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A. Introduction

Within the family of hematopoietic growth
factors, murine G-CSF was first recognised
as acting predominantly upon mature neu-
trophils and neutrophil progenitors, stimu-
lating murine neutrophil colonies character-
ized by small size, maturity, and relative in-
frequency [1, 2]. G-CSF is synthesized in
many murine tissues and organs, possibly by
common populations of macrophages or en-
dothelial cells [3], and the factor has been
purified from the lung tissue of endotoxin-
treated mice as a 24 000-25000 M, glycopro-
tein [4]. In contrast to GM-CSF and inter-
leukin-3 (IL-3), G-CSF exerts a potent dif-
ferentiation-inducing action on myeloid leu-
kemic cells such as the WEHI-3 myelomo-
nocytic leukemic cell line [4-6] and the M1
myeloblastic leukemic line [7]. Characteriza-
tion of human CSF in human placental [§]
and bladder carcinoma cell line [9] condi-
tioned medium by hydrophobic chromatog-
raphy or by ion-exchange chromatography
and reversed phase-high performance liquid
chromatography (RP-HPLC) [10, 11] re-
vealed two species. The least hydrophobic
activity, called CSF-alpha [8, 9] or pluripoie-
tin alpha [11], is structurally and function-
ally homologous to murine GM-CSF (al-
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though not species cross-reactive), and the
hydrophobic species called CSF-beta [8, 9]
or pluripoietin [2, 10] is the human analogue
of murine G-CSF since these two CSFs ex-
hibit similar activities on murine and human
cells [2, 8, 10] and are fully cross-reactive
with each other’s specific cellular receptors
[8]. This latter CSF species was purified to
homogeneity from the conditioned medium
of the human bladder carcinoma cell line
5637 and was shown to be O-glycosylated
and to have a molecular weight of 19600
[10]. The gene encoding this pluripotent hu-
man G-CSF was subsequently cloned and
expressed in E. coli [12]. The E. coli thG-
CSF was comprised of 174 amino acids with
a deduced molecular weight of 18 700 and it
had no significant homology with any other
previously sequenced growth factors. Re-
cently, the cDNA sequence coding for mu-
rine G-CSF has been isolated from a cDNA
library prepared with mRNA derived from
murine fibrosarcoma NFSA cells, which
produce G-CSF constitutively [13]. The nu-
cleotide sequence and the deduced amino
acid sequence of murine G-CSF cDNA were
69% and 73% homologous, respectively, to
the corresponding sequences of human G-
CSF cDNA.

Native and recombinant G-CSF had com-
parable biological activity, stimulating neu-
trophil granulocyte colonies of mouse and
man with a specific activity of 1 x 10® units/
mg of pure protein [12]. Our earlier observa-
tions with purified G-CSF, showing that at
high concentrations the factor stimulated
BFU-E and CFU-GEMM in methylcellu-
lose cultures of adherent and T-cell-depleted
human marrow [10], were confirmed using



rhG-CSF [12]. More recent studies in our
laboratory [14], using highly enriched hema-
topoietic progenitor cells, failed to demon-
strate a direct effect of human G-CSF on
BFU-E and CFU-GEMM, suggesting that
the earlier observations may have been the
consequence of an indirect mechanism in-
volving non-T accessory cells. In this con-
text, sequential observations in mouse bone
marrow culture indicate that murine G-CSF
can initiate proliferation in many progenitor
cell populations, including multipotential
and erythroid progenitors, but fails to sus-
tain proliferation in these lineages beyond 2—
4 days [15]. The action of G-CSF on mature
hematopoietic cells appears to be confined
to an action on neutrophils involving in-
creased expression of chemotactic receptors,
enhanced phagocytic ability, cellular metab-
olism associated with the respiratory burst,
antibody-dependent cell killing, and the ex-
pression of function-associated cell surface
antigens [2, 16]. The action of G-CSF on leu-
kemic cells is receptor mediated, and com-
petitive binding studies with !2°I-labeled
hG-CSF [12] or murine G-CSF [9] revealed
receptors on fresh human leukemic marrow
cells classified as M2, M3, and M4 and on
murine WEHI-3 and human HL-60 and
U937 leukemic cell lines. Furthermore, these
leukemic cell lines and receptor-positive hu-
man leukemic cells were induced by recom-
binant G-CSF to undergo terminal differ-
entiation to macrophages and granulocytes
[12].

