 

Liver 
Pancreas Ki-ras mutations 

Tumor resection margins 
Head and neck p53 mutations 

skeletal metastases are very rare in colon carcinoma. It would therefore appear that 
the presence of epithelial cells in bone marrow is more likely to be an indicator of 
early systemic tumor cell dissemination, the growth in bone marrow or other 
organs being determined by the milieu in question. In this context, it is interesting 
that the repeat identification over a 2-year period of tumor cells in the bone marrow 
of patients with operable gastric carcinoma had even greater prognostic value than 
the primary identification of disseminated cells when the primary tumor was 
resected.26 
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Table 2. Immunocytochemical Studies of the Prognostic Relevance of Disseminated 
Tumor Cells in Bone Marrow 
Type of Tumor Marker, Proteins Detection Rate, % Prognostic Value Reference 

Mammary CK 99/552 (36) DFS, OS* 19 
carcinoma EMA 189/350 (25) DFS, OS 20 

EMA, TAG 12, CK 38/100 (38) DFS, OS* 21 
CK 18/49(37) DFS* 22 

TAG 12 315/727 (43) DFS, OS* 23 
Colorectal CK-18 28/88 (32) DFS* 24 
carcinoma 

Gastric CK-18 34/97 (35) DFS 25 
carcinoma CK-18 47/78 (60) DFS 26 

CK-18 95/180 (53) DFS* 27 
Esophagus CK 37/90(41) DFS, OS 28 
carcinoma 

Bronchial CK 17/43 (40) DFS 29 
carcinoma CK-18 83/139 (60) DFS*, OS 30 
(NSCLC) CK-18 15/39 (39) DFS 31 

^Prognostic value as independent parameter confirmed through multivariate analysis. CK, 
cytokeratin; DFS, disease-free survival; EMA, epithelial membrane antigen; NSCLC, 
non-small-cell lung cancer; OS, overall survival; TAG, tumor-associated glycoprotein. 

Circulating tumor cells can also be identified in peripheral blood. Repeat blood 
sampling is superior to sequential aspiration of bone marrow as a monitoring 
procedure. Recent examinations of patients with prostate and colorectal carcinoma 
and melanomas whose peripheral blood was examined perioperatively by 
molecular methods (see below) have shown that a temporary intraoperative 
dissemination of tumor cells in the bed of the vessels can occur.3 4 - 3 7 Whether these 
cells reach and survive in secondary organs and there form manifest metastases is 
as yet unknown. 

Early hematogenous tumor cell dissemination is the most common method of 
metastasis, but a second means, namely lymphogenous dissemination, is also of 
great clinical importance. Researchers have attempted to detect epithelial tumor 
cells in histopathologically unremarkable lymph nodes of patients with operable 
non-small-cell lung carcinoma (NSCLC). In patients with lung and esophageal 
cancer, antiepithelial antibody BerEp4, which homogeneously stained >90% of the 
primary carcinomas examined, has been used.38 More recent experimental studies 
have shown that BerEp4 recognizes the 17-1A antigen.39 In 15.2% of the studied 
carcinoma patients, individual tumor cells were identified with the monoclonal 
antibody BerEp4. Tumor cells were found in lymph nodes irrespective of the 
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Table 3. Phenotype of Cytokeratin-Positive Cells in Bone Marrow* 

Number of Patients 
Marker Tumor Origin With Marker*ICKr Cells, % 
Growth factor receptors 

erbB2 Mamma 48/71 (67.6) 
Colorectum/ stomach 14/50 (28.0) 

Transferrin receptor Mamma 17/59 (28.8) 
Colorectum 7/41 (41.1) 

MHC class I antigens 
Mamma 9/26 (34.6) 
Colon/stomach 37/65 (56.9) 

Adhesion molecules 
EpCAM Mamma 20/31 (64.5) 

Colorectum 4/6 
ICAM-1 Lung (NSCLC) 13/31 (41.9) 
Placoglobin Lung (NSCLC) 4/12(33.3) 

Colorectum 4/13 (30.8) 
Proliferation-associated proteins 

Ki-67 Mamma 1/12(8.3) 
Colorectum/stomach 0/21 

pl20 Mamma 1/11 (9.1) 
Colorectum/stomach 9/32 (28.1) 

*MHC, major histocompatibility complex; NSCLC, non-small-cell lung cancer. 

established risk factors such as the T stage and degree of tumor differentiation. A 
correlation with the systemic dissemination in bone marrow could not be 
established, however. The autonomy of this lymph node assay as a prognostic aid 
with respect to the total relapse rate and overall survival was confirmed by 
multivariate analysis (P=.009).39 The results emphasize the importance of 
additional verification of lymph node dissemination. The clinical importance of 
this type of dissemination was recently confirmed in a similar manner for 
carcinoma of the esophagus40 and colon.18 

PHENOTYPING OF MICROMETASTASES 

Immunocytochemical double-staining methods have been developed for more 
precise characterization of disseminated tumor cells. In view of the malignant 
potential of CK-positive cells, a number of tumor-associated characteristics have 
been identified in this way (Table 3), including expression of Lewis Y blood group 
precursor antigens, overexpression of the erbB2 oncogene, and deficient 
expression of major histocompatibility complex (MHC) class I molecules, which, 
as restrictive elements, help T-lymphocyte-mediated tumor cell recognition.41'42 
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The malignant nature of CK-positive cells in bone marrow has been further 
confirmed through genomic analysis, which revealed several chromosomal 
alterations4344 and amplification of the erbB2 gene in these cells.45 Extensive cell 
culture experiments have also shown that cells disseminating into bone marrow 
have a time-limited proliferative potential at the time of primary diagnosis of the 
tumor.46 It may therefore be assumed that at the primary stage, these cells do not 
yet proliferate autonomously but are in a latent state known as dormancy.1 This 
observation is consistent with the rare frequency of p53 mutations in CK-positive 
cells in bone marrow at the time of primary diagnosis.47 The low proliferation rate 
could explain the relative resistance of micrometastatic tumor cells to chemo
therapy48 and would confirm the appropriateness of therapy strategies independent 
of the proliferation potential such as antibody therapy.49'50 

The low frequency of epithelial tumor cells in bone marrow and their 
localization in such a well-supplied organ offer ideal conditions for elimination by 
immunocompetent cells. As the clinical history of epithelial tumor cells shows, 
however, micrometastatic tumor cells can be ignored for many years by the 
immune system. In this context, particular attention should be paid to the deficient 
expression of MHC class I molecules (Table 3). This low regulation could limit the 
prospects for immunogenetic treatment with tumor cell vaccines.51 The tumor-
killing immunological effect of antibody administration, on the other hand, is 
independent of MHC antigen expression. 

CONCLUSIONS 

Although great progress has been made in oncological surgery in recent 
decades, minimal residual cancer significantly limits the current prospects for 
further improvements in lethality rates. Adjuvant therapy should therefore be 
standard with such residual disease. The statistical risk estimate based on conven
tional tumor classification gives only a relatively inaccurate assessment of the 
individual risk to a cancer patient. In the last 15 years, immunocytochemical and 
molecular analysis procedures have therefore been developed to diagnose and 
characterize minimal residual cancer. Extensive studies are currently in progress to 
standardize these processes with a view to ensuring reproducibility of the clinically 
relevant results. 

As far as adjuvant therapy is concerned, success or failure can be assessed only 
after an observation period of several years. It is possible that control examinations 
of bone marrow and peripheral blood during therapy could provide indications as 
to the efficacy of the therapeutic approach used. The availability of a surrogate 
marker for monitoring is of great importance in the development of adjuvant 
therapy processes. Monitoring procedures of this type, which are not currently 
available for clinical therapy studies involving solid tumors, would be of consid-
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erable value. Because of their easy accessibility, bone marrow or peripheral blood 
would be obvious contenders for monitoring controls and would make it possible 
for the first time for adjuvant therapies to be monitored at the subclinical stage of 
minimal residual cancer. 

Our experience to date indicates that immunocytochemical or molecular 
monitoring of disseminated cells is possible in principle for individual patients,4852 

although reproducible enrichment of the rare tumor cells would be desirable so as 
to reduce the chance factor in such longitudinal studies. In addition, long-term 
observations are required to establish whether the therapy-associated reduction in 
individual disseminated cells also correlates with improved prognosis. Tumor cells 
disseminated in bone marrow or peripheral blood, if they prove to be suitable as 
surrogate markers for early assessment of the efficacy of an adjuvant therapy, 
would have a significant influence on future oncological diagnosis and treatment. 
To achieve this goal, we have recently initiated a multicenter randomized trial on 
patients with nodal-positive breast cancer in which bone marrow and peripheral 
blood is being monitored to asses the effect of adjuvant chemotherapy and 
subsequent therapy with monoclonal antibody edrecolomab (Panorex) against 
EpCAM (Table 3) on micrometastatic disease. 
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ABSTRACT 

Numerous studies have documented the presence of contaminating tumor cells 
in autologous stem cell grafts (autoSCGs) from breast cancer patients. It is 
presently unclear if the infusion of tumor cells in autoSCGs contributes to 
posttransplant relapse. Two studies using standard immunocytochemical (ICC) 
assays found no correlation with tumor cell contamination of autoSCG and 
posttransplant relapse in patients with metastatic disease. However, recent reports 
on high-risk breast cancer patients (>9 positive nodes) concluded that the infusion 
of tumor-contaminated autoSCGs was significantly correlated with relapse and 
disease-free survival at median follow-up of 42 and 21 months. Thus, infusion of 
tumor-contaminated autoSCGs may be associated with an increased risk of relapse 
in this patient population. Nexell Therapeutics is currently investigating tumor 
depletion of peripheral blood stem cells (PBSCs) in high-risk/metastatic breast 
cancer patients by CD34+ selection (Isolex 300i Magnetic Cell Selection System, 
version 1.12, for positive selection) and by CD34+ selection followed by additional 
tumor purging (Isolex 300i system, version 2.0, with investigational software for 
positive/negative selection). Peripheral blood stem cell apheresis collections (not 
for infusion) were shipped to Nexell for cell selection (positive or positive/negative) 
and analysis of tumor contamination. To document tumor cell presence and 
evaluate removal, we developed a bead-enriched, double-immunostaining ICC 
(dsICC) assay that is capable of detecting 1 tumor cell in 50 million hematopoietic 
cells in PBSCs. Use of the dsICC assay allowed us to detect the presence or 
absence of purging antibodies on cytokeratin-positive tumor cells. Validation 
studies indicate that the dsICC procedure provides improved tumor detection 
capabilities over standard immunocytochemical assays. We analyzed the 
preselected apheresis product, CD34~ (waste), and CD34+ fractions from both 
selection procedures using standard ICC. The CD34" and CD34+ fractions were 
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processed and analyzed using the dsICC procedure. Preliminary results from 
patient specimens enrolled in clinical trials (n = 10) confirm that the dsICC assay 
is capable of enhanced detection of tumor contamination in CD34" and CD34+ 

fractions from both selection procedures. 

INTRODUCTION 

The clinical use of autologous stem cell transplantation (autoSCT) as a means 
of hematopoietic reconstitution following high-dose chemotherapy (HDC) for the 
treatment of breast cancer has heightened the concern about tumor contamination 
of the autoSCG. Several studies have indicated that mobilization regimens used in 
HDC/autoSCT can contribute to tumor contamination of PBSC collections.1-3 

Although no study to date has demonstrated that infused tumor cells in contam
inated autoSCG grafts are solely responsible for posttransplant relapse, the 
presence of gene-marked, infused tumor cells at sites of disease relapse has been 
documented in 3 malignancies.4-6 

No comparable data exist using gene-marking techniques in breast cancer patients 
treated with HDC/autoSCT. However, 2 studies using immunocytochemical 
techniques to document tumor contamination of autoSCG found no correlation with 
tumor cell infusion and posttransplant relapse.7,8 In contrast, others have reported that 
tumor contamination of autologous grafts in breast cancer patients approaches or 
achieves statistical significance in predicting poor posttransplant outcome.9-11 Two 
recent studies using ICC and reverse transcriptase-polymerase chain reaction (RT-
PCR) assays reported significant correlation of tumor-contaminated autoSCGs with 
posttransplant relapse and disease-free survival.12,13 

As the above-mentioned studies illustrate, it is unclear if the infusion of tumor 
cells contributes to posttransplant relapse in breast cancer patients treated with 
HDC/autoSCT. However, tumor contamination of autoSCGs can be reduced or 
eliminated by in vitro pharmacological methods,14,15 negative tumor depletion,16 or 
positive progenitor cell selection.17-19 Whereas pharmacological methods have 
been shown to adversely affect the hematopoietic reconstituting abilities of 
hematopoietic progenitor cells, immunomagnetic cell selection methods have been 
shown to be safe and effective for hematopoietic reconstitution in breast cancer 
patients treated with HDC/autoSCT. 1 7 - 1 9 Thus, positive selection for CD34+ 

hematopoietic progenitor cells provides effective tumor purging without compro
mising hematopoietic reconstitution. 

In a recent study of high-risk stage II/III and metastatic stage IV breast cancer 
patients, Umiel et al. 2 0 used an enriched ICC assay to document tumor purging in 
CD34+-selected autologous PBSC grafts. This enhanced assay was capable of 
increasing tumor cell detection sensitivity ~50-fold over their standard ICC assay. 
Their preliminary findings on patient specimens indicated that tumor contami-
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nation of the grafts may be substantially higher than previously reported.21-23 

Further, Umiel et al. reported that CD34+ selection using the Isolex 300i Magnetic 
Cell Selection System reduced tumor cell contamination from 8 of 31 (26%) to 5 
of 31 (16%) in paired PBSC specimens. However, tumor cell contamination was 
still present in some CD34+-selected specimens. In such instances, additional 
tumor purging may be accomplished by adding a negative tumor depletion step 
during CD34+ cell selection with the Isolex 300i system.24,25 

The purpose of this study was to evaluate the potential additional tumor purging 
capability of the Isolex 300i positive/negative procedure in breast cancer patient 
PBSC specimens. To assess tumor cell contamination, we developed a unique 
bead-enriched, double-staining immunocytochemical assay. This assay was used to 
compare tumor contamination of unmanipulated PBSCs, CD34 - (waste), and 
CD34+ fractions from breast cancer patient PBSC specimens processed with the 
Isolex 300i CD34 positive or positive/negative procedures. 

MATERIALS AND METHODS 

Tumor Cell Enrichment Procedure: Validation Experiments 

Tumor cell seeding experiments were performed to validate the dsICC 
procedure (Figure 1). This procedure was modified from that originally developed 
by Brockmeyer et al. 2 4 Briefly, CAMA-1 cells (ATCC, Manassas, VA), a breast 
cancer tumor cell line maintained in culture, were added to mononuclear cells 
(MNCs) obtained from a normal donor. The percent of CAMA-1 cells seeded into 
the MNCs ranged from 0.0001% (1:1.0X106) to 0.000002% (1:5.0X107). 
Unseeded MNC specimens were used as the negative control. Two separate 
aliquots of MNCs were used for the dsICC procedure at each seeding level of 
CAMA-1 cells, one containing 2.0X109 cells and the other containing 1.0X108 

cells, to approximate the expected number of cells in the CD34-negative and 
-positive fractions, respectively, obtained from breast cancer patient leukapheresis 
products. Cell suspensions were incubated separately with Immune Globulin 
Intravenous (Gammagard; Baxter Healthcare, Hyland Division, Glendale, CA) at 
room temperature for 15 minutes. The cells were then incubated with a cocktail of 
3 murine anti-human breast cancer antibodies (9184, 9187, and 9189; Nexell 
Therapeutics, Irvine, CA) at a concentration of 2.5 pig/vaL each for 30 minutes, 
rotating to mix. The cells were washed twice with buffer to remove unbound 
antibody. Sheep anti-mouse (SAM)-coated paramagnetic beads (Dynabeads 
M-450, sheep anti-mouse immunoglobulin G; Dynal ASA, Oslo, Norway) were 
added at a ratio of 1 bead per 100 cells and incubated with the cells for 30 minutes 
to capture the tumor cells. While holding the tube against a magnet, unbound cells 
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Figure 1. Tumor enrichment procedure. ICC, immunocytochemical; PBSC, peripheral 
blood stem cell; SAM, sheep anti-mouse. 
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were aspirated. The tumor cell-bead rosettes from each fraction were resuspended 
in buffer, centrifuged onto positively charged slides, and stained using the Nexell 
Cytonex ICC kit, in conjunction with the double-staining method described below. 

