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Synergistic effects of granulocyte-colony stimulating
factor and macrophage-colony stimulating factor
on recovery of donor hematopoietic cells in
allogeneic bone marrow transplantation
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Abstract. G-CSF and M-CSF are used clinically to augment
hematopoiesis after bone marrow transplantation (BMT) and
chemotherapy. In this paper, we examined the synergistic
effect of G-CSF and M-CSF on hematopoietic recovery in
allogeneic BMT as a model of human BMT. We performed
BMT from eGFP-transgenic mice (C57BL/6 background; H-2%)
into lethally-irradiated C3H (H-2%). From the day after BMT,
G-CSF and/or M-CSF were injected for 5 consecutive days.
Not only the numbers of day 12 CFU-S and spleen weight, but
also white blood cell (WBC) counts in the peripheral blood
(PB) and nuclear cells in the bone marrow (BM) increased
in the mice treated with G-CSF and/or M-CSF 12 days after
BMT. Moreover, the number of donor-type WBCs in the PB
and donor-type nuclear cells in the BM also increased in
the mice treated with G-CSF and/or M-CSF. The effects were
pronounced when G-CSF and M-CSF were used together
rather than independently. These results suggest that treatment
with the combination of G-CSF and M-CSF has a synergistic
effect on hematopoiesis in allogeneic BMT.

Introduction

A critical side effect of bone marrow transplantation (BMT) is
infection due to a serious decrease in the number of WBCs.
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Therefore, the early recovery of transplanted donor hema-
topoietic cells is crucial for the prevention of infection. Several
cytokines are clinically used to augment the number and
function of white blood cells (WBCs); myeloid lineage cells,
such as granulocyte colony stimulating factor (G-CSF),
macrophage colony stimulating factor (M-CSF) and
granulocyte-macrophage colony stimulating factor (GM-CSF)
have been tried in myelodysplastic chemotherapy and BMT.
G-CSF accelerates neutrophil recovery, reduces the total
number of febrile days and reduces the frequency of infection in
the treatment of acute myeloid leukemia (1). Although G-CSF
augments not only the differentiation of bone marrow stem
cells (BMSCs) into neutrophils but also proliferation of
leukemia cells in vitro (2), clinical trials of G-CSF not only
failed to show the expansion of leukemia cells, but also
showed a higher remission rate in the treatment of AML (1).
M-CSF not only promotes the proliferation and differ-
entiation of progenitor cells of monocyte-macrophage lineage
cells (3), but also has anti-tumor effects (4), supports pregnancy
(5) and augments anti-fungal effects through activation of
monocyte-macrophage lineage cells (6). M-CSF actually
reduced the incidence and duration of febrile neutropenia
during consolidation therapy in the AML patients (7). M-CSF
failed to prolong disease-free survival but did not show any
particular adverse effects.

In contrast to the two cytokines described above, the
results of clinical trials of GM-CSF are controversial. The
Eastern Cooperative Oncology Group (ECOG) showed that
GM-CSF shortens the recovery time of neutrophils, and
resulted in a reduction in the number of infections and a lower
mortality rate in AML patients that received chemotherapy.
They also showed that GM-CSF improved the remission rate
(8). However, the Cancer and Leukemia Group B (CALGB)
failed to show any improvements in mortality or remission rate
with GM-CSF (9). The European Organization for Research
and Treatment of Cancer (EORTC) showed that treatment with
GM-CSF after chemotherapy accelerated hematopoiesis but
reduced the remission rate of AML patients, probably due to
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acceleration of regrowth of residual leukemia cells (10). They
concluded that the administration of GM-CSF in the treatment
did not provide any clinical benefits.

These reports suggest that both G-CSF and M-CSF are
safe and have effects on the recovery of hematopoiesis, even in
clinical use. Therefore, in this experiment, we examined the
synergistic effects of the combination of G-CSF and M-CSF
on the recovery of hematopoiesis of donor hematopoietic
cells in allogeneic BMT.

Materials and methods

Mice. C3H/HeN (C3H, H-2%) mice were purchased from Japan
SLC, Inc. (Hamamatsu, Japan). C57/BL6 mice carrying the
eGFP transgene (eGFP+ B6 mice) were kindly donated by
Dr H. Okabe (Osaka University, Osaka, Japan) (11). All of the
mice were maintained in a pathogen-free environment in our
laboratory.