The ability of endotoxin to elicit produc-
tion of G-CSF can account for most reports
of the leukemia-differentiating action of
postendotoxin serum in mouse and man [6,
17]. However, the elevation of bioactive G-
CSF in postendotoxin serum is partially
masked at high serum concentrations by an
inhibitory activity which is particularly evi-
dent in postendotoxin sera of mice primed
with bacille Calmette-Guérin (BCG) or C.
parvum [6, 17]. This hematopoietic or colony
inhibitory activity was shown to be directed
at both normal CFU-GM and myeloid leu-
kemic cells, and biochemical characteriza-
tion showed that it copurified with an activ-
ity with both in vitro L-cell cytotoxicity and
in vivo tumor necrosis action [6, 17]. Sub-
sequent studies distinguished between the
antiproliferative effects of tumor necrosis

factor (TNF) on CFU-GM and myeloid leu-
kemic cells and the proliferation- and differ-
entiation-inducing action of the G-CSF co-
induced with similar kinetics in the serum of
C. parvum-endotoxin-treated mice [17].
With the availability of recombinant human
TNF alpha [18], it was possible to demon-
strate that human CFU-GM, BFU-E,and
CFU-GEMM were inhibited by relatively
low concentrations of TNF (< 100 units/ml)
and that the inhibition was potentiated by
the addition of gamma interferon [19]. We
have explored the antagonism between CSF
species and TNF alpha in both short-term
clonogenic assays and long-term bone mar-
row cultures and have obtained evidence
that TNF may play a physiological role in
antagonising G-CSF action in generation of
neutrophil granulocytes.

B. Methods
I. CFU-GM Colony Assay

For human assay, 2.5 x 10*-1x10° low-
density, nonadherent, and T-cell-depleted
normal marrow or unseparated cells from
long-term bone marrow culture (LTBMC)
were cultured in 0.3% agar in 1 ml supple-
mented McCoy’s medium in the presence of
200-1000 units rhG-CSF or rhGM-CSF. In
some studies, 5% 5637 cell line CM, or G- or
GM-CSF purified from this source were
used as sources of stimuli. Colonies were
scored at days 7 and 14. For murine assay,
2.5 x 10* marrow cells or 1 x 10° spleen cells
were cultured in Iscove’s Modified Dulbec-
co’s medium containing 15% fetal calf
serum (FCS) and 0.3% agarose. Cultures
were stimulated with interleukin-3 (IL-3)
purified from WEHI-3 CM, CSF-1 purified
from L-cell CM, GM-CSF purified from
mouse lung CM, and rhG-CSF at 200-1000
units/ml. Cultures were scored at 5-7 days
and in some studies, colony morphology was
determined on fixed, stained agar plate prep-
arations.

II. WEHI-3 Leukemic Colony
Differentiation Assay

The differentiation-inducible D+ subline of
the WEHI-3B murine myelomonocytic leu-
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kemic cell line was used to monitor the dif-
ferentiation-inducing action of G-CSF [6,
10]. 3 x 102 WEHI-3 cells were incubated in
0.3% agar in supplemented McCoy’s me-
dium containing 12.5% FCS with 0.2 ml/
well in 24-well tissue culture trays (Costar,
Cambridge, MA) and in replicates at 37 °C
in 5% CO, in air. Cultures were scored on
day 7 for induction of dispersed, differenti-
ated colonies or tight, blast-cell colonies.
Total cloning efficiency was close to 30% at
7 days of culture and was not changed sig-
nificantly in the presence of G-CSF.

III. Long-term Human Bone Marrow
Cultures

Obtained by aspiration from the posterior
iliac crest of healthy volunteers who had
given informed consent, 107 normal human
bone marrow nucleated cells were inocu-
lated into 25 cm tissue culture flasksin 10 ml
McCoy’s medium containing 15% FCS,
15% horse serum, and 10~ % M hydrocorti-
sone (“Gartner’s medium’’). After being gas-
sed with 5% CO, in air, the cultures were in-
cubated at 37 °C for 3 days, all suspension
cells removed and Ficoll-Hypaque (Pharma-
cia) separated, and were returned to the cul-
ture flasks, together with fresh medium and
the appropriate concentration of rhTNF-al-
pha (a generous gift from Cetus, Inc.) or
rhG-CSF (provided by Amgen). Long-term
cultures were subject to demidepopulation
of suspension cells and medium at weekly in-
tervals and assayed for total cells, differen-
tial count, and CFU-GM at days 7 and 14 in
agar assays stimulated with G- or GM-
CSF.