Tumor Cell Detection: Double-Staining of Tumor Cell-Bead Rosettes 

Twelve slides were prepared using tumor cell-bead rosettes obtained from all 
CAMA-1 cell MNC samples. Slides were stained using a double-staining method 
for dual detection of cytoplasmic cytokeratin antibodies and the membrane-bound 
breast cancer antibody cocktail (BCAC). Briefly, immunoperoxidase staining with 
3,3-diaminobenzidine (DAB) was initially performed to develop a brown color 
reaction to the BCAC on the cell surface. Immunoalkaline phosphatase staining 
was subsequently performed on the cytospin preparation with the Cytonex ICC kit 
according to manufacturer's instructions. 

Patient Specimens 

PBSCs were obtained by leukapheresis from female patients with high-risk 
(stage II with >10 positive nodes, stage III) or metastatic (stage IV) adenocar
cinoma of the breast. Patients were assigned a Nexell patient study number and 
randomization assignment for either CD34 positive cell selection or CD34 
positive/negative cell selection. All patients rendered their informed written 
consent under a US Food and Drug Administration (FDA)/institutional review 
board (IRB)-approved protocol. Patients were mobilized with either granulocyte 
colony-stimulating factor (G-CSF) alone (10 //g/kg per day) or G-CSF in 
combination with chemotherapy (cyclophosphamide 4 g/m2 followed by G-CSF 
5 /<g/kg per day). Patients began apheresis collections when the mobilization 
regimen was deemed successful (>20 CD34 cells//<L peripheral blood). When 
sufficient cells for all clinical target collections (including an unselected back-up) 
had been obtained (>2.0X 106 CD34 cells/kg), an additional leukapheresis product 
was collected for this laboratory study. No cells from the additional leukapheresis 
product collected for this laboratory study were infused into patients. 

Processing of Specimens: Cell Selection 

Patient PBSC collections were processed using the Isolex 300i Magnetic Cell 
Selection System (Nexell Therapeutics), either CD34 positive selection (version 
1.12) or CD34 positive/negative selection (version 2.0 with investigational 
software), depending on the randomization assignment. The Isolex 300i for 
positive selection consists of a device, disposable set, and reagents that are 
designed, through a serious of automated steps, to select CD34+ cells from PBSCs. 
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Figure 2. Isolex 300i magnetic cell selection procedures. mAb, monoclonal antibody; 
SAM, sheep anti-mouse. 

Briefly, the procedure (Figure 2) involves a platelet wash, followed by anti-CD34 
antibody sensitization and antibody wash. Sensitized cells are next incubated with 
SAM-coated paramagnetic beads, which bind to the murine CD34 antibody on the 
cell. Cell rosettes are washed to remove nontarget cells (negative fraction), which 
are diverted into a separate bag. A nonenzymatic stem cell releasing agent (PR34+) 
is used to separate the targeted CD34+ cells from the paramagnetic beads. The 
released CD34+ cells are collected in a separate sterile bag. The Isolex 300i for 
positive/negative selection consists of all the components and steps described 
above plus 2 additional steps (Figure 1): (1) purging of breast tumor cells with the 
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use of 3 murine anti-breast cancer monoclonal antibodies (9184, 9187, and 9189; 
Nexell Therapeutics) and (2) the introduction of a second vial of SAM-coated 
paramagnetic beads just before the PR34 + release step. This procedure allows for 
the simultaneous capture of CD34 + cells and purging of breast cancer cells. 2 5 

Tumor Cel l Detection: S tandard Immunocytochemical A s s a y 

Aliquots from the preselection leukapheresis product, CD34 + and CD34" fractions, 
were used for the preparation of cytospins onto positively charged microscope slides. 
One million cells were deposited on each slide in a volume of 0.1 mL. Six slides were 
prepared per fraction, for a total of 6 million cells per specimen. Slides were immunos-
tained using the cocktail of anti-cytokeratin monoclonal antibodies in an immunoal-
kaline phosphatase assay (Cytonex ImmunoCytoChemistry Kit; Nexell Therapeutics) 
according to manufacturer's instructions. 

Tumor Cel l Enrichment Procedure: Patient Specimens 

Subsequent to the Isolex 300i cell selection process, the tumor cell enrichment 
procedure (Figure 2) was performed using 2.0 X10 9 cells of the CD34" fraction and 
the entire CD34 + fraction as described in the tumor cell enrichment procedure 
validation experiments described above. Twelve slides were prepared using tumor 
cell-bead rosettes obtained from each CD34 cell fraction. Slides were stained using 
the double-staining method described above and viewed with a standard light 
microscope. Tumor cells were manually enumerated to obtain a semiquantitative 
result. A mean of 7 slides (range, 2 to 11 slides) were stained and enumerated per 
fraction for all patient samples. 

RESULTS 

ds lCC Va l ida t ion Exper iments 

Results of the validation experiments in which CAMA-1 cells were seeded at 
varying ranges into MNCs indicated that recovery of the CAMA-1 cells ranged 
from a low of 11% (seeding level of 0.000002% in 2 .0X 109 MNCs) to a high of 
60% (seeding level of 0.000002% in 1.0X 108 MNCs). Percent tumor cell recovery 
was a function of the number of tumor cells seeded and the number of MNCs 
processed. No stained cells were detected in the unseeded M N C samples. In 
a series of 4 replicate experiments at all cell-seeding concentrations, the upper 
limit of detection sensitivity of the dslCC assay was 1 tumor cell in 5 .0X10 7 

MNCs. Thus, the dslCC assay increased tumor detection by 3 logs compared with 
standard ICC. 
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Table 1. Tumor Detection Results in Phase 2/3 Patient Specimens* 

Patient ID Standard ICC Results dsICC Results 
(Selection) CD34- CD34+ CD34- CD34+ 

and Diagnosis PBSCs Fraction Fraction Fraction Fraction 

33 (+/-) Negative Negative Negative Positive Negative 
Stage II A (1 in 1.7X108) 

34(+/-) Negative Positive Negative Positive Negative 
Stage II B (1 in5.5X106)* (1 in4.6X108) 

36 (+/-) Negative Negative Negative Positive Negative 
Stage II B (1 in9.2X108) 

37 (+/-) Negative Negative Negative Positive Negative 
Stage II A (1 in9.2xl08) 

302 (+) Negative Positive Negative Positive Positive 
Stage III (1 in 2.5 X106) (1 in 2.5 X108) (1 in 6.4X107) 

304 (+) Negative Positive Negative Positive Negative 
Stage II (1 in 2.5X106) (1 in 6.7 X107) 

306 (+/-) Positive Positive Negative Positive Negative 
Stage IV (1 in4.5X105) i(l in2.5X106) (1 in 1.4 X108) 

402 (+) Negative Positive Negative Positive Negative 
Stage IV (1 in3.0X106) (1 in5.0X108) 

404 (+/-) Negative Negative Negative Negative Negative 
Stage III 

405 (+) Negative Positive Negative Positive Negative 
Stage IV (1 in5.0xl06) (1 in 8.3 X108) 

*Tumor frequency in parentheses. dsICC, double-immunostaining immunocytochemical; 
ICC, immunocytochemical. 

Patient Specimens 

Ten patient PBSC products from phase 2/3 studies were analyzed (Table 1). Four 
patient specimens were selected with the Isolex 300i using the CD34 positive 
procedure, and 6 were processed using the CD34 positive/negative procedure, using 
investigational software. Five patients in the study were diagnosed with stage II 
breast cancer, 2 with stage III, and 3 with stage IV. Using the standard ICC assay, 1 
of 10 PBSC specimens showed immunostained tumor cells. Six of the 10 CD34~ 
fractions were found to be positive for tumor cells as determined by standard ICC, 
compared with 9 of 10 when using the dsICC (tumor cell counts ranged from 1 in 
1.67X107 to 1 in 9.2X108 hematopoietic cells). None of the CD34+ fractions was 
positive for immunostained tumor cells using the standard ICC assay, whereas tumor 
was detected in 1 of 10 of the CD34+ specimens when the dsICC was used for 
detection. This specimen was obtained from a patient with stage III disease whose 
PBSC product was processed with the CD34 positive procedure. 
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DISCUSSION 

Although the clinical relevance of infusion of breast cancer cells in the 
HDC/autoSCT setting remains to be elucidated, the fact remains that many 
autoSCGs contain contaminating tumor cells. I ~ 3 , 7 " 1 6 ' 2 0 " 2 3 Prospective studies 
analyzing the clinical correlation of the infusion of tumor cells with outcome in the 
breast cancer HDC/autoSCT setting have provided conflicting results. Using 
standard ICC techniques, 2 studies showed no correlation of tumor contamination 
of autoSCG with posttransplant outcome in stage IV patients8 or high-risk stage 
II/III and metastatic stage IV patients.7 In contrast, Solano et al. 1 3 recently used a 
similar standard ICC assay to analyze PBSC collections from 52 high-risk stage II 
patients (>9 positive axillary nodes). At median posttransplant follow-up of 
42 months, median disease-free survival was better in the patients who received a 
tumor-free graft than in those who received a tumor-contaminated graft (P=.002). 
Multivariate analysis concluded that tumor contamination of the PBSC product 
was the only prognostic predictor of posttransplant relapse (P<.01). Vannucchi et 
al.'2 used an RT-PCR assay with reported tumor detection sensitivity greater than 
standard ICC techniques to analyze PBSC grafts from 33 stage II/III breast cancer 
patients. They reported that there was a trend toward longer relapse-free survival 
(P=.053) posttransplant in patients who received a tumor-negative graft. In a subset 
of 4 patients with RT-PCR-positive PBSC specimens, the infused grafts became 
RT-PCR-negative after CD34+ selection. 

As illustrated above, highly sensitive assays that detect low numbers of tumor 
cells are crucial in investigating the role that the infusion of tumor cells may play 
in the HDC/autoSCT treatment setting. Several recent studies have employed 
tumor-enrichment technology to increase the detection sensitivity of tumor cells in 
breast cancer autoSCGs.2 0'2 4 , 2 6 , 2 7 Collectively, these studies have demonstrated that 
tumor contamination of breast cancer PBSC collections is more prevalent than that 
reported by studies using standard tumor detection techniques. Umiel et al. 2 0 used 
a tumor enrichment assay to evaluate PBSC specimens and CD34+-selected 
specimens from breast cancer patients with high-risk stage II/III and metastatic 
stage IV disease. Their results indicate that the tumor-enriched assay detected a 
greater level of tumor contamination of PBSC specimens (86%) than did the 
standard ICC assay (7%). 

Taken together, these studies suggest that tumor contamination of autoSCGs is 
more prevalent than previously appreciated, and that CD34+ cell selection 
procedures alone may not remove all tumor cells from the grafts. Laboratory 
experiments using tumor cell-seeded specimens have indicated that the inclusion 
of an additional tumor-purging step to the existing CD34+ cell selection technology 
increases the depletion of contaminating tumor cells.25'28 For these reasons, we are 
conducting studies directly comparing the tumor-purging capability of the Isolex 
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300i CD34 positive selection procedure versus the Isolex 300i positive/negative 
(investigational software) procedure. 

To more accurately analyze the levels of tumor contamination in these PBSC 
specimens, we developed a novel double-staining ICC assay using tumor-enriched 
cell samples. This dsICC assay demonstrated increased sensitivity of tumor cell 
detection over our standard nonenriched ICC assay. In tumor cell-seeding 
experiments, we were able to document a 3-log increase in tumor cell detection, up 
to 1 tumor cell in 50 million PBSCs. Further, the double-immunostaining assay 
allowed for simultaneous microscopic evaluation of the binding of breast cancer 
purging antibodies on cytokeratin-positive cells. Thus, the combination of the 
bead-enrichment methods with the dsICC assay provided enhanced detection and 
microscopic visualization of extremely low numbers of seeded tumor cells in 
PBSC specimens (1 in 5.0X 107 hematopoietic cells). 

Our preliminary analyses of 10 patient specimens indicate that the bead-enriched 
dsICC assay provided enhanced detection of contaminating tumor cells. Eight of 10 
PBSC patient specimens that were deemed to be tumor-negative using the standard 
ICC assay proved to be tumor-positive with the dsICC assay of the CD34" fraction. 
None of the 10 CD34+ fractions analyzed by standard ICC analysis showed 
immunostained tumor cells; however, using the dsICC assay, 1 of the CD34+ 

fractions (processed with the CD34 positive selection protocol) from a patient with 
stage III breast cancer showed double-immunostained tumor cells. These 
preliminary data suggest that the dsICC assay is more sensitive than the standard 
ICC assay in detecting low numbers of tumor cells in patient PBSC collections and, 
potentially, in CD34+-selected fractions from patients with breast cancer. 

In conclusion, there is concern that tumor contamination of breast cancer 
autoSCGs may contribute to poor posttransplant clinical outcome. As novel 
therapies evolve that result in additional in vivo tumoricidal effects (eg, Herceptin 
therapy), and as HDC/autoSCT protocols are refined to target those patients who 
might derive greater benefit,29 it is possible that the infusion of tumor cells may 
take on added significance. Our preliminary studies indicate that tumor contami
nation of PBSCs can be more accurately detected using our dsICC enhanced assay, 
and that tumor cell removal of contaminated products is feasible using the 
approved Isolex 300i CD34 positive selection procedure and the investigational 
Isolex 300i CD34 positive/negative selection procedure. Clinical studies are 
ongoing to address this issue. 
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ABSTRACT 

In Scandinavia, 525 high-risk stage II breast cancer patients with an expected 
5-year relapse-free survival of 30% or less were treated with 9 cycles of dose-
escalating chemotherapy (FEC [fluorouracil, epirubicin, and cyclophosphamide) 
with granulocyte colony-stimulating factor (G-CSF) support (n = 251) or 3 cycles 
of FEC plus CTCb (cyclophosphamide, thiotepa, and carboplatin) with peripheral 
blood progenitor cell (PBPC) support (n = 274). In patients entering the study in 
Norway, micrometastatic detection was performed in bone marrow and blood 
before treatment and in PBPCs, bone marrow, and blood after treatment. Of the 67 
patients given high-dose therapy with stem cell support, 23 of 67 patients had 
cytokeratin-positive (CK+) cells in the bone marrow at diagnosis. Despite tumor 
reduction with 3 cycles of chemotherapy, 15 patients (22%) had tumor cells in their 
PBPC products. Six to 12 months after treatment, patients were tested for 
micrometastases in the bone marrow. Among 58 patients given high-dose therapy, 
11 had persistent C K + cells, and 5 became positive after high-dose therapy. With a 
median observation time of 30 months, 21 of 67 patients in Norway given high-
dose therapy with stem cell support have relapsed. When the presence of C K + cells 
in the bone marrow and PBPCs was correlated with the outcome of the patients, it 
was found that 11 of the 21 relapsing patients and 12 of the 46 patients still in 
complete remission (CR) had C K + cells in the bone marrow at diagnosis. C K + cells 
were found in 38% of the PBPC products of relapsing patients, and 15% of PBPC 
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products of patients in CR were contaminated. Of the 58 patients who underwent a 
follow-up bone marrow examination after therapy, 63% of the relapsing patients 
vs. 5% of the patients in CR had C K + cells. The data indicate that early relapse is 
associated with circulating tumor cells that are resistant to high-dose therapy. 