Experimental protocols. The recipient mice (C3H mice) were
exposed to 9.5 Gy of vy irradiation from a '*’Cs source
(Gammacell 40 Exactor; Nordion International Inc., Kanata,
Ontario, Canada) 1 day before transplantation. BMCs (1x105)
from eGFP* B6 mice were transplanted via the tail vein to
C3H mice on day 0. From the day after the BMT, G-CSF
(125 pug/kg; donated by Chugai Pharmaceutical Co., Ltd.,
Tokyo, Japan) and/or M-CSF (125 ug/kg; donated by
Morinaga, Tokyo, Japan) were injected intraperitoneally for
5 consecutive days. As a control, saline was injected instead
of cytokine(s).

For assay of colony forming unit of spleen (CFU-S assay),
the recipient mice were sacrificed 12 days after BMT, and their
spleens were removed, weighed and fixed in Bouin's solution.
Visible surface colonies were counted 1 day after fixation.

Analyses of chimerism. For analyses of the PB and BM cells,
12 days after transplantation, the peripheral WBCs and the
nuclear cells from tibia were counted and phenotyped for the
analyses of recipient/donor cell ratios by flow cytometry. In
brief, PB of the recipient mice was collected and stained
with phycoerythrin (PE)-conjugated anti-CD45 mAb (BD
Biosciences, San Jose, CA), followed by hemolysis using BD
PharM Lyse (BD Biosciences PharMingen). The stained cells
were analyzed using a FACScan (Becton-Dickinson, Mountain
View, CA). Both CD45* and eGFP+* cells in CD45* cells were
considered as donor-derived nuclear cells. The numbers of
donor hematopoietic cells were calculated with the ratios of
donor-derived cells in the PB or BM and absolute numbers of
WBCs in the PB or nuclear cells in the BM.

Statistical analyses. Significances were evaluated using the
Student's t-test.

Results

G-CSF and/or M-CSF enhance the number of CFU-S and
augment the weight of the spleen. The colony-forming unit-
spleen (CFU-S) assays devised by Till and McCulloch have
been considered a means of measuring counts of hemato-
poietic stem cells or hematopoietic progenitors; especially,
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Figure 1. G-CSF and/or M-CSF accelerate hematopoiesis in allogeneic
BMTBMCs (1x10%) from eGFP+B6 mice were transplanted into lethally
irradiated C3H mice. Twelve days after BMT, mice were sacrificed and
CFU-S and spleen weight were examined. (A), Shows representative data of
CFU-S 12 days after BMT. (B and C) Show CFU-S and spleen weights,
respectively. n>6 in each group.

CFU-S counts on day 12 (day 12 CFU-S) are thought to reflect
the number of immature hematopoietic precursor and/or
hematopoietic stem cells (12). Therefore, we first analyzed
day 12 CFU-S and spleen weight to examine the effects of
G-CSF and/or M-CSF on hematopoiesis in allogeneic BMT.
From the day after transplantation, G-CSF and/or M-CSF were
injected for 5 consecutive days and the mice were sacrificed
on day 12. As shown in Fig. 1, both G-CSF-treatment and
M-CSF-treatment are effective in augmenting CSF-S counts
(Fig. 1A and B) and spleen weight (Fig. 1C) in comparison
with saline-treatment. There was no significant difference in
CSF-S counts between the mice treated with either G-CSF
or M-CSF and the mice treated with both G-CSF and M-CSF,
but the combination of G-CSF and M-CSF tended to be more
effective. The mice treated with either G-CSF or M-CSF
showed significantly heavier spleen weights than the mice
treated with saline. The combination of G-CSF and M-CSF
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Figure 2. G-CSF and/or M-CSF augment donor derived nuclear cells in PB and BM in allogeneic BMT. BMCs (1x10°) from eGFP* B6 mice were transplanted
into lethally-irradiated C3H mice. Twelve days after BMT, WBC counts and the number of bone marrow cells in tibia were examined (A and B). The PB and
the bone marrow cells were stained with PE-labeled anti-CD45 Ab and donor-derived cells, which were estimated with both eGFP* and CD45*, were
examined using a flow cytometer. The numbers of donor cells in the PB and BM were calculated with % of donor cells and numbers of nuclear cells in the PB

and BM. n>6 in each group.

treatment tended to be more effective than either M-CSF-
treatment or G-CSF-treatment alone. These results suggest
that G-CSF and M-CSF have effects on hematopoietic recovery
in allogeneic BMT and that the combination of G-CSF and
M-CSF treatment is more effective than either G-CSF or
M-CSF treatment alone.