IV. In Vivo Studies of rhG-CSF

C3H/HeJ mice, 8-12 weeks old, purchased
from Jackson Laboratories and maintained
in our Institute in laminar air-flow rooms
were injected intraperitoneally twice daily
with 1.5 pg rhG-CSF in 0.2 ml hydroxethyl-
piperazine ethanesulphonic acid (HEPES)
buffered balanced salt solution (BSS) con-
taining 1.5 pg purified bovine serum albu-
min (BSA). Control inocula consisted of
buffer containing 3 ug BSA and 1.5ng E.
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coli endotoxin (Difco). The endotoxin con-
tamination of the rhG-CSF was <0.5 pg/
mg of protein. Mice were bled retro-orbi-
tally for total white blood cell count (WBC)
and hematocrit, and a smear was obtained
for a blood differential. After 1 or 2 weeks of
G-CSF treatment, groups of three mice were
killed and cell suspensions prepared from fe-
murs, spleen, and thymus. In addition, peri-
toneal lavage with 10 ml ice-cold BSS con-
taining 10 units/ml heparin was used to ob-
tain unstimulated peritoneal exudate sus-
pensions. Liver hematopoietic cell popula-
tions were obtained by collagenase treat-
ment of a minced liver preparation, with
subsequent passage through a wire mesh
sieve and percoll separation to remove de-
bris and hepatocytes. Cytocentrifuge prepa-
rations of lymphohematopoietic tissues were
made for morphological assessment, and cell
suspensions were assayed for CFU-GM,
BFU-E and CFU-GM in standard clono-
genic assays. In addition, hematopoietic
(CFU-S) determinations were made by in-
jecting 10° cells intravenously into groups of
5 C3H/HeJ mice lethally irradiated with
950 rad gamma irradiation. Mice were killed
after 12 days and colonies enumerated on
Bouin’s-fixed spleens.

C. Results

I. Interaction Between G-CSF, GM-CSF
and TNF Alpha on Human Myeloid Colony
Formation

As previously reported [11], colonies stimu-
lated by GM-CSF were maximal at day 14 of
culture, when approximately one third of
colonies contained eosinophils and the re-
mainder were neutrophil or mixed neutro-
phil-macrophage, and at day 7 most clones
were of subcolony size (<40 cells). In con-
trast, with rhG-CSF, neutrophil clones of
colony size were present at day 7 and their
numbers remained approximately constant
to day 14, when the majority were neutro-
phil and a minority (<20%) were neutro-
phil-macrophage mixed. Synergism between
G-CSF and GM-CSF was noted in the con-
text of increased colony size and number.
Dose-response analysis revealed that a more
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shallow titration of response was evident
when day 14 was the endpoint, and at both
days 7 and 14 the G-CSF dose-response
curve was steeper than that of GM-CSF
when either colonies or colonies plus clusters
were used as the endpoint (Fig. 1).