INTRODUCTION 

Sensitive methods developed to detect minimal residual disease before and after 
therapy have brought new insights into the biologic behavior of hematopoietic 
malignancies treated with standard or high-dose chemotherapy. The polymerase 
chain reaction (PCR) is based on an in vitro enzymatic amplification of a specific 
target DNA segment, resulting in a highly specific enrichment of the sequence of 
interest. Cloning the breakpoints of specific translocations makes it possible to use 
amplification by PCR to detect tumor cells containing the translocation. In chronic 
myeloid leukemia (CML) patients, PCR of BCR-ABL transcripts is a reliable 
method to detect minimal residual disease. Quantification of BCR-ABL transcripts 
using the real-time PCR method enables increases or decreases in the PCR signal 
to be measured. After bone marrow transplantation for CML, an increasing PCR 
signal predicts relapse several months before it is evident by morphologic 
examination of the bone marrow.1 Such a method is also used to measure the effect 
of donor T-cell infusions on CML patients who relapse after transplantation. 
However, the use of PCR requires that the malignant cells carry a clonal somatic 
mutation in their genome that is absent in normal cells. Unfortunately, solid tumors 
such as breast cancers do not meet these requirements. In spite of this, several 
groups have developed reverse transcription-polymerase chain reaction (RT-PCR) 
assays that screen for carcinoma-specific mRNA expression in mesenchymal 
tissues such as bone marrow and blood. RT-PCR assays for cytokeratin 19 have 
been reported to specifically detect breast cancer cells in bone marrow. However, 
Zippelius et al.2 found a major limitation of RT-PCR methods in detecting 
micrometastatic epithelial cancer cells in bone marrow due to illegitimate 
transcription of tumor-associated or epithelial-specific genes in blood cells. 
Because 7 of 8 markers used for PCR detection could be detected in a high number 
of bone marrow samples from normal control subjects, the results previously 
reported are questionable. Recently, Slade et al.3 developed a quantitative PCR 
method for the detection of micrometastases in patients with breast cancer. It 
remains to be seen if such a procedure can be used in the clinic. 

The presence of minimal residual disease in bone marrow has frequently been 
studied in breast cancer patients at diagnosis.4-8 Depending on the monoclonal 
antibodies used in conjunction with immunocytochemistry, the frequency of bone 
marrow positivity in patients will differ. Because the antibodies are not tumor-
specific, cross-reaction with normal hematopoietic cells9 leads to false-positive 
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samples. In an ongoing study at our hospital employing anticytokeratin monoclonal 
antibodies (mAbs) AE1/AE3 or A45-B/B3 and immunocytochemistry, 26.6% of the 
bone marrow samples from 257 breast cancer patients tested were anticytokeratin-
positive. Among these samples, 5.4% of the isotype controls stained positive, 
suggesting that unspecific binding of anticytokeratin mAbs to nonepithelial cells 
occurred.10 Based on this experience, we now always employ morphological 
evaluation and negative controls when using immunocytochemistry. 

Although immunocytochemical methods need to be standardized, several large 
breast cancer studies indicated that detection of micrometastases in the bone 
marrow at diagnosis was associated with an increased risk of systemic relapse.4-6 

In our hospital, we are currently investigating the presence of micrometastases in 
bone marrow and blood from patients with operable breast cancer. So far, 523 of 
900 patient samples have been evaluated (Naume B, Borgen E, Kvalheim G, et al. 
Detection of isolated tumor cells in bone marrow in localised breast cancer 
[abstract]. 2nd International Symposium on Minimal Residual Cancer, 1998). 
Among 297 lymph node-negative (LN~) breast cancers, 12.4% had C K + tumor 
cells in their bone marrow, whereas 36% of the 226 patients with L N + tumors were 
CK + . Because of the short observation time, it remains to be seen if our study 
confirms the data of other investigators. 

The sensitivity and reliability of immunocytochemical techniques used to detect 
isolated epithelial cells in bone marrow and blood is restricted by the low number 
of tumor cells found on each slide. We recently reported our clinical experience 
after enrichment of tumor cells from large numbers of mononuclear hematopoietic 
cells. CD45 antigen-expressing cells were removed from samples with anti-CD45-
conjugated immunomagnetic beads, and the remaining cells were examined for the 
presence of tumor cells by immunocytochemistry using anti-CK mAbs. A mean 
4.1-fold higher number of positive cells was detected with the CD45 depletion 
procedure than with direct cytospin.11 In the present study, all samples underwent 
CD45-bead depletion before immunocytochemistry. 

Recently, it was reported that the presence of C K + cells in the bone marrow after 
adjuvant chemotherapy is associated with a poor prognosis.12 It is not known if the 
same applies to patients with breast cancer given adjuvant high-dose therapy and 
stem cell support. Our data indicate that the presence of C K + cells both at diagnosis 
and after therapy is associated with disease relapse. 

METHODS AND MATERIALS 

Patients 

Of the 525 high-risk breast cancer patients treated in Scandinavia either with 9 
cycles of dose escalation of FEC plus G-CSF or with 3 cycles of FEC plus CTCb 
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with PBPC support (protocol SBG 9401, chaired by J. Bergh, Sweden), 126 
underwent bone marrow examination before and after therapy. Only patients given 
high-dose therapy with stem cell support are reported in the present study (n = 67). 

Preparation of Cells and Immunomagnetic Depletion of CD45+ Cells 

After patients gave informed consent, 20 mL bone marrow was aspirated from 
both sides of the posterior iliac crest at diagnosis and 6, 12, and 24 months after 
therapy. Mononuclear bone marrow cells were prepared with the use of 
Lymphoprep (Nycomed, Norway). The method for immunomagnetic depletion of 
CD45+ cells has been described previously." The desired amount of directly coated 
anti-CD45 Dynabeads (Dynal A/S, Norway) was added to the mononuclear bone 
marrow cell suspension or the PBPC. After 30 minutes of incubation, the 
bead/CD45+ cell complexes were formed. By placing a flat cobalt samarium 
magnet to the wall of the tubes, the rosettes were fixed to the plastic wall, and 
unbound cells containing the tumor cells could be removed and transferred into a 
new tube. After repeating the procedure twice to remove CD45+ cells, the 
remaining cells were centrifuged on cytospin slides. 

Immunocytochemisfry 

In addition to the cytospin preparation of the remaining cells after CD45 
depletion, 4 slides containing 2X106 mononuclear cells from unmanipulated blood 
or bone marrow were prepared from each patient.4-6 The slides were air-dried 
overnight and fixed for 10 minutes in acetone. The following day, slides were 
incubated for 30 minutes in a moist chamber with a 1:20 dilution of the anti-
cytokeratin primary antibodies AE1 and AE3 (Signet Laboratories, Dedham, MA) 
followed by washing twice with Tris-HCL. As a second step, a polyclonal rabbit 
anti-mouse antibody (Dako, Glostrup, Denmark) was added, and after 30 minutes 
of incubation, the cells were washed twice with Tris-HCL. Finally, preformed 
complexes of alkaline phosphatase monoclonal mouse and anti-alkaline 
phosphatase (Dako) were added for 30 minutes. After washing twice with Tris-
HCL, the color reaction of antibody-binding cells was given by 10 minutes of 
incubation with 0.26% New Fuchsin solution (Aldrich Chemical, Milwaukee, WI). 
In addition, all slides were counterstained with hematoxylin for the cellular 
morphology. As a negative control, 1 slide was incubated first with isotype-
matched mouse myeloma immunoglobulins and, thereafter, with the APAAP 
technique as described above. The stained slides were mounted in glycerin-gelatin 
and examined under a light microscope by an experienced pathologist. Only cells 
that had the antibody-binding color reaction and epithelial cell morphology were 
scored as tumor cells. 
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RESULTS 

Incidence of CK+ Cells in Bone Marrow and PBPC 

Of the 274 high-risk breast cancer patients treated with 3 cycles of FEC plus 
CTCb with PBPC support, 67 underwent bone marrow examination at diagnosis, 
and 58 of those patients were reexamined 6-24 months after therapy. Of the 67 
patients given high-dose therapy with stem cell support, 23 patients had C K + cells 
in the bone marrow at diagnosis (Figure 1A and IB). Despite tumor-reductive 
therapy with 3 cycles of chemotherapy, 15 patients (22%) had tumor cells in their 
PBPC products. This indicates that mobilization of tumor cells occurs at the same 
time as that of hematopoietic progenitor cells. Six to 12 months after treatment, 
patients were tested for the presence of micrometastases in bone marrow. Among 
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Figure 1. A, Individual cytokeratin-positive (CK+) results of 21 breast cancer patients who 
relapsed after high-dose therapy. B, Individual CK* results of 46 breast cancer patients in 
complete remission with median observation time of 30 months. BM, bone marrow; PBPC, 
peripheral blood progenitor cells. 
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58 patients, 11 had persistent C K + cells, and 5 became positive after high-dose 
therapy. 

With a median observation time of 30 months, 21 of 67 patients given high-dose 
therapy with stem cell support in Norway have relapsed (Table 1). When the 
presence of C K + cells in the bone marrow and PBPC was correlated with outcome, 
it was found that 11 of the 21 relapsing patients (52%) and 12 of the 46 patients 
(26%) still in complete remission (CR) had C K + cells in the bone marrow at 
diagnosis. Among the relapsing patients, C K + cells were found in 8 of 21 PBPC 
products (38%), whereas of the patients in CR, 7 of 46 PBPC products (15%) were 
contaminated. The CD34+ cell-enriched population was used in 30 of the 67 
patients. Except for 1 patient with persistent C K + cells after enrichment, the 
remaining purified CD34+ cell grafts were free of C K + cells. Preliminary analysis 
indicates that there is no difference in survival among patients given CD34+-
enriched cells and unmanipulated PBPCs (data not shown). Of the 58 patients who 
underwent a follow-up bone marrow examination after therapy, 63% of the 
relapsing patients vs. 5% of the patients in CR had C K + cells. 

Table 2 lists some patients who were monitored for the presence of tumor cells 
in bone marrow at diagnosis and after therapy. All patients were given 3 cycles of 
chemotherapy and high-dose therapy with stem cell rescue. Patients 1 and 2 had no 
remaining residual disease detected in the stem cell product and in bone marrow 
6 months after therapy. At 12 months, however, both had a significant increase in 
the number of tumor cells in the bone marrow followed by an aggressive relapse 
leading to death soon after. Patient 3 was found to have a high number of positive 
cells in the bone marrow at diagnosis and in the reinfused CD34+ cell product 6 and 

Table 1. Remission Status of 67 Breast Cancer Patients and Micrometastasis in Bone 
Marrow at Diagnosis and in Peripheral Blood Progenitor Cells and Bone Marrow After 
High-Dose Therapy* 

CK+ Cells and Clinical Outcome 

Monitoring and Enumeration of CK+ Cells 

At Relapse In Remission 

Bone marrow at diagnosis 
Peripheral blood progenitor cells at treatment 
Bone marrow after therapy 

11/21 (52) 
8/21 (38) 
10/16 (63) 

12/46 (26) 
7/46(15) 
2/42 (5) 

*Data are the number of patients with cytokeratin-positive cells/number of patients studied {%). 
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Table 2. Minimal Residual Disease* 

Number of Tumor Cells per 1-2 X 107 Cells 
Bone Marrow 

Bone Marrow PBPC After Chemotherapy 
Patient at Diagnosis at Treatment 6 mo 12 mo Clinical status 

1 20 0 0 658 Dead 
2 5 0 0 238 Dead 
3 659 iot 33 28 Alive 
4 41 0 39 225 Alive in relapse 

*The 4 patients were given 3 cycles of chemotherapy (FEC) plus high-dose chemotherapy 
(CTCb) with stem cell rescue. fCytokeratin-positive cells remaining in the enriched CD34+ 

fraction. 

12 months after therapy, without any sign of clinical relapse. Patient 4 had 
persistent cells in bone marrow and PBPCs after high-dose therapy. After 12 
months, the number of positive cells increased and the patient relapsed. Although 
these data are only observational, it would appear that the relapses observed in the 
patients might indicate failure of the high-dose treatment to eradicate minimal 
residual disease. 

DISCUSSION 

Whether high-dose adjuvant therapy with stem cell support is more effective 
than standard-dose chemotherapy is still not answered. After extensive testing to 
optimize the enrichment procedure and immunocytochemistry, we used our 
method to determine whether the presence of C K + cells in bone marrow at 
diagnosis and in the PBPCs and bone marrow after therapy is related to patient 
outcome. It is well documented that the presence of micrometastases in bone 
marrow at diagnosis is a prognostic factor in breast cancer patients given standard-
dose chemotherapy.4-6 Our data appear to indicate that circulating C K + cells before 
high-dose therapy also predict a higher relapse after therapy. We find, as others 
have,1 3 1 4 that a high proportion of patients had C K + cells in their PBPCs. Because 
many of our patients were transplanted with enriched CD34+ cells, which in most 
cases removed the C K + cells, the present study cannot determine if reinfusion of 
contaminated PBPCs influences the clinical outcome of these patients. 

Recently, it was published that the presence of C K + cells after adjuvant 
chemotherapy predicts relapse.12 In our patients given high-dose therapy with stem 
cell support, a similar finding was observed, suggesting that the high-dose 
regimens given in our study were not able to eliminate breast cancer cells in the 
patients. Therefore, attention must be given to finding more efficient treatment 
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regimens in autotransplantation or to giving additional therapy following high-dose 
therapy to eradicate remaining minimal residual disease. 

As can be seen in Table 2, immunomagnetic depletion of CD45+ cells followed 
by immunocytochemistry opens up the possibility to monitor and enumerate tumor 
cells from patient samples. Furthermore, characterization of individual tumor cells 
from each patient sample is also possible. By performing double-staining of 
individual tumor cells in the bone marrow, it has been shown that metastatic cells 
have heterogeneous expression of antigens such as major histocompatibility 
complex (MHC) class I antigens and antigens against different proliferation-
associated molecules.15 In this study, downregulation of MHC class I antigens on 
tumor cells was observed, which in turn might lead to the escape of tumor cells 
from cytotoxic T lymphocytes. The lack of expression of proliferation antigens on 
tumor cells might also indicate that many of the micrometastatic tumor cells 
present in the bone marrow are dormant and resistant to chemotherapy. Until now, 
a small number of patients and a limited number of tumor cells from these patients 
have been studied. Therefore, no firm conclusions can be drawn about the clinical 
utility of further characterization of individual tumor cells by double-staining 
techniques. 

Recently, promising results have been reported using monoclonal antibodies as 
therapy against solid tumors, either alone or in combination with chemotherapy.16 

Because immunotherapy-based strategies can work only on patients with low 
tumor load and against tumor cells expressing the target antigens, phenotyping of 
tumor cells and monitoring of in vivo tumor cell purging efficacy may become an 
important method in the near future.17 

Altogether, the different procedures available to detect minimal residual disease 
are promising. Standardization programs are developing,18 and as outlined in this 
article, monitoring minimal residual disease may enable us to better understand the 
biology of tumor cells from individual patients and lead to an improved and 
specific cancer treatment. 
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ABSTRACT 

One of the end points of the collection of peripheral blood stem cells (PBSCs) 
before marrow-ablative chemotherapy and autologous transplantation is tumor-free 
product. One way to obtain a tumor-free graft is to perform purging. However, 
because purging is an expensive procedure, purging of all grafts would not be cost-
effective. To determine if one could predict the contamination of a stem cell graft, we 
evaluated premobilized peripheral blood (PB) for the presence of tumor cells. Using 
a routine immunocytochemical (ICC) assay (sensitivity 1/1,000,000), tumor cells 
were detected before mobilization in PB of 32 (5%) of 635 breast cancer patients. 
Paired premobilized PB specimens and samples from PBSC products were available 
from 460 patients. From these paired samples, 25 PB (5.4%) and 100 PBSC (21.7%) 
samples were positive for tumor cells. Breast cancer cells were detected in 24 of 25 
PBSC samples (96%) when the premobilized PB sample contained tumor cells. Due 
to the low positive rate of PB samples, a number of PBSC products positive for tumor 
cells went unpredicted. Therefore, it was necessary to develop a tumor-enriched ICC 
(EICC) assay that could detect routinely 1/10,000,000 tumor cells. In seeding 
experiments, CAMA cells were seeded into aliquots of PBSCs from normal donors 
at concentrations of 1/1,000,000, 1/5,000,000, 1/10,000,000, 1/20,000,000, and 
1/50,000,000. Overall tumor cell recovery in the positive fractions of the various 
seeded samples ranged between 56% and 97%. This EICC system was then used to 
enrich tumor cells from PB of breast cancer patients. For 107 PB samples of early 
stage (I—III) and 42 of stage IV patients, ElCC-positive cells were found in 23 (21%) 
and 25 (59.5%) patients, respectively. The EICC assay now permits testing of PB for 
residual cancer cells in a larger percentage of breast cancer patients. The use of this 
assay in premobilized PB may permit the early identification of subset of patients 
with an extremely high probability of having breast cancer cells in their PBSC 
products, who may require purging of their products. 
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INTRODUCTION 

High-dose chemotherapy with autologous stem cell transplant may be an 
effective treatment for patients with advanced breast cancer.1 The major reason for 
peripheral blood stem cell treatment failure is relapse of disease, which may in part 
be a result of reinfusion of tumor cells in the graft.2 The presence of tumor cells in 
the reinfused grafts of some breast cancer patients is well established.3-5 

Circulating breast cancer cells have been found to increase as a result of the type 
of mobilization regimens used and with the number of PBSC collections.6,7 In 
addition, these contaminating cells have been shown to be viable and are capable 
in vitro clonogenic growth.34 Gene-marking studies of patients with chronic 
myeloid leukemia, lymphoma, and neuroblastoma have shown that tumor cells in 
the graft contribute to relapse in patients.8"10 Finally, the presence of tumor cells in 
stem cell products has been correlated with a poor posttransplant clinical 
outcome.11-14 

One way to get a tumor-free PBSC product is to purge the graft. A variety of 
approaches for tumor purging have been characterized. These include immuno-
magnetic cell depletion via positive or negative selection, pharmacological purging 
(such as 4-hydroperoxycyclophosphamide), immunotoxins, and density gradient 
separation.15-18 Purging of all PBSC products may be prohibitively expensive, 
particularly when the contamination is only 10%-25%. Therefore, if we can predict 
which PBSCs are positive before harvesting, we could purge only a subset of PBSC 
products and provide better cost efficiency. 

The aim of this study was to develop a premobilized assay that can predict the 
presence of tumor cells in PBSC products of transplant patients. We have been 
using an alkaline phosphatase (AP)-based ICC assay with a routine sensitivity of 
1/1,000,000. Using this assay, premobilized PB cells of patients were evaluated 
for contaminating tumor cells and correlated with tumor cell contamination in 
their PBSC products. When the PB was positive, the assay had high predictive 
power to identify patients with breast cancer cells in PBSC infusions. However, a 
major problem was that a number of ICC-negative premobilized PB samples did 
not predict for a negative PBSC harvest. This may be due to inadequate sensitivity 
of the ICC assay for the evaluation of blood. 

To identify breast cancer cells that are present in low numbers in 
premobilized PB, we developed an ultrasensitive tumor-enriched immunocyto-
chemical micrometastatic assay that has a sensitivity of 1/10,000,000. This 
system uses the Miltenyi magnetic cell sorting (MACS) immunomagnetic 
selection device using colloidal superparamagnetic microbeads conjugated with 
anti-epithelial (HEA-125) monoclonal antibody (mAb) to enrich tumor cells 
before ICC analysis. 
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MATERIALS AND METHODS 

Cell Lines 

The breast cancer cell line CAM A was maintained in 15% fetal bovine serum 
(FBS) (Gibco/BRL, Life Technologies, Rockville, MD) and Dulbecco's modified 
Eagle's medium (DMEM) (Sigma, St. Louis, MO) with 2 fiM L-glutamine and 
100 U/mL penicillin-streptomycin. 

Monoclonal Antibodies 

For ICC analysis, antibodies previously described were used.4 For EICC, SB-3/ 
TFS-2 anti-cytokeratin mAb cocktail was used. TFS2 mAb (IgG2b; Biodesign 
International, Kennebunkport, ME) recognizes a 39-kDa carcinoma-specific 
surface antigen, and the SB-3 mAb (MeDica, Carlsbad, CA) recognizes an epitope 
on cytokeratin 8 (CK8) and CK18. 

Processing and Immunostaining 

Aliquots of PBSCs (at least 2X107 cells) were shipped at room temperature to 
IMPATH/BIS for ICC analysis. Mononuclear cell fractions were isolated by 
density gradient centrifugation using Ficoll-Hypaque (Pharmacia & Upjohn, 
Bridgewater, NJ) and washed twice in Leibovitz L-15 medium (Gibco/BRL) 
supplemented with 10% FBS. The mononuclear fraction was collected, and cells 
were spun onto slides for immunostaining. Slides were fixed in paraformaldehyde/ 
methanol (2:1) or 4% paraformaldehyde fixative, washed thoroughly in Dulbecco's 
modified phosphate-buffered saline (PBS) (Gibco/BRL), and placed on an 
automated immunostainer (TechMate; Ventana, Tucson, AZ). AP immunostaining 
was then performed per manufacturer's instructions as previously described.12 

Briefly, slides were incubated in the following order: blocking solution, primary 
antibody cocktail, secondary antibody, AP complex, chromogen, and hematoxylin. 
Buffer washes were performed between each step. Positive control slides consisted 
of CAMA cells seeded into normal PB or bone marrow and immunostained as 
above. Negative control slides were the patient's specimen immunostained with 
normal mouse serum at the same concentration as used for the anti-breast cancer 
antibodies. 

Quantitation of Tumor Cell Concentration 

Slides were evaluated on a blinded basis, and the total number of tumor cells, 
identified by microscopic evaluation, was recorded. In addition to displaying 
immunostaining, cells had to exhibit morphology consistent with malignant 
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phenotype to score as breast cancer cells. For standard ICC, tumor cell frequency 

was calculated as the quotient of total number of tumor cells detected divided by 

total number of cells on the slides. For EICC, tumor frequency was derived by 

taking the total number of cells detected and dividing by the number of cells used 

for enrichment. 

CAMA cultured breast cancer cells were removed from tissue culture flasks, 

washed twice, and placed in L-15/FBS medium at a concentration of 1X106 cells/mL. 

The hematopoietic cell fractions from normal donors were divided into six 

2X108 cell fractions. Tumor cells were spiked into these fractions at concentrations 

of 0, 1/1,000,000, 1/5,000,000, 1/10,000,000, 1/20,000,000, and 1/50,000,000. 

Enrichment for tumor cells using HEA-125 mAb-conjugated beads was performed 

on all cell aliquots. Cytopreparations from the nonenriched and enriched material 

were made for all aliquots. 

Figure 1 shows a diagram of enrichment of disseminated carcinoma cells 
using the HEA microbeads and MACS technology. The mononuclear cell 
fraction was isolated by Ficoll-Hypaque separation, washed twice in Leibovitz 
L-15 medium supplemented with 10% FBS, and placed in L-15/FBS at a 
concentration of 1X 108cells/mL. Cells were then subjected to immunomagnetic 
cell selection using an anti-HEA-125 mAb magnetic microbead conjugate 

Generation of Seeded Tumor Cells 

EICC Assay 

" ¡ ¡ te r f " ^ ^ ^ ^ 

Magnetic 
labeling 
with HEA 

MicroBeads 

Positive 
selection 

using 
MACS column 

Elution 
of 

carcinoma 
cells 

Figure 1. Schematic representation for enrichment of disseminated carcinoma cells using 
HEA-125 microbeads and magnetic cell sorting (MACS) technology. 
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(Miltenyi Biotec, Auburn, CA). The HEA-125 antigen is an epithelial-specific 
surface glycoprotein, widely expressed by human carcinoma.19 The system and 
magnetic cell separation columns were used according to manufacturer's 
instructions. Briefly, mononuclear cells from PB or PBSC were placed in PBS 
containing 0.2% sodium citrate and washed twice at 1000 rpm for 10 minutes 
each. After washing, cells were incubated with a blocking reagent and HEA-125 
antibody-conjugated microbeads at 4°C for 30 minutes. The cells were washed 
twice with PBS and sodium citrate (0.2%) to remove unbound beads and placed 
in a separation column along with a MiniMACS magnet for 2 minutes at room 
temperature to bind cells. Bound cells were removed by gentle flushing of the 
column with 1 mL buffer using a plunger into fresh tube. All beadrcell 
conjugates recovered from the magnet were used in cytopreparations and 
immunostained. Two to 4 cytopreparations were made with the Shandon 
cytospin and stored for immunostaining at 4°C. Cytopreparations were fixed in 
4% paraformaldehyde fixative, washed thoroughly in Dulbecco's modified PBS 
with 1% Triton X, and placed on an automated immunostainer. AP immunos
taining was performed per protocol. 

RESULTS 

Detection of Tumor Cells in Premobilized Blood Specimens 

An ICC-based assay with a routine sensitivity of 1/1,000,000 was used to 
evaluate premobilized PB cells of stage II (high risk), stage III, and stage IV 
breast cancer patients for contaminating tumor cells and to correlate with tumor 
cell contamination in their PBSC products. 

PB before mobilization was available from 635 breast cancer patients. ICC 
was positive in 32 (5.0%). Paired premobilized PB specimens and PBSC 
products were available from 460 patients. From these paired samples, 25 PB 
(5.4%) and 100 PBSC (21.7%) specimens were positive for tumor cells. The 
range of tumor cells detected was 1/100,000 to 1/6,000,000, median 
1/2,000,000. The results of the paired samples are summarized in Table 1. 
Breast cancer cells were detected in 24 of 25 PBSC products (96%) when the 
premobilized PB contained tumor cells. However, in 77 of 435 patients, the 
premobilized PB was ICC negative, yet the PBSC had tumor cells present 
(false-negative rate of 17.7%). Although a positive ICC of premobilized PB 
was highly predictive of a positive PBSC, there were a number of false-
negative cases. This false-negative rate was probably due to the presence of 
tumor cells in PB at concentrations less than 1/1,000,000. Thus, we developed 
a tumor-enriched assay. 
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Table 1. Tumor Cell Contamination Using Immunocytochemical (ICC) Assay in Paired 
Peripheral Premobilized Blood and Peripheral Blood Progenitor Cells (PBSCs) of Breast 
Cancer Patients* 

Number of patients 358 77 24 1 
Peripheral blood - - + + 
PBSCs - + + -

*-, no tumor cells were found in ICC analysis; +, tumor cells were detected. 

EICC Tumor Cell Seeding Experiments 

The efficacy of the tumor enrichment assay was evaluated in a model system 
in which cultured CAMA breast cancer cells were seeded into PBSC products of 
normal donors. In initial studies, EICC analysis of PBSCs seeded with CAMA 
cells at a concentration of 1/1,000,000 was evaluated after enrichment with HEA-
125 magnetic beads. Initial recovery studies of CAMA cells from PBSCs 
demonstrated an average recovery of 74% (« = 16, 52%-96%). No tumor cells 
were detected in any of the negative fractions following enrichment. In the next 
set of experiments, CAMA cells were seeded into aliquots of PBSCs from normal 
donors at concentrations of 1/1,000,000 (200 cells), 1/5,000,000 (40 cells), 
1/10,000,000 (20 cells), 1/20,000,000 (10 cells), and 1/50,000,000 (4 cells). 
Samples of 2X108 cells were seeded and tested for tumor using the above 
enrichment system. 

The results from the tumor seeding experiments showed that using the Miltenyi 
enrichment system, tumor cells were detected in all seeded products, even when 
seeded with as low as 1/50,000,000 (4 cells). Overall recovery in the various 
seeded samples in 4 independent experiments ranged between 56.2% and 97.5%. 
Mean tumor cell recovery was 97.2% (range, 37%—119%), 74.2% (14%-167%), 
62% (30%-120%), 95% (10%-200), and 56.2% (0%-125%) of PBSC samples 
seeded at 1/1,000,000,1/5,000,000,1/10,000,000,1/20,000,000, and 1/50,000,000, 
respectively. 

The specificity of the enrichment assay was assessed using nonseeded PBSCs 
or PB from 50 normal donors or from patients with hematologic malignancies. 
None of these normal donor specimens tested positive. 

Patient Specimens 

The standard ICC and EICC tumor cell detection system was then tested and 
compared on PBSCs taken from breast cancer patients with various disease stages, 
all candidates for PBSC transplantation. The results are summarized in Table 2. 
Using standard ICC, contaminating tumor cells were found in 33%, 28.6%, and 
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16.6% compared with EICC, where tumor cell contamination was evident in 58%, 
42.8%, and in 58% of patients' specimens for stage II, III, and IV, respectively. 
Tumor cell concentration ranged from 1/1,500,000 to 1/25,000,000. When the 
results of all 31 patients were combined, only 26% of patient specimens were found 
to be positive using the standard ICC assay vs. 55% using the EICC assay (P=.002). 

The ICC and EICC results were compared on premobilized PB samples of 
breast cancer patients. Of 635 premobilized PB samples of breast cancer patients 
using standard ICC, the positive rate was 32 (5.0%), and in a different but 
comparable group of patients, the EICC positive rate was 25 of 42 (59.5%). Tumor 
concentration for these samples ranged from 6/10,000,000 to 2/100,000,000. 

The power of the EICC assay was also tested on PB of early-stage patients with 
epithelial malignancies. There were 40 patients with breast cancer, 43 with prostate 
cancer, 15 with gastrointestinal cancer, and 9 with lung cancer. Of the 107 early-stage 
patients, 23 (21.0%) were positive for tumor cells in the PB. When circulating tumor 
cells were evaluated in PB of stage IV patients, a ~45% positive rate was found. 

DISCUSSION 

One of the end points of PBSCT is obtaining a tumor-free product. One way to 
get a tumor-free PBSC product is to use methods that would reduce the number of 
tumor cells in the graft, including alternative mobilization regimens and purging of 
the PBSC product.16-18 

One promising method for purging is the indirect tumor reduction that occurs 
with positive selection of CD34+ cells from PBSC products.20 Studies have 
demonstrated that ~l-2 logs of breast cancer tumor cells can be removed using this 
process.21-23 Because this is an expensive procedure, however, the use of CD34 
selection must be questioned when the PBSC is negative for tumor cells. Therefore, 
being able to predict which patient will have positive PBSCs could make CD34 
collection more cost-effective. 

Table 2. Comparison Between Standard Immunocytochemical (ICC) and Tumor-
Enriched ICC (EICC) Results Using Peripheral Blood Stem Cell Specimens Taken From 
Breast Cancer Patients at Various Stages of Disease* 
Stage Specimens ICC EICC 
II 12 4(33.3) 1 (58.3) 
III 7 2 (28.6) 3 (42.8) 
IV 12 2 (16.6) 7 (58.3) 
Acute lymphoid leukemia 31 8 (25.8) 17 (54.8) 
* Data are norn (%). P=.002. 
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In this study, we evaluated the power of premobilized ICC PB specimens for 
predicting PBSC tumor cell contamination. We hypothesized that if this assay 
proves to have predictive value, it would be possible to determine which PBSC 
products are positive before harvesting. The assay could permit transplant 
physicians to purge only a subset of PBSC products, rather than all products. 