The inhibitory influence of thTNF alpha
on the CFU-GM assay has been reported
elsewhere [19], but we have observed addi-
tional variables that determine the degree of
inhibition, specifically the quantity and spe-
cies of CSF used to stimulate the assay and
the influence of accessory cell populations.
With unseparated normal human marrow,
colony formation was not significantly in-
hibited by 100 units/ml TNF when cultures
were stimulated with 30-2000 units GM-
CSF, and with 1000 units TNF 20%—-80%
inhibition was seen; in both instances, com-
parable inhibition was seen at days 7 and 14
of culture (Fig.1). With G-CSF as a source
of stimulus, > 80% inhibition of colony and
cluster formation was seen at day 7 with 100
units TNF even in the presence of high con-
centrations of stimulus, and at day 14 total
inhibition of colony formation was ob-
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served. Particularly evident in the case of G-
CSF at concentrations of <500 units and to
a lesser extent with GM-CSF at <30 units,
the degree of TNF inhibition was amplified
at these lower, nonplateau levels of stimula-
tion. Removal of mature granulocytes and
monocyte-macrophage populations by ad-
herence and density separation did not sig-
nificantly alter the TNF dose-response curve
since 50% day-14 colony inhibition was seen
with 50 units thTNF in cultures stimulated
with 1000 units G-CSF and 400 units TNF
was required to give comparable inhibition
in cultures stimulated with 1000 units GM-
CSF (Table 1). Additionally, while all
colony formation was inhibited in G-CSF-
stimulated cultures with 500 units TNF, a
substantial number of colonies (22%) were
found to be resistant to TNF even at concen-
trations of 10000 units in GM-CSF-stimu-
lated cultures. Further depletion of acces-
sory cells and enrichment for progenitor cell
populations using immunoadherence “pan-
ning” and complement-mediated cytotoxic-
ity increased the sensitivity of G-CSF-stimu-
lated CFU-GM to TNF inhibition but did
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Table 1. Inhibitory activity of TNF on human CFU-GM stimulated by G or GMCSF

rh-TNFa Accessory cell depleted

(units)
NALD BM* BM?®
G-CSF GM-CSF G-CSF GM-CSF
Cols Clus Cols Clus Cols Clus Cols Clus
1x103 %contr 1x10° %contr  2x10* %contr  2x10* %control
0 2241 100 3742 100 182414 100 154429 100
1 2443 109 3612 97 173+25 95 128 +28 83
10 1841 82 3842 103 4742 26 117+ 6 76
50 10+1 45 26+3 70 1143 6 111411 72
100 441 18 2041 54 2+1 1 105+ 15 68
500 0 0 16412 43 0 0 63+11 41
1000 0 0 1242 32 0 0 36+1 23
5000 0 0 T+1 19 0 0 30+4 19
10000 0 0 8+1 22 0 0 36+1 23

2 Nonadherent light density normal human marrow cells cultured in 1 ml McCoy’s modified medium
and 0.3% agar in the presence of 1000 U G-CSF or GM-CSF purified from 5637 CM. Colonies scored at

day 14.

® Low density bone marrow separated by Ficoll-Hypaque density centrifugation was enriched 10-fold
for progenitor cells by depletion of mature myeloid, monocytic, lymphoid and erythroid cells using
mAbs Mol, MY8, MY3, N901, B4, OKT4, OKT8, OKT11 and antiglycophorin by immunoadherence

“panning” and complement-mediated cytotoxicity.

not alter the sensitivity of the GM-CSF-
stimulated colonies (Table 1). Fifty percent
inhibition of G-CSF-stimulated colonies in
such accessory cell-depleted marrow was
now evident with 5 units TNF, a 2-log lower
concentration than required to produce
comparable inhibition in GM-CSF-stimu-
lated cultures.

II. Action of G-CSF and TNF
in Human Long-term Bone Marrow
Culture

The inoculation of 107 normal human mar-
row cells in 10 ml of Gartner’s medium, with
weekly demidepopulation and no additional
recharging, resulted in the establishment of
a confluent, adherent layer of marrow stro-
mal cells with extensive adipocyte develop-
ment and sustained hematopoiesis. After an
initial falloff from the maximum cellularity
in the 1st week, total cells were produced at
a level of 7.4 x 10° per flask for the first 2
months with polymorphonuclear neutro-
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phils (PMN) comprising 12%-52% of total
cells (mean of 35%, Fig.2). CFU-GM re-
sponsive to GM-CSF fell from a maximum
of 29000 per flask at 1 week to 1600 after 2
months, and G-CSF-responsive CFU-GM
were 28 800 at 1 week and 2200 at 2 months.
Neutrophil and CFU-GM production per-
sisted for 14 weeks. The weekly addition of
rhG-CSF (10000 units/ml) resulted in a
marked, sustained elevation of neutrophil
production. Between 2 and 8 weeks of cul-
ture, cell production averaged 4.0 x 10° neu-
trophils per flask, a level of neutrophil pro-
duction ten times higher than in control cul-
tures, sustained for 2 months. CFU-GM
production in the early stages of culture in
the presence of G-CSF exceeded control
values by approximately a factor of 2 re-
gardless of whether the colonies were stimu-
lated by G- or GM-CSF, and no evidence
was found for depletion or premature ex-
haustion of G-CSF-stimulated long-term
marrow cultures, since despite the chronic
elevation of mature neutrophil production,
total CFU-GM produced by 2 months were
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In contrast to the proliferative stimulus
provided by G-CSF, TNF inhibited neutro-
phil production and CFU-GM production.
At concentrations of 1000 units/ml TNF al-
pha, cell production was 50% of control in
the first 3 weeks, 25% by 4 weeks and only
7% of control with no neutrophil produc-
tion by 9 weeks; no CFU-GM were pro-
duced after 5-6 weeks. At 100 units/ml TNF
no difference from control cultures was evi-
dent till 8-9 weeks, but by 9 weeks cellularity
was 7.5% of control and PMN production
was 2% of control with no CFU-GM pro-
duced. The lowest concentration of TNF
tested (10 units/ml) produced an average
50% reduction in PMN production, other-
wise no difference in either CFU-GM pro-
duction or culture longevity was found.
These observations were reproduced in four