The standard ICC assay in this study, with a sensitivity of 1/1,000,000, was thus 
used to evaluate tumor cell contamination in premobilized PB and PBSC products. 
In paired samples, breast cancer cells were detected in 24 of 25 PBSC products 
(96%) when the premobilized PB sample contained tumor cells. However, in 77 of 
435 patients, the premobilized PB ICC was negative, yet PBSCs had tumor cells 
present (a false-negative rate of 17.7%). 

To improve the predictive power of this analysis, we developed an ultrasensitive 
tumor-enriched assay with a sensitivity of 1/10,000,000. For EICC seeding 
experiments, a high tumor cell recovery with an overall mean tumor cell recovery 
between 56.2% and 97.5% was found. Moreover, tumor cell recovery was adequate 
even when tumor cell seeding concentrations were as low as 1/20,000,000 and 
1/50,000,000. 

The superior detection power of EICC was proven on PBSC and PB samples 
taken from cancer patients. For patients with breast cancer, the standard ICC assay 
was positive in 32 of 635 (5.0%), whereas the EICC assay was positive in 25 of 42 
(59.5%). For patients with a variety of early-stage cancers, the EICC assay was 
positive in 23 of 107 (21%). 

The breast cancer ultrasensitive EICC method described in this study showed a 
significant increase in sensitivity of tumor detection in premobilized PB as well as 
in PBSC products compared with standard ICC. Based on the predictive power of 
ICC-analyzed premobilized PB, we anticipate that the EICC analysis will greatly 
reduce the false-negative rate. This EICC approach could be used to predict the 
presence of tumor cells in PBSC products before mobilization. The information 
obtained can then be applied to determine the need for purging subsets of grafts 
rather than all the grafts. In addition, the EICC assay has potential to be used in 
future investigations to study the relationship between premobilized PB contami
nation and patient outcomes. Studies toward this end are currently being conducted 
in our laboratory. 
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ABSTRACT 

The presence of occult bone marrow metastases (OM) has been reported to 
represent an important prognostic indicator for patients with operable breast cancer 
and other malignancies. Assaying for OM most commonly involves labor-intensive 
manual microscopic analysis. The present report examines the performance of a 
recently developed automated cellular image analysis system, Automated Cellular 
Imaging System (ACIS) (ChromaVision Medical Systems), for identifying and 
enumerating OM in human breast cancer specimens. 

OM analysis was performed after immunocytochemical staining. Specimens 
used in this study consisted of normal bone marrow (n = 10), bone marrow spiked 
with carcinoma cells (n = 20), and bone marrow obtained from breast cancer 
patients (n = 39). 

The reproducibility of ACIS-assisted analysis for tumor cell detection was 
examined by having a pathologist evaluate montage images generated from 
multiple ACIS runs of 5 specimens. Independent ACIS-assisted analysis resulted 
in the detection of an identical number of tumor cells for each specimen in all 
instrument runs. Further studies were performed to analyze OM from 39 breast 
cancer patients, with 2 pathologists performing parallel analysis using either 
manual microscopy or ACIS-assisted analysis. In 7 of the 39 cases (44%), 
specimens were classified by the pathologist as positive for tumor cells after ACIS-
assisted analysis, whereas the same pathologist failed to identify tumor cells on the 
same slides following analysis by manual microscopy. 

672 
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These studies indicate that the ACIS-assisted analysis provides excellent 
sensitivity and reproducibility for OM detection, relative to manual microscopy. 
Such performance may enable an improved approach for disease staging and 
stratifying patients for therapeutic intervention. 

INTRODUCTION 

A substantial body of literature exists evaluating the biologic significance of 
OM 1 from patients with operable breast cancer and a spectrum of other solid tumor 
types. Many studies have concluded that the presence of OM provides important 
prognostic information predictive of disease-free and overall survival in both 
locally recurring and advanced breast cancer.1-5 Similar conclusions have been 
made following the analysis of other human solid tumors including non-small cell 
lung carcinoma, colorectal carcinoma, and esophageal carcinoma.6-8 

In contrast, other reports have found no statistically significant relationship 
between OM and prognosis.910 The issue of varying conclusions regarding the 
prognostic significance of OM was recently investigated by Funke and Schraut." 
These authors performed a meta-analysis of 20 published reports, including the 
analysis of approximately 2500 patients. Although significant, the impact of this 
study was diminished by the fact that the authors compared a range of carcinoma 
types and included studies with highly variable staining and analysis methods, 
along with substantial variation in the duration of clinical follow-up. Despite these 
caveats, there is no doubt that a key conclusion of the authors is correct: There 
remains the need for improved standardization of OM assay methods before the 
prognostic significance of OM can be substantiated. 

Surprisingly, large (greater than 10-fold) differences in the number of bone 
marrow cells analyzed for OM classification are evident in previously published 
reports. Most studies evaluated between 105 and 106 normal bone marrow cells, but 
in some cases the number of cells analyzed was not specified. Such variation 
clearly affects the sensitivity of the OM assay, and could affect the prognostic 
significance of the results obtained.12 The importance of standardizing the number 
of cells assayed is further underscored from studies of Cote et al.1 These studies 
suggest that the prognostic predictability of the OM assay is affected by the number 
of tumor cells in the specimen, as opposed to simply whether a specimen is positive 
or negative for the presence of tumor cells. 

The analytical requirement for identifying and enumerating very rare tumor 
cells in the OM assay is highly laborious, with the accuracy and sensitivity of the 
result potentially affected by the fatigue of the reviewer. Variation in results 
between laboratories is further complicated by the use of varying criteria for the 
classification of cells as tumor or nontumor.1314 By providing objective computer-
based analysis that can reduce the subjectivity inherent in manual microscopic 
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interpretation, along with images of cells that are classified, automated cellular 
imaging holds considerable potential for improving both the sensitivity and the 
interlaboratory consistency of the OM assay. 

Previous reports15-17 have provided initial proof-of-concept regarding the use of 
image analysis for rare tumor cell detection. Mansi et al. 1 5 analyzed bone marrow 
specimens that were spiked with human carcinoma cells. In that study, image 
analysis results agreed with those of manual microscopy in only 11 of 20 cases, and 
image analysis was reported to be considerably slower than analysis by manual 
microscopy. Mesker et al. 1 6 used a cell model system in which carcinoma cells 
were spiked into peripheral blood. The results of that study suggested that the 
image analysis-based detection of rare SKBR3 tumor cells could provide good 
correlation with results from manual microscopy when both specimen preparation 
and immunocytochemical staining were optimized. Kraeft et al. 1 7 recently 
described a fluorescence-based imaging system capable of identifying rare 
carcinoma cells in blood, bone marrow, and stem cell-enriched products. This 
system was reported to perform sensitive analysis of rare tumor cells from these 
specimens, although the consistency of tumor cell detection using the instrument 
was not addressed. 

In the present study, the performance of a recently developed automated cellular 
imaging system (ACIS; ChromaVision Medical Systems) as a tool for the 
evaluation of OM is explored. Results are described following the analysis of 
normal human bone marrow, bone marrow specimens spiked with breast 
carcinoma cells, and bone marrow specimens from 39 breast cancer patients. OM 
assay sensitivity by ACIS-assisted analysis is compared with parallel analysis of 
the same specimens using manual microscopy. The performance of the imaging 
system in terms of OM assay reproducibility is also examined. 

METHODS 

Bone Marrow Specimens 

Bone marrow specimens from breast cancer patients in this study were provided 
by Dr. Ingo Diel. They were obtained from patients with primary operable breast 
cancer, stage Tl-4, NO-2, and MO (International Union Against Cancer criteria).18 

Bone marrow puncture and aspiration were performed as detailed in Diel et al.3 

Bone marrow aspirate (10-12 mL) was collected from 2 puncture sites on each 
anterior iliac crest (total, 40-50 mL) and stored in heparinized tubes with 
Dulbecco's modified Eagle's medium (DMEM) (Gibco, Paisley, UK). 
Components of the aspirate were separated by density centrifugation through 
Ficoll-Hypaque (density = 1.077 g/mL; Biochrom, Berlin, Germany). After 
separation, cells were washed twice and resuspended with DMEM. Subsequently, 
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the cell suspension was transferred onto microscope slides using a cytocentrifuge 

(Universal 16A; Hettich, Tuttlingen, Germany). The slides were suspended in a 

conventional freezing medium and stored in a freezer at -80°C before immuno-

cytochemical staining and analysis. 

For normal human bone marrow or bone marrow spiked with carcinoma cells, 

the following procedure was employed. Mononuclear cells were isolated from 

human bone marrow aspirates using standard protocols (Poietics, BioWhittaker, 

Gaithersburg, MD). Briefly, a nucleated cell count was performed on bone marrow 

aspirates using a Coulter counter with Zap-globin-II for red cell lysis, according to 

manufacturer's directions. The bone marrow was diluted to 5 million nucleated 

cells/mL with 5 mM EDTA (Sigma), pH 7.4. Fifteen milliliters of Ficoll-Paque 

Plus (Amersham Pharmacia, Piscataway, NJ) was overlaid with 35 mL of the 

diluted bone marrow in a 50-mL conical tube and centrifuged at 400g for 

30 minutes at room temperature. The mononuclear cell layer was harvested from 

each tube, combined, diluted 1:4 with Hanks' balanced salt solution and EDTA, 

and centrifuged at 300g for 15 minutes at room temperature. The cells were 

resuspended in phosphate-buffered saline (PBS) (Dako, Carpinteria, CA), and an 

aliquot was counted. The cells were centrifuged at 250g for 10 minutes at room 

temperature. The mononuclear cells were resuspended in PBS at 5 million cells/mL 

and maintained on ice. Two hundred microliters of the cell suspension (~1 million 

cells) was cytocentrifuged (Hettich Universal 16A) onto silanized slides (Dako) at 

500 rpm for 5 minutes at room temperature. The supernatant was carefully 

removed from each slide after cytocentrifugation, and the slides were allowed to 

air-dry overnight. For spiked slides, MDA-MB-468 breast carcinoma cells (ATCC, 

Manassas, VA) were harvested, resuspended in PBS, and counted. The appropriate 

number of cells was added to the PBS-resuspended bone marrow mononuclear 

cells to give a final count of 1.5 or 40 cells in 200 jiL. Slides were prepared by 

cytocentrifugation as described above. 

Immunocytochemical Staining 

Details of the procedure used for the staining of bone marrow specimens from 

breast carcinoma patients are presented in Diel et al.3 Briefly, the monoclonal 

antibody 2E11 (BM2), which recognizes a carcinoma-associated epithelial mucin 

MUC-1, 1 9" 2 1 was used. 

Before staining, the cells were fixed with 3.7% formalin in PBS for 15 minutes, 

rinsed 3 times with PBS, and postfixed with absolute methanol (-20°C) for 

5 minutes. Endogenous alkaline phosphatase was next blocked with 20% acetic 

acid, 2.28% periodic acid, and 2% levamisole. After blocking, the slides were 

incubated with biotinylated BM2 antibody (2 ¡iglvaL) in PBS that contained 1% 

bovine serum albumin (Boehringer Mannheim, Mannheim, Germany) for 1 hour at 
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room temperature. Immune complexes were made visible by use of the avidin-
biotin-alkaline phosphatase complexes (ABC test; Vectastain, Camon, Wiesbaden, 
Germany) and fast red as substrate. The cells were counterstained with 10% Gill 2 
hematoxylin (Dako) in distilled water for 30 seconds. The specimen was next 
rinsed under running water for 2 minutes then coverslipped using Aquatex 
mounting medium (Merck, Darmstadt, Germany). 

Normal marrow or bone marrow specimens spiked with human breast 
carcinoma cells were immunocytochemically stained using the EPiMET Epithelial 
Cell Detection Kit (Baxter Europe, Micromet, Martinsried, Germany) with minor 
modifications to the manufacturer's recommendations. Briefly, slides were fixed in 
0.5% neutral buffered formalin (Sigma, St. Louis, MO) diluted in PBS (Dako) for 
10 minutes at room temperature. Samples were gently washed with PBS and 
permeabilized according to the manufacturer's recommendations. Cytokeratins 8, 
18, and 19 were stained with A45-B/B3 (conjugate of Fab-fragment of antibody 
A45-B/B3 with alkaline phosphatase), washed, and detected with chromogen (New 
Fuchsin) according to the manufacturer's recommendations. The slides were 
counterstained by incubating in undiluted hematoxylin stain (Dako) for 4 seconds 
and rinsed with deionized water. The slides were dried at 70°C in a drying oven for 
20 minutes. The dried slides were coverslipped with a cellulose film using a 
Tissue-Tek SCA automated coverslipper (Sakura Fineteck) and xylene. 

ACIS SYSTEM OVERVIEW 

The ACIS consists of 2 major subassemblies. The first is the microscope with 
its associated electromechanical hardware, and the second is a computer with a 
frame grabber and image processing system. 

The microscope subsystem includes the components of a standard microscope 
(lamp, condenser, turret, etc) mounted in a special shock-resistant frame with a 
video camera. The camera has a 60-frame-per-second, 640-by-480-pixel, 3-chip 
camera (Sony DX9000). Also included in the microscope assembly is an infeed 
hopper, a stage, motors that provide X, Y, and Z (focus) translation, and an outfeed 
drawer. The system uses a carrier system, with 4 slides per carrier, and the input 
hopper is capable of holding 25 carriers. The computer subsystem consists of a dual 
450 MHz Pentium II computer running Microsoft Windows NT. It has 512 
megabytes of memory, 27 gigabytes of hard disk storage, and 25 gigabytes of tape 
backup, compressible to 50 gigabytes. 

For rare event detection, the ACIS makes use of proprietary software allowing 
for fast and highly sensitive color detection, along with the capability for the 
analysis of a variety of morphometric features. The application software available 
on the ACIS for OM detection involves first scanning a microscope slide at low 
magnification (X10). The system next returns to objects that were originally 
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identified for a second analysis at higher magnification (X40 or X60). In this case, 
more comprehensive image analysis of color and morphometric characteristics 
(nuclear size, nuclear shape) is undertaken in an effort to exclude cellular debris, 
large clumps, and cells with morphological features typical of normal hematologic 
mononuclear cells, as opposed to carcinoma cells. At the same time, objects that 
meet color- and morphometry-based criteria as likely tumor cells are collected and 
presented as montage images for review and classification by a pathologist or other 
laboratory professional. In the data file generated after specimen analysis, the x and 
y coordinates of the object within a framelet are stored using location data results 
in powerful sample navigation features. A revisit capability allows the user to 
double-click on framelets of interest to return to the proper location on the 
specimen slide for further review under manual control of the microscope. In this 
mode, it is possible to navigate across the slide, adjust focus, and change 
microscope objectives. Comparison of the montage images that result from each 
repeated run is another feature that uses location data. Tumor cells or cell clusters 
found multiple times by the system can be identified by highlighting framelets with 
proximate locations as suspected duplicates. 

RESULTS 

Figure 1 illustrates an example of a carcinoma cell identified from a bone 
marrow preparation obtained from a breast cancer patient. The specimen was 
immunocytochemically stained using the BM2 monoclonal antibody and enzymat-
ically visualized in combination with fast red chromogen. The upper panel 
illustrates an example of positive immunocytochemical staining of a single tumor 
cell. Staining is evident on the plasma membrane and cytoplasm of the tumor cell 
but is absent in surrounding normal mononuclear bone marrow cells, which 
demonstrate only the blue hematoxylin nuclear counterstain. Using manual 
microscopy, OM analysis is conventionally performed following the laborious 
process of examining approximately 105 to 106 normal bone marrow mononuclear 
cells for the presence of 1 or more carcinoma cells. 

In an effort to examine the feasibility for automating the OM assay, ACIS 
analysis was performed on the same bone marrow specimen. The lower panel of 
Figure 1 illustrates the result of ACIS analysis using an application that detects 
likely tumor cells based on the combination of presence of the red chromogen 
immunocytochemical staining and preset morphological characteristics (eg, range 
of nuclear size, nuclear shape). A laboratory professional next reviews the 
collected framelets to classify them as tumor cells or nontumor cells. In the case 
illustrated, 8 collected objects were reviewed and classified as tumor cells, 
representing the result following analysis of the entire bone marrow specimen. In 
addition, the ACIS counted approximately 1.26X106 total mononuclear cells on 



678 Chapter 15: Tumor Cell Contamination 

Figure 1. A, Example of a carcinoma cell in a bone marrow specimen obtained from a breast 
cancer patient. B, Result obtained after ACIS analysis of the entire bone marrow specimen 
and review of collected images. Analysis of this specimen resulted in the classification of 8 
objects as tumor cells. ACIS analysis indicated a total mononuclear count of approximately 
1.26X106 cells on the specimen slide. 

the specimen slide. ACIS analysis of this specimen required approximately 
18 minutes. 

To evaluate the sensitivity and specificity of the ACIS for tumor cell detection, 
known control populations were next evaluated. Bone marrow specimens were 
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Table 1. Specificity for Tumor Cell Detection Using ACIS-Assisted Analysis (Normal 
Bone Marrow vs. Bone Marrow Spiked With MDA-MB-468 Breast Carcinoma Cells)* 

Tumor Cell- Tumor Cell-
Positive Cases Negative Cases Total Cases 

Bone marrow spiked with 10 0 10 
4 + 3 breast carcinoma 
cells (n = 10) 

Bone marrow spiked with 10 0 10 
51 + 8 breast carcinoma 
cells (n = 10) 

Normal bone marrow (n = 10) 0 10 10 
Total 20 10 30 

*Mononuclear cell preparations were from normal bone marrow specimens and bone 
marrow to which varying numbers (range, 1-59) of MDA-MB-468 breast carcinoma cells 
were added and immunocytochemically stained using an alkaline phosphatase-conjugated 
anti-pan-cytokeratin antibody (A45/BB3). Positive cells were visualized following 
incubation with the new fuchsin chromogen. The slides, each consisting of~500,000 cells, 
were then analyzed using the ACIS. Specimens with 1 or more carcinoma cells were 
classified as tumor cell-positive. 

obtained from normal individuals (n = 10), specimens into which 1-7 in vitro 
human breast carcinoma cells (MDA-MB-468) were spiked (n = 10), and 
specimens spiked with 43-59 breast carcinoma cells (n = 10). Each of these 
specimens also included ~500,000 normal bone marrow mononuclear cells. The 
results of this study are shown on Table 1. No tumor cells were identified in any 
of the 10 normal bone marrow specimens analyzed. In contrast, 1 or more tumor 
cells was identified in each of the 20 specimens that were spiked with breast 
carcinoma cells. 

Further studies were undertaken to evaluate and compare the OM review time as 
performed using the ACIS analysis vs. manual microscopy using these same 
specimens. For ACIS-assisted analysis, 2 elements contribute to the total analysis 
time: ACIS image scan and collect (in which the instrument performs analysis in an 
unattended fashion) and the ACIS-assisted review of montage images, which is 
performed by a laboratory professional. The overall ACIS scan and collect time was 
an average of 17.75 minutes (2.69 standard deviation [SD]), with a range of 14 to 
25 minutes for the 30 specimens. The automated portion of the ACIS analysis for all 
specimens, therefore, was accomplished in a total of 8.9 hours. The total 
pathologist-assisted ACIS review of all montage images from the 30 specimens was 
accomplished in slightly less than 1 hour. This leads to a total ACIS analysis time 
(unattended scan and collect along with pathologist montage review) of 9.9 
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Table 2. Reproducibility Within and Between ACIS Instruments for Tumor Enumeration 
(Bone Marrow Specimens From Breast Cancer Patients)* 
Instrument and 
Run Number 

Specimen A, 
No. Positive Tumor Cells 

Specimen B, 
No. Positive Tumor Cells 

Instrument 1 
1 
2 
3 
4 
5 

Instrument 2 
1 
2 
3 
4 
5 

Instrument 3 
1 
2 
3 
4 
5 

*Bone marrow mononuclear cell preparations from 2 breast cancer patients were fixed 
and immunoenzymatically stained using the BM2 monoclonal antibody and fast red 
chromogen. To examine the consistency of tumor cell detection and enumeration, each 
specimen was evaluated following analysis in 5 separate runs on each of 3 different ACIS 
instruments, for a total of 15 independent analyses per specimen. 

hours. By contrast, manual microscopic evaluation of the 30 specimens required 
11.9 hours, or an average of 23.8 minutes for each of the 30 specimens. Thus, using 
ACIS-assisted analysis, a reduction of approximately 11.9-fold in pathologist 
review time was accomplished, relative to analysis using manual microscopy. 

Bone marrow specimens obtained from 5 breast cancer patients were 
subsequently analyzed in an effort to assess the reproducibility of ACIS-assisted 
analysis results. Table 2 illustrates the result of this analysis for 2 specimens in 
which 15 separate analyses were performed for each specimen. Each of 3 separate 
instruments was used to analyze each specimen, with 5 separate analyses per 
instrument. The data indicate that the ACIS identifies tumor cells in a highly 
reproducible fashion. Exactly the same number of tumor cells (as classified by the 
pathologist following the review of montage images) was identified for each 
specimen. 
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Table 3. Tumor Cell Detection: ACIS-Assisted Analysis vs. Manual Microscopy 
(Specimens From Breast Cancer Patients, n = 39)* 

Manual Microscopy 
ACIS-Assisted Analysis Tumor Cell-Positive Cases Tumor Cell-Negative Cases 

Tumor cell-positive cases 
Tumor cell-negative cases 
Total 

9 17 
3 10 

12 27 

*Bone marrow specimens from 39 breast cancer patients were evaluated using both manual 
microscopy and ACIS-assisted analysis by 2 pathologists following immunoenzymatic 
staining with the BM2 monoclonal antibody and fast red chromogen. Manual microscopy 
and ACIS-assisted analysis agreed on 9 positive and 10 negative cases. In 20 cases, manual 
microscopy and ACIS-assisted analysis disagreed. In 17 of these cases, the specimen was 
classified as positive for tumor cells by ACIS-assisted analysis but negative for tumor cells 
by manual microscopy. (These discrepant cases were further investigated as described in 
Table 4.) 

Three additional breast cancer bone marrow specimens were next analyzed on 
3 separate ACIS instruments, with 3 independent runs per instrument. This analysis 
(data not shown) again revealed that exactly the same number of tumor cells was 
identified for each specimen in each run, with 23, 7, and 50 cells, respectively, 
consistently identified from each of 3 specimens. 

The "montage compare" feature within the ACIS instrument displays multiple 
montage images of collected cells from separate instrument runs for review and 
comparison. Using this analysis tool, the reviewer determines whether identical 
cells are detected in different instrument runs. Reviewing the individual framelet 
images of all of the collected tumor cells from these 3 specimens revealed that, in 
all cases, not only the same number of tumor cells but also exactly the same tumor 
cells, were collected. 

Additional studies were next performed using bone marrow specimens obtained 
from 39 breast cancer patients to further examine the performance of ACIS-assisted 
OM analysis vs. OM analysis by manual microscopy. For these studies, the 
specimens were evaluated by either of 2 pathologists, with independent evaluation 
performed using manual microscopy and ACIS-assisted analysis. The results of 
this study are shown in Table 3. In 7 of the 39 specimens (44%), the pathologist 
detected 1 or more tumor cells after ACIS-assisted analysis that were not detected 
by the same pathologist using manual microscopy. 

Based on the fact that the ACIS data file includes x and y coordinates of each 
object that was classified in the original ACIS-assisted analysis, it was possible for 
the pathologist to recall all tumor cells for further studies. Each of the tumor cells 
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Table 4. Tumor Cell Detection Reproducibility: ACIS-Assisted Analysis vs. Manual 
Microscopy (Specimens From Breast Cancer Patients, n = 21)* 

Number of Tumor Cells 
Initial Analysis Second Review 

Manual ACIS-Assisted ACIS Manual ACIS-Assisted 
Specimen Microscopy Analysis Analysis Analysis 

1 0 0 0 0 
2 0 2 2 2 
3 0 1 1 1 
4 0 2 2 2 
5 0 1 1 1 
6 0 4 4 4 
7 0 1 1 1 
8 0 2 2 2 
9 0 0 0 0 
10 0 1 2 1 
11 0 1 1 1 
12 0 3 3 3 
13 0 2 2 2 
14 0 0 0 0 
15 0 5 5 5 
16 0 1 1 1 
17 0 2 2 2 
18 0 0 0 0 
19 0 4 4 4 
20 0 2 2 2 
21 0 3 3 3 

*77ie number of tumor cells counted from a total of 21 bone marrow specimens from breast 
cancer patients, which had initially been analyzed by both ACIS-assisted analysis and 
manual microscopy, were reevaluated. For 17 specimens that had originally been classified 
as tumor cell-negative by manual microscopy, a total of 37 objects were originally classified 
as tumor cells by ACIS-assisted analysis. These cells, along with 74 nontumor cells from 
the same 17 slides and 5 cells from each of 4 additional specimens (for a total of 131 cells), 
were recalled and reexamined by a pathologist who was blinded to the original ACIS-
assisted cellular classification. Finally, the pathologist reviewed ACIS montage images a 
second time, again blinded to the original classification. 

from the 17 disparate specimens (described above) was manually reevaluated using 
the binoculars available on the ACIS. To ensure objectivity, additional nontumor 
cells were also examined with all determinations blinded to the original cellular 
classification. The results of these studies are shown in Table 4. For all but 1 cell 
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(specimen 10), manual microscopic review led to findings that agreed with those 
obtained following the original ACIS-assisted analysis. For the 1 cell where a 
disparity was noted, the pathologist again reviewed both the original ACIS montage 
image and the specimen slide. The pathologist's conclusion, consistent with the 
original ACIS-assisted analysis, was that the disparate cell was not a tumor cell. 

Finally, to verify the consistency of the ACIS-assisted analysis, the pathologist 
independently reviewed all ACIS montage images a second time, blinded to the 
original classification. The second ACIS-assisted analysis led to results that were 
identical to the original ACIS-assisted analysis (Table 4). From these findings, we 
conclude that the original discrepancy between ACIS-assisted analysis and manual 
microscopy reflected tumor cells that were not detected (ie, false negatives) by 
manual microscopy. 

In 3 specimens, the original manual microscopic analysis (Table 3) led to the 
conclusion that tumor cells were present, whereas ACIS-assisted automated 
analysis revealed no detectable tumor cells. At a later date, the pathologist 
reanalyzed the specimen, blinded to the original interpretation. In an effort to 
optimize the reliability of the second read, the pathologist further reviewed the 
specimen slide for possible tumor cells at both conventional (X200) and higher 
resolution (X400) magnification. Following reanalysis, the pathologist concluded 
that none of the specimens included even 1 tumor cell—consistent with the original 
ACIS analysis but contrasting with the original analysis by manual microscopy. 
These findings indicate that the original manual microscopic analysis resulted in 
false-positive findings that were not observed by ACIS-assisted analysis. 

DISCUSSION 

This study demonstrates that analysis of OM using immunocytochemical staining 
and analysis by the ACIS provides a sensitive, highly reproducible, and efficient 
means for OM detection and enumeration. Superior sensitivity for OM detection was 
demonstrated using ACIS-assisted analysis relative to manual microscopy. 
Specifically, in bone marrow specimens from 17 of 39 breast cancer patients in which 
the pathologist identified the presence of OM by ACIS-assisted analysis, the same 
pathologist incorrectly classified the specimen as negative after initial analysis by 
manual microscopy (Table 4). Analysis of the same specimen from breast cancer 
patients on multiple occasions, across multiple ACIS instruments, revealed excellent 
assay consistency (Table 2). Finally, an approximately 11.9-fold reduction in 
pathologist review time was achieved for analysis of 30 bone marrow specimens for 
OM using ACIS-assisted analysis relative to manual microscopy. 

In addition to analysis by manual microscopy, 2 other methods are commonly 
employed for the analysis of OM today: flow cytometry and nucleic acid-based 
methods including reverse transcriptase-polymerase chain reaction (RT-PCR). 
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Flow cytometry represents an alternative technology that allows for the rapid 
analysis of tens of thousands of cells. The detection sensitivity of this methodology 
varies in published reports, but most commonly is reported to be in the range of 
approximately 1 cell in 10,000.22 Other reports suggest a theoretical detection 
sensitivity in the range of approximately 1 cell in 200,000; even rarer cell types 
may be detectable.23,24 The results of Gross et al.,2 4 however, suggest that flow 
cytometric analysis of rare tumor cells (<1 cell in 100,000) leads to a detection 
sensitivity of only 10-40%. One key advantage for analysis by automated cellular 
imaging as opposed to flow cytometry is the fact that the analysis result is a cellular 
image. The use of a conventional counterstain (eg, hematoxylin) facilitates 
interpretation by a pathologist or other laboratory professional, leading to enhanced 
diagnostic certainty of the assay. Only with the use of tedious cell sorting methods 
(available on flow cytometry research instruments) can this type of interpretation 
be made using flow cytometry. 

DNA-based nucleic acid methods for detecting OM analyze specific gene 
mutations, sequences of carcinogenic viruses, or other alterations specific to 
neoplastic cells.25 This method holds considerable potential, but its true clinical 
relevance awaits confirmation in larger prospective studies. An alternative strategy 
for detecting OM in bone marrow specimens involves the use of RT-PCR to 
amplify specific mRNA molecules that are expressed in carcinoma cells but absent 
in normal cells. Although this approach holds considerable promise, it suffers from 
the fact that, for most cancer types, true tumor-specific mRNA molecules have not 
yet been identified. Inherent biological factors including the presence of 
pseudogenes or low-level expression of the targeted mRNA in normal cells can 
lead to false-positive test results using this method.26,27 For example, "illegitimate 
expression" of cytokeratin 19 mRNA has been reported in peripheral blood.28 In 
another study, 7 epithelial- and tumor-associated markers, including cytokeratin 18 
mRNA, were amplified by RT-PCR in a significant percentage of bone marrow 
samples from noncancer patients,28 illustrating the risk of false-positive results by 
this method. On the other hand, downregulation of a more specific carcinoma cell 
marker, such as prostate-specific antigen (PSA), in tumor cells may limit the 
sensitivity of RT-PCR in bone marrow from breast cancer patients,29 possibly 
leading to false-negative interpretations. 

One assay component of critical importance for the immunocytochemical 
detection of OM is the antibody reagent used for immunocytochemical staining. To 
date, a variety of antibodies have been used for the OM assay, which vary substan
tially in terms of sensitivity and specificity for carcinoma cell detection.12 

Antibodies used for OM detection have been reported to bind both specifically (eg, 
Fc-receptor-bearing leukocytes, illegitimate expression of epithelial antigens in 
normal hematopoietic cells) and nonspecifically in cells including macrophages, 
plasma cells, and nucleated erythroid precursors.30"33 The use of antibodies with 
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well-documented specificity for carcinoma cells, as opposed to normal 
hematologic mononuclear cells (eg, A45/BB3, A45/BB5), is highly advantageous 
for a robust OM assay. In addition, careful morphologic assessment, along with 
proper interpretation of immunocytochemical staining, appears imperative to 
ensure that immunocytochemically stained cells are, in fact, tumor cells,34 as 
opposed to leukocytes and other nonneoplastic cells. By providing cellular images 
with counterstains conventionally used for cellular diagnostic purposes, along with 
the capability to revisit the cell on the microscope slide, the ACIS provides the 
opportunity for cellular classification with increased diagnostic certainty relative to 
the alternative methods discussed above. 