subsequent experiments and in one study
(data not shown), attempts to reverse the
TNF-mediated suppression of myelopoiesis
by coaddition of G-CSF were unsuccessful.

III. Ability of G- and GM-CSF

to Generate CFU-GM in Suspension
Cultures of Accessory Cell-Depleted
Human Marrow

The preceding studies on G-CSF action in
long-term marrow culture indicated that in
the first few weeks of culture the total
number of CFU-GM responsive to either G-
CSF or GM-CSF was increased substan-
tially over control values. This observation,
together with earlier studies indicating that
G-CSF could generate CFU-GM in simple
1-week suspension cultures of human mar-
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row in a “pre-CFU-GM assay” [2], sug-
gested that G-CSF acted on a cell earlier in
the developmental lineage than the CFU-
GM or alternatively promoted enhanced
CFU-GM self-renewal. A third explanation
could be that some accessory cell population
produced a factor in response to G-CSF that
caused recruitment of new CFU-GM by an
action on a precursor cell population. In our
earlier studies using the “pre-CFU-GM” as-
say, adherence and T-cell depletion were
used to remove some types of accessory cell;
however, it is known that other hemato-
poietic growth factor-producing cells are not
removed by this procedure, e.g., natural kil-
ler (NK) cells. We therefore subjected nor-
mal human marrow to a more rigorous ac-
cessory and differentiating cell depletion
procedure using a spectrum of monoclonal
antibodies in conjunction with immunoad-
herence panning and complement-mediated
cytotoxicity [14]. With this procedure, a ten
fold increase in CFU-GM responding to G-
CSF or GM-CSF was found. In the absence
of exogenous CSF, 2.5 x 103 of these acces-
sory cell-depleted populations generated a
doubling in total numbers of CFU-GM re-
sponsive to G-CSF and a fivefold increase in
GM-CSF-responsive CFU-GM associated
with a fourfold increase in cellularity. This
factor-independent response was unex-
pected and was not observed with unsepar-
ated marrow. It is possible that the accessory

cell depletion procedure also removes cell
populations with a suppressor action against
CFU-GM. This “autonomous” prolifera-
tive response was short-lived, since by the
end of the second passage at 14 days of cul-
ture CFU-GM responsive to either species
of CSF were reduced to 3%—4% of input
numbers (Table 2). The addition of 5000
units rhG-CSF or GM-CSF to the suspen-
sion cultures of accessory cell-depleted mar-
row increased the numbers of CFU-GM re-
sponding to either species of CSF by a factor
of 6-7 in 1 week, and by the end of the sec-
ond passage approximately 150-fold more
CFU-GM were generated in G-CSF-stimu-
lated, and 30- to 50-fold more in GM-CSF-
stimulated suspension cultures than in cul-
tures incubated without CSF (Table 2). It
should be noted that G-CSF was at least as
effective in generating CFU-GM responsive
to GM-CSF as was GM-CSF itself, and
these CFU-GM generated by G-CSF expo-
sure in suspension phase gave rise to colo-
nies of eosinophil and macrophage as well as
neutrophil morphology when stimulated in
agar culture with GM-CSF.