In conclusion, these studies demonstrate that ACIS-assisted analysis combined 
with immunocytochemical staining offers the possibility of sensitive and reliable 
assessment of OM. Prospective studies now appear important to further explore the 
true clinical significance of this assay. 

A C K N O W L E D G M E N T S 

The authors wish to recognize the tireless, dedicated efforts of M. Watson, M. 
Schneider, and P. Hays in coordinating the execution of the study and A. Turriago 
for outstanding technical assistance. We further thank D. Williams, M. Boggy, and 
C. Caron for assistance in preparation and editing of the manuscript. 

REFERENCES 

1. Cote RJ, Rosen PP, Lesser ML, et al. Prediction of early relapse in patients with opera
ble breast cancer by detection of occult bone marrow micrometastases. J Clin Oncol 
9:1749-1756,1991. 

2. Diel IJ, Kaufmann M, Goerner R, Costa SD, Kaul S, Bastert G. Detection of tumor cells 
in bone marrow of patients with primary breast cancer: a prognostic factor for distant 
metastases. J Clin Oncol 10:1534-1539,1992. 

3. Diel IJ, Kaufmann M, Costa SD, et al. Micrometastatic breast cancer cells in bone mar
row at primary surgery: prognostic value in comparison with nodal status. J Natl Cancer 
Inst 88:1652-1658,1996. 

4. Harbeck N, Untch M, Pache L, Eiermann W. Tumor cell detection in the bone marrow 
of breast cancer patients at primary therapy: results of a 3-year median follow-up. Br J 
Cancer 69:566-571,1994. 

5. Braun S, Pantel K, Muller P, et al. Cytokeratin-positive cells in the bone marrow and sur
vival of patients with stage I, II, or III breast cancer. N Engl J Med 342:525-533,2000. 

6. Lindemann F, Schlimok G, Dirschedl P, et al. Prognostic significance of micrometastatic 
tumor cells in the bone marrow of colorectal cancer patients. Lancet 340:685-689,1992. 

7. Pantel K, Izbicki JR, Angstwurm M, et al. Immunocytological detection of bone marrow 
micrometastases in operable non-small cell lung cancer. Cancer Res 53:1027-1031,1993. 



686 Chapter 15: Tumor Cell Contamination 

8. Thorban S, Rode JD, Neharda H, et al. Immunocytochemical detection of disseminated 
tumor cells in the bone marrow of patients with esophageal cancer. J Natl Cancer Inst 
88:1222-1227,1996. 

9. Singletary SE, Larry L, Tucker S, et al. Detection of micrometastatic tumor cells in bone 
marrow of breast carcinoma patients. J Surg Oncol 47:32-36,1991. 

10. Molino A, Pelosi G, Turazza M, et al. Bone marrow micrometastases in 109 breast can
cer patients: correlations with clinical and pathological features and prognosis. Breast 
Cancer Res Treatment 42:23-30, 1997. 

11. Funke I, Schraut W. Meta-analysis of studies of bone marrow micrometastases: an inde
pendent prognostic impact remains to be substantiated. J Clin Oncol 16:557-566,1998. 

12. Braun S, Pantel K. Prognostic significance of micrometastatic bone marrow involvement. 
Breast Cancer Res Treatment 52:201-216, 1998. 

13. Pantel K, Cote RJ, Fodstad O. Detection and clinical importance of micrometastatic dis
ease. J Natl Cancer Inst 91:1113-1124, 1999. 

14. Borgen E, Naume B, Nesland JM, et al. Standardization of the immunocytochemical detec
tion of cancer cells in bone marrow and blood. J Hematother. In press. 

15. Mansi JL, Mesker WE, McDonnel T, et al. Automated screening of bone marrow smears 
for micrometastasis. J Immunol Methods 112:105-111, 1988. 

16. Mesker WE, van den Burg MJM, Oud PS, et al. Detection of immunocytochemically 
stained rare events using image analysis. Cytometry 17:209-215,1994. 

17. Kraeft S, Sutherland R, Gravelin L, et al. Detection and analysis of cancer cells in blood 
and bone marrow using a rare event imaging system. Clin Cancer Res 6:434-442, 2000. 

18. Beahrs OE, Henson DE, Hotter RU, Myers MH. Manual for Staging of Cancer. 3rd ed. 
Philadelphia, PA, Lippincott, 1988. 

19. Bastert G, Eichler A, Kaul S. Monoclonal antibodies against breast cancer. In: Rygaard, 
Brunner, Spang-Thomsen, eds. Immune Deficient Animals in Biomedical Research. Basel, 
Switzerland, Karger, 1987, p. 224-227. 

20. Kaul S, Windecker S, Bastert G. Monoclonal antibodies reactive with tumor-associated 
epitopes of breast mucin glycoproteins. Proc Am Assoc Cancer Res 30:349, 1989. 

21. Brummendorf TH, Kaul S, Schuhmacher J, et al. Immunoscintigraphy of human mam
mary carcinoma xenografts using monoclonal antibodies 12H12 and BM-2 labeled with 
99mTc and radioiodine. Cancer Res 54:4162-4168, 1994. 

22. Clevenger CV, Khandewal M, Stadtmauer E, Jardines L. Detection of bone marrow 
breast carcinoma metastasis using multiparameter flow cytometry. Ann N Y Acad Sei 
677:400-401,1993. 

23. Ryan D, Mitchell SJ, Hennessey LA, et al. Improved detection of rare CALLA-positive 
cells in peripheral blood using multiparameter flow cytometry. J Immunol Methods 
74:115-128, 1984. 

24. Gross HJ, Verwer B, Houck D, et al. Model study detecting breast cancer cells in periph
eral blood mononuclear cells at frequencies as low as 107. Proc Natl Acad Sei USA 
92:537-541,1995. 

25. Pantel K, Knebel Doeberitz M. Detection and clinical relevance of micrometastatic can
cer cells. Curr Opin Oncol 12:95-101, 2000. 

26. Ghossein RA, Bhattacharya S, Rosai J. Molecular detection of micrometastases and cir-



Bauer et al. 687 

culating tumor cells in solid tumors. Clin Cancer Res 4:1950-1960,1999. 
27. Raj GV, Moreno JG, Gomella LG. Utilization of polymerase chain reaction technology 

in the detection of solid tumors. Cancer 82:1419-1442,1998. 
28. Krismann M, Todt B, Schroder J, et al. Low specificity of cytokeratin 19 reverse tran

scriptase-polymerase chain reaction analyses for detection of hematogenous lung cancer 
dissemination. J Clin Oncol 13:2769-2775,1995. 

29. Zippelius A, Kufer P, Honold G, et al. Limitations of reverse transcriptase polymerase 
chain reaction for detection of micrometastatic epithelial cells in bone marrow. J Clin 
Oncol 15:2701-2708,1997. 

30. Pantel K, Schlimok G, Braun S, et al. Methodological analysis of immunocytochemical 
screening for disseminated epithelial tumor cells in bone marrow. J Hematother 3: 
165-173, 1995. 

31. Thor A, Viglione MJ, Ohuchi N, et al. Comparison of monoclonal antibodies for the detec
tion of occult breast carcinoma metastases in bone marrow. Breast Cancer Res Treatment 
11:133-145,1988. 

32. Borgen E, Beiske K, Trachsel S, et al. Immunocytochemical detection of isolated epithe
lial cells in bone marrow: non-specific staining and contribution by plasma cells directly 
reactive to alkaline phosphatase. J Pathol 185:427̂ 134,1998. 

33. Diel IJ, Cote RJ. Bone marrow and lymph node assessment for minimal residual disease 
in patients with breast cancer. Cancer Treatment Rev 26:53-65,2000. 

34. Werner W, Nasarek A, Georg AII. Isolated tumor cells in the bone marrow: value of a new 
diagnostic method in the TNM-staging of solid tumors. Gen Diag Pathol 142:1-6,1996. 





CHAPTER 16 
SUMMARIES 





Hematologic Malignancies: Summary 

John Barrett 

Stem Cell Allotransplantation Section, Hematology Branch, National Heart, 
Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland 

MINI-TRANSPLANTS 

At this meeting, much new data were presented on the use of nonmyeloablative 
"mini-transplants." Reports from the M.D. Anderson, Jerusalem, National 
Institutes of Health (NIH), Boston, and Seattle groups demonstrate that this 
approach can be applied in older and debilitated patients with low or at least 
acceptable transplant-related mortality, as well as in those with mismatched 
donors. Furthermore, the ability of the mini-transplant to confer graft-vs.-
malignancy effects has now been demonstrated in B-cell and myeloid 
malignancies, as well as in renal cell cancer. Several treatment approaches are 
being developed that will require more prospective studies to fully evaluate their 
relative merits. Clearly, this field has given a boost to the concept of a powerful 
alloimmune response to malignancy that can be harnessed and applied in diseases 
and recipients not previously studied. 

LEUKEMIAS 

Old Questions, Some New Answers 

In the treatment of acute leukemias, questions that concern the relative benefit 
for competing approaches never appear to be resolved, largely because the field 
moves ahead faster than comparative trials can keep up with the advances. This 
was illustrated by reports of several comparative studies—autologous vs. 
allogeneic transplants, autologous transplant vs. chemotherapy, bone marrow vs. 
peripheral blood as the stem cell source—and perennial questions concerning the 
role of purging. Some answers to these dilemmas were, however, forthcoming. 

Acute Lymphoblastic Leukemia 

In acute lymphoblastic leukemia (ALL) in first remission, autologous bone 
marrow transplantation (autoBMT) does seem to hold some advantage over the 
best current chemotherapy for adults. Daniel Weisdorf (University of Minnesota), 

691 



692 Chapter 16: Summaries 

presenting data from the registries of the Autologous Blood and Marrow 
Transplant Registry and the National Marrow Donor Program, showed that in 
certain circumstances autoBMT also appeared to be more likely to result in disease-
free survival than an allograft from an unrelated donor. In second-remission ALL, 
autoBMT still appears to be disappointing, with a prohibitively high relapse rate. 
The study by Weisdorf indicated that the unrelated donor transplant with its 
superior antileukemic effect resulted in better disease-free survival. Likewise for 
Philadelphia chromosome (Ph)-positive ALL: Jorge Sierra (Hospita Sant Pau, 
Barcelona, Spain) presented convincing data that allograft, not autograft, in first 
remission produced the highest chance of cure. 

Acute Myeloblastic Leukemia 

The results of autoBMT from the Johns Hopkins group presented by Carole 
Miller indicated disappointingly low survivals, but with a possible role for in vitro 
purging with 4-hydroperoxycyclophosphamide (4HC) for acute myeloblastic 
leukemia (AML) in second remission. More promising may be the concept of in 
vivo purging where the autograft is collected after intensive therapy, as presented 
by Charles Linker (University of California-San Francisco). In vivo purged 
autologous transplants appear to be better tolerated than in vitro purged transplants 
and deserve further exploration. Autologous transplantation may hold out some 
hope for patients with AML developing from myelodysplastic syndrome (MDS). 
Multicenter study results presented by Peter Muus (University of Nijmegen, The 
Netherlands) indicated that induction chemotherapy and autoBMT are superior to 
chemotherapy alone and can produce prolonged survival in a minority of patients 
with MDS or secondary AML—modest but real improvements for a salvage 
therapy in this poor-prognosis situation. It is hoped that some of the new insights 
into the complicated pathophysiology of MDS (presented by Azra Raza, Rush 
Cancer Institute, Chicago, IL)—which involves an intrinsic defect in the stem cell 
leading to both apoptosis and unregulated proliferation and an extrinsic process 
involving the marrow stroma and the immune system—may lead to alternative 
approaches to stem cell transplantation, which suffers from high transplant-related 
mortality and lack of a good antileukemic effect. 

Chronic Myelogenous Leukemia 

The specific BCR-ABL tyrosine kinase inhibitor, STI571, developed by Brian 
Druker (Oregon Health Sciences University, Portland, OR) takes center stage as the 
most significant breakthrough in treatment developments for chronic myelogenous 
leukemia (CML) and, potentially, in treatment results. In light of the ability of 
STI571 to achieve results at least as good as those of interferon but with minimal 
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side effects, new trials will need to be developed to reassign the place of autologous 
and allogeneic stem cell transplantation in CML. In the meantime, the study by 
Angelo Carella (Ospedale San Martino, Genova, Italy) provides support for the 
potential of autoBMT using Ph" CD34 cells to produce prolonged suppression of 
the Ph+ clone, superior to that achievable by interferon. It is tempting to think that 
the combination of STI571 with autografting or allografting may be the way to 
optimize the rate of molecular cures in CML. 

Blood vs. Bone Marrow 

The attraction of peripheral blood stem cell transplants (PBSCT) in AML is 
particularly the perception that the peripheral blood might result in better 
hematologic reconstitution than the notoriously slow recovery seen after some 
autoBMTs for AML. N.C. Gorin (Hôpital St. Antoine, Paris, France) presented 
results of large numbers of autoBMTs from the European Group for Blood and 
Marrow Transplantation (EBMT) in AML that showed, surprisingly, that relapse 
rates were higher with PBSCT. This study identified the colony-forming unit-
granulocyte/macrophage (CFU-GM) content of the transplant (whether blood or 
marrow derived) as the main determinant of outcome and recovery. This large 
analysis spanning more than a decade of data illustrated again how results have a 
habit of improving without a discernible reason other than what can be ascribed to 
"the learning curve." Thus, the outcome for autoBMT, whether using blood or 
marrow, from 1994 onward was superior to earlier data. In the absence of 
completed prospective studies, it is not yet clear whether PBSCT outcomes will 
differ significantly from those of BMT. In allogeneic transplantation, interestingly, 
despite the earlier perceptions that PBSCT results in better outcomes, there is no 
clear picture emerging that PBSCT is always superior to BMT. Similarly, more 
data will be required before the relative benefits of CD34-selected vs. unselected 
peripheral blood allografts can be determined. 

Acute Leukemia Transplantation: Where Next? 

In summary, results of allografts and autografts continue to improve, and older 
patients are being transplanted with increasing success. However, the problem 
facing our current transplant approaches in acute leukemia can be summarized 
thus: The success of the allograft is limited by high transplant-related mortality 
(TRM), while a high relapse rate limits the efficacy of the autograft. Possible 
solutions to this impasse are offered by the mini-transplant approach, which 
appears to impose on older and debilitated patients a TRM no greater than that 
encountered by younger, fitter patients. What we do not yet know is whether mini-
transplants will further reduce TRM and result in cure of leukemia in the cohort of 
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patients currently receiving standard allotransplants. At the same time as the 
preparative regimen intensity in mini-transplants is being reduced to permit 
engraftment of alloreactive cells to exert a graft-vs.-leukemia effect, other investi
gators are beginning to produce good results with dose-intensified pretransplant 
regimens that differ from the historical intensified regimens by being much more 
leukemia specific, or at least marrow specific, in their toxicity. Notably, promising 
results were reported with radioimmunoconjugates [131I]CD45, [131I]CD33, 
[^Yjantiferritin, and [l86Re]CD66 used to deliver a high and marrow-directed 
radiation dose. These intensified preparative regimens could find an application in 
both autologous and allogeneic transplants. As an alternative approach to improve 
the antileukemic effect of the autograft, immunomodulation with interleukin (IL)-2 
to potentiate immune reactivity against the residual leukemia still appears to be the 
most interesting strategy: Anthony Stein (City of Hope, Duarte, CA) reported a low 
24% relapse and a high 75% disease-free survival (DFS) rate in patients with AML 
given IL-2. These results justify more studies with IL-2. 