IV. In Vivo Action
of rhG-CSF in C3H/HeJ Mice

In order to substantiate the role of G-CSF as
a true physiological regulator of granulopoi-

Table 2. Suspension culture of accessory cell depleted normal human bone marrow

7-Day passages of Stimulus Total Total CFU-GM Total CFU-GM
2.5x10° 5000/ml CELLS x 10° (G-CSF (GM-CSF
CELLS/ml stimulated) stimulated)
Input 0 2.50 9950+ 560 650041300
1st Passage 0 9.45 2250041900 34400 +2000
1st Passage G-CSF 35.50 5650042400 4800042200
1st Passage GM-CSF 12.80 55600+2300 56600+ 1900
2nd Passage 0 2.10 345+ 15 250+ 40
2nd Passage G-CSF 5.60 545201700 3400041500
2nd Passage GM-CSF 2.70 10250+ 930 12000 + 1 000

Cells separated by panning procedure as in Table 1 and incubated in suspension cultures at 2.5 x 10°
cells per ml in Iscoves modified Dulbecco’s medium with 20% fetal calf serum. At 7-day intervals cells
were recovered, washed, and assayed for CFU2GM (day 14) in agar cultures stimulated by 1000 U of
th-G-CSF or natural GM-CSF purificd from 5637 CM. Passage was undertaken with 2.5 x 10° cells at

day 7 and day 14.

Suspension cultures were incubated with control medium or 5000 U/ml of rh G-CSF or GM-CSF with

fresh stimulus added at each passage.
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esis, we investigated the action of rhG-CSF
in normal endotoxin-hyporesponsive C3H/
HelJ mice. The almost complete biological
and receptor cross-reactivity of normal and
leukemic hematopoietic cells to murine and
human G-CSF [9] indicated that the human
recombinant molecule should have biologi-
cal activity in vivo in the murine system.
Indirect evidence for this has been obtained
in clinical situations where tumor-associated
neutrophil leucocytosis could be transferred
to nude mice bearing G-CSF-producing hu-
man tumor implants [20-23]. Injection of
rhG-CSF intravenously into mice, with
monitoring of serum levels by a human mar-
row or WEHI-3 leukemic colony assay, re-
vealed a biphasic decay curve with a rapid
initial decline and a subsequent slower rate
of decay with a half-life of >2.5 h. Intra-
peritoneal injections of 1.5 pg of rhG-CSF
twice daily produced serum levels of 50 000—
75000 units/ml serum after 1 h and plateau
levels were maintained for 6-8 h. Within
48 h of initiation of daily G-CSF therapy,
blood neutrophil numbers doubled and then
rose progressively to 26000/mm? by day 5
and fluctuated between 11000 and 54000/
mm? thereafter. The average increase in
blood neutrophils was ninefold over control
injected mice and the number of blood
monocytes, while variable, increased on
average threefold from days 5 to 14. The ab-
solute number of eosinophils remained un-

changed and a persisting mild lymphocyto-
sis was induced with a twofold increase from
4 to 14 days of treatment.

The influence of G-CSF therapy on hema-
topoietic tissue was particularly evident in
the spleen, whose cellularity increased three-
to fourfold by day 7 of G-CSF treatment
with a conversion from a lymphoid tissue to
a myeloid organ with >50% neutrophilic
granulocytes at all stages of differentiation,
extensive erythropoiesis and marked mega-
karyocyte development (Fig.3). Marrow
cellularity was not changed following G-
CSF treatment but the marrow population
became almost exclusively granulopoietic
with loss of marrow lymphopoiesis and
marked suppression of marrow erythro-
poietic activity. Total neutrophil granulo-
poietic mass in treated animals increased
4.5-fold by day 7 and the decrease in marrow
erythropoiesis was more than compensated
for by an increase in splenic erythropoiesis,
with total erythroid mass more than dou-
bling in treated mice. Megakaryocyte
numbers fell progressively in the marrow of
treated mice, but the marked increase in
splenic megakaryocytes resulted in a three-
fold increase in total body megakaryocytes.
The increase in immature erythroid and
megakaryocytic cells was not associated
with changes in hematocrit or platelet levels.
The total splenic lymphocyte population re-
mained unchanged and there was no evi-