LYMPHOID MALIGNANCIES 

Hodgkin's Disease 

Despite the overall improvement in the treatment of Hodgkin's disease, 
extensive or relapsed disease still represents a major problem, with high death rates 
from treatment failure and secondary MDS. Many questions remain unresolved for 
these patients. For example: What is the role of radiotherapy? Should second-line or 
third-line salvage therapy be given before autoBMT? What is the place of the mini-
allograft? What are the risk factors for MDS? Patients relapsing or with refractory 
Hodgkin's disease after front-line chemotherapy currently either undergo salvage 
chemotherapy treatments followed by an autograft or go directly to high-dose 
treatment with an autograft. The "testing" for disease responsiveness with second-
line therapy before proceeding to autoBMT may predispose to a greater incidence 
of MDS, and its logic was challenged by John Sweetenham (University of Colorado 
Health Sciences Center, Denver, CO), who reported no survival advantage in 2 
studies of patients who received second-line therapy before autograft. A definitive 
study to resolve this question remains to be done. The advance of mini-transplants 
into the field of autograft failures provides new information on the alloresponse to 
Hodgkin's disease conferred by the mini-transplant. Data are still preliminary but 
suggest that the low-intensity mini-allotransplant may offer a useful form of salvage 
therapy in Hodgkin's disease, begging the question whether the allograft should be 
evaluated as curative treatment earlier in the disease. Another continuing problem in 
Hodgkin's disease is the development of secondary MDS, often, tragically, in 
patients cured of their original malignancy. Unfortunately, with increased ability to 
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cure relapsing Hodgkin's disease by second- and third-line therapy or autologous 
transplant, the risk of MDS increases. Attempts to reduce the intensity of the 
conditioning of the autograft are important in minimizing the risk. 

Non-Hodgkin's Lymphoma 

In relapsed non-Hodgkin's lymphoma (NHL), the place of autoBMT appears 
increasingly secure, especially in intermediate-grade lymphoma. Less certain is the 
value of autoBMT in refractory NHL. The well-tolerated ICE regimen (ifosfamide, 
carboplatin, and etoposide) results in efficient stem cell mobilization and has 
facilitated further studies in this area. Interestingly, although an allo-effect against 
lymphoma can be demonstrated, a large study by the EBMT shows that autotrans-
plantation produces superior DFS, again because of the high TRM following 
allogeneic transplantation. Currently, there seems to be little place for allogeneic 
stem cell transplant (SCT) in NHL, except in mantle cell lymphoma, where both 
allogeneic and autologous SCT appear promising. Future developments in the 
treatment of NHL are likely to emerge in 2 areas. First, new monoclonal antibodies 
such as rituximab, with or without radioconjugation, promise to make significant 
improvements in the treatment of relapsed or refractory NHL. Second, the high 
TRM from allografts, especially when used as salvage treatment in NHL, may now 
be reduced by the use of the mini-transplant, and current reports show that the 
mini-allotransplant may be particularly effective in B-cell malignancies. 

Multiple Myeloma 

Progress in multiple myeloma (MM) is slow. The disease usually becomes 
refractory to treatment and is not readily cured by allografts, which have a 
notoriously high mortality. The results of mini-allotransplants in MM, while 
promising, still have a high TRM. Autologous SCT has produced remissions and 
has prolonged survival and, if tolerated, the double transplant approach does appear 
to be better than a single transplant. We have also learned that posttransplant 
treatment, whether with interferon or chemotherapy, is better than none at all. For 
the future, we look to improved results with low-intensity allografts, biological 
therapies to attack the stromal support for myeloma cell proliferation with 
thalidomide and VEGF inhibitors, and immunotherapy using dendritic cells as 
vaccines to deliver myeloma antigens to the immune system. 

CONCLUSIONS 

What next? Space does not permit a full review of the presentations at this 
meeting that shed new insight into stem cell biology. Suffice it to draw attention to 
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the improvements in stem cell transduction presented by John Tisdale (National 
Institutes of Health), which should make reliable gene therapy using stem cells a 
practical possibility. This is all the more exciting because of the emerging concept 
that some stem cells are transmutable, making possible the chance of correcting 
tissues other than the marrow with gene therapy. In the field of immunotherapy, 
further developments with monoclonal antibodies, dendritic cell vaccines, and 
cytokines can be anticipated. The demonstration, with the creation of STI571, that 
molecular design strategies can produce such dramatic results will surely give a 
huge impetus to the application of similar techniques to create molecules that block 
other known key molecular pathways in the malignant process. 



The Tenth International Symposium on Autologous 

Blood and Marrow Transplantation Summary: 

Solid Tumors 

Patrick J. Stiff 

BMT Program, Loyola University Medical Center, Maywood, Illinois 

It has become common practice in oncology to demonstrate in phase 3 trials that 
new treatments are superior to standard therapies before they can be accepted as 
standard of care. This, the Tenth International Symposium on Autologous Blood 
and Marrow Transplantation, marks the first time phase 3 data were presented 
documenting a statistical benefit to autologous transplantation in patients with solid 
tumors, specifically neuroblastoma, and (preliminarily) in early-stage high-risk 
breast cancer. Additional data were presented suggesting that transplants may also 
be proven appropriate for certain patients with stage IV breast cancer, testes cancer, 
and advanced ovarian carcinoma before the next meeting in 2002. Also for the first 
time, data were presented that appear to validate a graft-vs.-tumor effect from an 
allogeneic stem cell transplant in selected solid tumors. G. Elfenbein, in his 
introductory remarks to the Breast Cancer Session, discussed the issue of end 
points, study designs, and the differences in statistical vs. medical benefit. For 
phase 3 transplant trials, it is critical to clearly delineate end points. Whereas it has 
been assumed that transplants should be done only when an improvement in the 
cure rate can be shown, a lack of improvement in the median survival of patients 
undergoing transplant may still be associated with a survival benefit, provided 
there is sufficient follow-up. Such appears to be the case for the US Cancer and 
Leukemia Group B (CALGB)-led phase 3 high-risk stage II/III breast cancer trial, 
as a statistically higher relapse rate, already evident, would not be associated with 
a higher death rate for several years, given the effectiveness of conventional 
salvage therapy. 

The Breast Cancer Session was initiated by an extensive review of the status of 
European trials by G. Rosti, head of the European Group for Blood and Marrow 
Transplantation (EBMT) Solid Tumor Working Party. Of the more than 6500 
patients reported to the EBMT, 3000 were for stage IV disease and of these, ~430 
patients were transplanted in complete remission (CR). Confirming the data seen 
in Peters' initial phase 3 study and subsequent Autologous Blood and Marrow 
Transplant Registry data, he reported that ~50% of this group was progression free 
at 6 years. In the adjuvant setting for stage II/IHA disease, the 5-year disease-free 
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survival was 52.5%, with a median progression-free survival of 42 months in stage 
IIIB disease. Randomized studies involving up to 4000 patients, including several 
trials in stage IV disease, are under way or nearing completion, with data available 
in 2002. Subsequent presenters in the Breast Cancer Session (Fields, Martinelli, 
and Dicke) discussed novel regimens, including high-dose topotecan for the first 
time, and updated single-institution data on multicycle high-dose therapy. Using 
several cycles of CVP chemotherapy (cyclophosphamide, etoposide, and cisplatin) 
followed by MTB (mitoxantrone, thiotepa, and BCNU) with stem cells and 
maintenance chemotherapy administered intermittently for several years in patients 
with stage IV disease, K. Dicke noted impressive survival statistics, with a 
projected 5-year survival of 90% in patients treated with minimal residual disease 
(MRD). His conclusion, that maintenance therapy following transplant may have a 
significant impact on long-term survival, deserves further study. Taken together, 
these data suggest that, in contrast to the US Philadelphia Bone Marrow Transplant 
(PBT-1) trial, patients with stage IV breast cancer with MRD should be considered 
for transplant. Phase 3 data to determine survival benefit should be available soon. 

S. Rodenhuis reported preliminary results of the phase 3 National Cancer 
Institute (NCI)-Netherlands trial of dose-intensive CTC (carboplatin, thiotepa, and 
cyclophosphamide) vs. no consolidation therapy for patients with high risk stage II 
and III disease. Although data for the entire 885-patient cohort will not be available 
until 2002, the results of a government-required interim analysis of the first 284 
patients indicated an absolute 15% improvement in progression-free survival 
(P=.009) and a 10% increase in overall survival (/>=.039) for the high-dose group. 
In addition, for the entire group of 885 patients, there appears to be an early 
(3-year) difference in progression-free survival of 72% vs. 65% (P=0.57). S. Gluck 
reported an update of the NCI Canada Trial (MA. 16) for stage IV disease which 
began in 1997 and is ongoing (213 enrolled of a planned 300 patients). Patients are 
randomized after 4 cycles of conventional chemotherapy to either a single course 
of high-dose therapy vs. observation or additional conventional chemotherapy at 
the discretion of the investigator. Again, unlike the US PBT-1 trial, more patients 
are alive than would have been expected based on previous studies of conventional 
chemotherapy for this patient group (58% survival at 2 years). This suggests that a 
more chemotherapy-sensitive group is being treated in Canada than was treated in 
the US PBT-1 trial. With data indicating that transplant for stage IV disease is 
optimal in exquisitely chemosensitive disease, this trial will be extremely important 
in determining the value of transplant in this patient group. 

In addition to posttransplant chemotherapy, several investigators reported on 
the potential role of immune therapy after transplant including anti-CD3, 
interleukin (IL)-2-activated T cells (L. Lum), and peptide-pulsed dendritic cells 
(P. Brossart). Enhanced in vitro and in vivo immunoreactivity have been seen in 
these studies, but it is too early to measure clinical benefit. With 70%-80% of 
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patients relapsing after transplant for stage IV disease despite MRD status, and 
with 30% of patients with stage II and IIIA disease relapsing, the value of 
posttransplant chemotherapy, antibody therapy, or cellular immune therapy will 
need to be evaluated in the next generation of phase 3 trials, once the precise role 
of standard transplant is defined for each of the various stages. 

For less common solid tumors (primary central nervous system [CNS] and small-
cell lung cancer), phase 3 US trials are not being considered or planned; the EBMT 
is conducting a trial in small-cell lung cancer. Data from the largest US center 
performing transplants for small cell lung cancer (A. Elias) suggested that for 
limited-stage disease, a 5-year survival of 50%-55% could be expected. However, 
this is not dissimilar to conventional aggressive regimens of concomitant chemora-
diotherapy for this patient group. An extensive review of US transplant trials for 
primary CNS tumors was presented by S. Gardner. Whereas there is limited value 
for transplant in newly diagnosed glioblastoma multiforme and diffuse pontine 
tumors, she presented data suggesting a benefit to transplantation for 
medulloblastoma, ependymoma, primitive neuroectodermal tumor, and oligoden
drogliomas. Data are emerging to suggest that, for those undergoing transplantation, 
radiotherapy can be eliminated as part of primary therapy for CNS tumors in infants. 

Several reports of the potential value of transplantation in advanced ovarian 
carcinoma were presented, as well as updates of ongoing and phase 3 planned trials 
in the US and Europe. J. Ledermann presented an EBMT registry analysis that 
strongly suggests the benefit of transplant in CR1 patients, including an approxi
mately 40% long-term survival for patients with stage IV disease. He reviewed the 
ongoing OVCAT (Ovarian Cancer Trial), which tests multicycle high-dose therapy 
in lieu of conventional therapy. P. Stiff reviewed the alternative strategy, ie, 
transplanting responding patients in CR1. Data from Loyola and from several 
French centers, including a 181-patient retrospective analysis, suggest both a 
progression-free and overall survival benefit of approximately 1 year for patients 
undergoing transplant. The GINECO (French) Trial was to complete accrual in 
2000 with initial results presented in 2002 for patients with advanced ovarian 
carcinoma who respond to initial combination chemotherapy. 

G. Rossi reviewed the EBMT database for testicular cancer and updated ongoing 
European trials. Based on several European phase 2 studies, the International Trial 
began in 1994 for patients in first partial remission or relapse after CR, with patients 
randomized to receive either 4 courses of salvage chemotherapy or 3 courses 
followed by a single transplant. Accrual is nearly complete. This study should help 
define the value of transplant for relapsing patients. Transplant outcome in this 
group is expected to yield a 40% survival at 3 years with no relapses seen after 20 
months, based on the EBMT database, and a suggested benefit compared with 
conventional chemotherapy alone of ~10%. Finally, J. Villablanca reviewed the 
phase 3 Children's Cancer Group (CCG) trial data for high-risk advanced neurob-



700 Chapter 16: Summaries 

lastoma, which demonstrated a survival benefit to patients receiving a purged 
autograft, and the further clinical benefit to cw-retinoic acid maintenance that was 
published recently in the New England Journal of Medicine, and discussed ongoing 
plans for this patient group. The next phase 3 trial will evaluate the use of peripheral 
blood progenitor cells in lieu of purged bone marrow. Patients will be randomized 
to receive purged or unpurged peripheral blood progenitor cells. After transplant, a 
second randomization to cw-retinoic acid with or without anti-GD2 antibody with 
granulocyte-macrophage colony-stimulating factor and IL-2 will be performed to 
determine if additional immune modulation further improves outcome for patients 
with high-risk neuroblastoma. 

Although the concept of graft-vs.-tumor has been well described for several 
decades, it was not successfully applied to the management of solid tumors until 
very recently. Using the concept of submyeloablative transplants, the team from 
the National Institutes of Health reported the results of a series of 74 patients 
treated with high-dose cyclophosphamide and fludarabine and allogeneic 
peripheral blood stem cells and T cells. Graft-vs.-host disease (GVHD) prophylaxis 
was primarily with cyclosporine and tapered after day 30 as soon as full T-cell 
chimerism was established. Forty-four patients had solid tumors, including 32 with 
renal cell cancer and 8 with melanoma. Whereas 0 of 8 patients with metastatic 
melanoma responded, 11 of 32 patients with renal cell cancer responded, and 16 
are currently alive. Of the 11,4 had a complete remission and 7 a partial remission. 
The concept of an immunoablative preparative regimen with high CD34+ and 
CD3 + cell doses and minimal immunosuppression to increase the graft-vs.-tumor 
effect, with the goal of achieving full T-cell chimerism, appears promising in the 
management of renal cell carcinoma and may be of value in melanoma, but perhaps 
not in patients with metastatic disease. A note of caution needs to be sounded, as it 
was found that there were 4 treatment-related deaths among the 32 solid-tumor 
patients and an overall 36% mortality for patients above the age of 48 years, 
usually due to GVHD. 

In the final session, the timeless topic of tumor cell contamination of autografts 
was once again considered. Several presenters described again the significance of 
marrow and/or stem cell tumor cell contamination on survival after transplant. 
Using more sensitive assays, up to 25%-30% of patients with stage II and III and 
40%-70% of patients with stage IV disease will have detectable tumor cells in the 
peripheral blood stem cell autografts. However, it was generally agreed that 
purging is unlikely to be worthwhile unless 4 to 5 logs of tumor cells are depleted, 
and current methods that are available to reach these levels also lead to a significant 
depletion of CD34+ stem cells. Nevertheless, most of the presenters felt that 
purging studies in patients with high-risk stage II and III breast cancer are still 
warranted, with effective purging a potential benefit in delaying or decreasing 
relapses in this patient population. 
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While enthusiasm waned after the 1999 American Society of Clinical Oncology 
plenary session for solid tumor transplants as measured by new patient referrals in 
the US, overall it was thought by all of the presenters that studies in both autologous 
and allogeneic transplantation are still needed in the solid tumor setting, especially 
given the minimal progress made with conventional-dose therapy. As stated above, 
even for metastatic or otherwise incurable disease, the achievement of a minimal 
residual disease state serves as a platform for posttransplant consolidation by 
vaccines and other immune therapies, or even maintenance chemotherapy. 
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