7DAYS x 2 DAILY i.p. TREATMENT OF C3H/HeJ MICE
WITH 1.5 ug r-h-PLURIPOTENT G-CSF
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Fig. 3. Hematological parameters
in C3H/HeJ mice treated for 7
days with 1.5 pg rhG-CSF admin-
istered intraperitoneally twice per
day. Three mice were assayed in
the treated (p) and control (¢)
groups. Total marrow calculated
by multiplying total femoral cellu-
larity by 20. Total WBC based on
calculated blood volume of 2 ml.
Morphology based on Wright-
Giemsa-stained cytocentrifuge
preparations
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dence of stress-induced involution of thymic
lymphopoiesis.

Analysis of the various progenitor popu-
lations responsive in colony assay to IL-3,
CSF-1, GM-CSF, and G-CSF revealed little
change in the marrow compartment in G-
CSF-treated mice, but a dramatic increase in
the splenic CFU-GM population (50- to
150-fold) resulted in an overall increase of
IL-3-responsive CFU-GM (fourfold) and of
CSF-1-, GM-CSF-, and G-CSF-responsive
CFU-GM (threefold). Pluripotential stem
cells detected in the day-12 CFU-S assay
showed that this compartment remained un-
changed in the marrow, but the marked in-
crease in splenic CFU-S resulted in a 2.5-
fold total body increase in these stem cells.

D. Discussion

In vitro studies using accessory cell-depleted
marrow indicate that the direct action of
hG-CSF is restricted primarily to prolifer-
ation and differentiation in the neutrophil
granulocyte lineage [14] and the factor does
not support directly differentiation into the
erythroid, megakaryocytic or eosinophil lin-
eage. Evidence for a possible direct action on
early stem-cell proliferation and subsequent
generation of BFU-E, CFU-GEMM, and
megakaryocyte (CFU-M) is equivocal [15]
and awaits a demonstration of G-CSF re-
ceptors on enriched populations of these
cells or a proliferative response involving
pure populations of such cells. Here we have
documented that G-CSF can stimulate the
generation of new CFU-GM in suspension
culture of accessory cell-depleted human
marrow, suggesting a recruitment action on
some pre-CFU-GM population and/or en-
hanced self-renewal of preexisting CFU-
GM, capable of responding to both G-CSF
and GM-CSF. This observation provides
evidence for a stimulatory action of G-CSF
on a progenitor population with a differenti-
ation potential more extensive than that of
neutrophil lineage-restricted CFU-GM,
since the CFU-GM generated in suspension
cultures with G-CSF responded to GM-CSF
in colony assay by a normal pattern of dif-
ferentiation into eosinophils and macro-
phages as well as neutrophils.
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In vivo administration of G-CSF by the
intraperitoneal route led to sustained serum
levels of bioactive G-CSF comparable to
those found 3-6 h post injection of endo-
toxin in endotoxin-responsive strains of
mice [6]. The use of highly purified recombi-
nant G-CSF, the absence of significant con-
tamination of our G-CSF with endotoxin,
and the use of C3H/HeJ mice allow us to
conclude that the in vivo responses seen were
due to the action of G-CSF, rather than any
contaminant acting directly or synergisti-
cally on neutrophil production. The pre-
dominant response involved elevation of pe-
ripheral blood neutrophils by a factor of 6-9
in C3H/HeJ mice, which was somewhat
lower than we have observed in other
strains, since up to a 20-fold increase in
blood neutrophils can be obtained in Balb/c
mice. Studies in hamsters also indicated a
specific action on the neutrophil lineage with
a three- to sixfold increase in peripheral
blood neutrophils [24], and in monkeys re-
ceiving 10 pg rhG-CSF per kilogram per
day, neutrophil counts rose fivefold, and up
to 12-fold with 100 pg/kg per day [25]. In
mice, demand for increased hematopoiesis
following such insults as endotoxin treat-
ment, irradiation, or cytotoxic drug treat-
ment is met by a marked expansion of
splenic hematopoiesis with little absolute
change in marrow cellularity. Thus, it was
not surprising that the major expansion of
neutrophil production elicited by chronic G-
CSF treatment was met by a rapid onset of
extensive splenic myelopoiesis. What was
surprising was that the splenic phase of he-
matopoiesis was associated with increased
erythropoiesis, megakaryocytopoiesis, and
elevated numbers of pluripotential stem cells
and progenitors of all hematopoietic lin-
eages. Indeed, the splenic increase led to an
absolute total body expansion of production
of these cell populations, although only neu-
trophils and to a lesser extent monocytes,
and not red cells, platelets, and eosinophils
increased in the circulation.

It is possible that G-CSF acts directly to
activate pluripotential stem cells, detected
by the day-12 CFU-S assay, leading to their
enhanced proliferation, mobilization, mi-
gration to the spleen, and subsequent expan-
sion. In this scenario, progenitors for lin-
eages other than neutrophil could be gener-



ated in increased numbers as a result of sto-
chastic mechanisms believed to operate at
the level of pluripotential stem-cell self-re-
newal and differentiation. Alternatively,
indirect mechanisms may operate, whereby
G-CSF-induced differentiation depletes a
population of neutrophil progenitors, which
in turn triggers activation of the pluripoten-
tial stem-cell pool and expansion of the mar-
row microenvironment. A third possibility is
that G-CSF acts in vivo upon an accessory-
cell population to induce release of other he-
matopoietic growth factors known to influ-
ence multiple hematopoietic lineages. This
third possibility was suggested by the origi-
nal observations that G-CSF stimulated
BFU-E and CFU-GEMM in marrow cul-
tures depleted of T cells but not otherwise
depleted of accessory cells. Indirect induc-
tion of a growth factor acting on pluripoten-
tial stem cells has been invoked as a mecha-
nism to explain the marked stimulation of
splenic hematopoiesis following administra-
tion of endotoxin [26]. Staber et al. [26] re-
ported a mouse serum factor induced fol-
lowing endotoxin treatment, that, when in-
jected into normal mice, elicited splenome-
galy and a marked rise in splenic CFU-GM
by 5 days, with concordant elevation of ery-
throid and megakaryocytic progenitors. The
serum factor was thought not to be GM-
CSF or residual endotoxin, although its
peak appearance in the serum between
30 min and 3 h after endotoxin injection
would coincide with the kinetics of endo-
toxin-induced G-CSF. This serum factor
stimulating murine splenic hematopoiesis
could be G-CSF itself or a molecule induced
by G-CSF and mediating the more general
effects on stem-cell proliferation and mobili-
zation seen in the in vivo studies.

The stimulation of increased granulopoie-
sis persists as long as G-CSF is administered
in vivo, although the duration of studies to
date has been limited to 4-5 weeks. In long-
term marrow culture much longer periods,
up to 4 months with sustained high levels of
G-CSF, have been obtained with persisting
elevation of neutrophil production relative
to control cultures, and no evidence was ob-
tained for premature exhaustion of stem
cells or accelerated depletion of cultures.

The ability of low concentrations of TNF
alpha to counteract the proliferative action

of G-CSF in vitro in clonal assay and long-
term bone marrow cultures suggests a phys-
iological role for TNF as a natural inhibitor
of neutrophil granulopoiesis. The coordi-
nate inducibility of G-CSF and TNF alpha
following endotoxin activation of macro-
phages may provide a mechanism self-limit-
ing the chronic generation of neutrophils
from marrow progenitors following bac-
terial infection. Alternatively, the relative re-
sistance to TNF inhibition of myeloid pro-
genitors stimulated by GM-CSF may pro-
vide an alternate pathway for the generation
of neutrophils in the face of elevated TNF
levels. The interrelationship of TNF and
CSF in the production and function of neu-
trophils is further emphasized by the obser-
vation that TNF can enhance both the
phagocytic ability and the antibody-depen-
dent cytotoxicity of neutrophils, increase
their superoxide anion production, and
stimulate their adherence to endothelial cells
[27]. In addition, TNF has been shown to
stimulate growth factor production by endo-
thelial cells, due in part to activation of tran-
scription of the GM-CSF gene [28]. The in-
terplay of direct marrow-suppressive action
of TNF and its role in mature neutrophil ac-
tivation and induction of CSF production
by accessory cells such as endothelium must
be considered when extrapolating to an in
vivo action of TNF in granulopoiesis.
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