Effects of G-CSF and/or M-CSF on WBC counts in PB,
nuclear cell counts in BM, and recovery of donor hemato-
poietic cells. In the PB, total WBC counts and donor (eGFP*)
WBC counts in the mice treated with G-CSF and/or M-CSF
increased significantly compared to mice treated with saline
(Fig. 2A and C). There were no significant differences in
WBC counts in the PB between the mice treated with G-CSF,
the mice treated with M-CSF and the mice treated with a
combination of G-CSF and M-CSF, but the combination of
G-CSF and M-CSF was more effective than G-CSF or M-CSF
treatment alone (Fig. 2A). Nuclear cells in the BM of mice
treated with G-CSF and mice treated with a combination of
G-CSF and M-CSF increased significantly in comparison
with the mice treated with saline (Fig. 2B). There were no
significant differences in numbers of nuclear cells in the BM
between the mice treated with M-CSF and the mice treated
with saline. Donor-derived BMCs were significantly increased
in mice treated with G-CSF, mice treated with M-CSF, and
mice treated with a combination of G-CSF and M-CSF
(Fig. 2D). There were no significant differences in the numbers
of nuclear cells in the BM and donor-derived hematopoietic

cells in the BM between the mice treated with G-CSF, the mice
treated with M-CSF and the mice treated with a combination
of G-CSF and M-CSF, but the combination of G-CSF and
M-CSF was more effective than G-CSF or M-CSF alone.

Discussion

In this experiment, we showed the synergistic effects of G-CSF
and M-CSF on hematopoiesis of donor hematopoietic cells in
allogeneic BMT.

G-CSF, M-CSF and GM-CSF are reported to induce
proliferation and differentiation of myeloid-lineage cells.
Clinical trials of the independent usage of G-CSF or M-CSF
showed better results than controls without G-CSF or M-CSF
in chemotherapy and BMT (13-17). However, there is
controversy concerning the benefits of using GM-CSF with
leukemia patients, as described in the Introduction. Therefore,
it was deemed appropriate to try the combination of G-CSF
and M-CSF in anticipation of the synergistic effects on hemato-
poiesis. We showed that mice treated with a combination of
G-CSF and M-CSF could form more CFU-S and developed a
heavier spleen weight than control mice without cytokines in
allogeneic BMT. These data are consistent with previous data,
which indicated the effects of G-CSF and M-CSF (13-17).
Moreover, there appeared to be a synergistic effect, augmenting
CFU-S and spleen weight, when G-CSF and M-CSF were
combined. The impact on the number of WBCs in the PB and
number of nuclear cells in the BM was not as apparent as on
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CFU-S counts and spleen weights, but there were some effects.
The number of donor cells also increased in the PB and the
BM in cytokine-treated mice in comparison with control mice
without cytokines. We have also shown a synergistic effect
of G-CSF and M-CSF on augmentation of number of donor-
derived hematopoietic cells. It has been described that G-CSF
accelerates the differentiation of bone marrow stem cells
(BMSCs) into granulocytes and enhances the function of
granulocytes, while M-CSF accelerates the differentiation of
BMSCs into monocytes and enhances the function of mono-
cytes and macrophages. Moreover, M-CSF can accelerate the
proliferation and differentiation of stromal cells in the BM,
which helps prepare an environment of hematopoiesis (18-20).
It has been also reported that the G-CSF receptor does not
have tyrosine-kinase activities in its intracytoplasmic region
and that signal transduction from the G-CSF receptor uses
Jack-STAT-dependent pathway for differentiation and prolifer-
ation of bone marrow cells (21), while the M-CSF receptor
has tyrosine-kinase activities in its intracytoplasmic region
(22,23). Therefore, it is conceivable that the signal transduction
pathways of G-CSF and M-CSF are different and that the
mechanisms between those cytokines on hematopoiesis are
somehow different. We therefore believe that the side effects
of cytokines could be reduced, and the effect on hematopoiesis
augmented by adopting of the combination of G-CSF and
M-CSF. G-CSF and M-CSF are used clinically and are deemed
to be safe. This suggests that we might be able to use G-CSF
and M-CSF together safely and expect synergistic effects on
hematopoiesis even in clinical usage.

In this paper, we have shown synergistic effects of G-CSF
and M-CSF on the hematopoiesis of donor cells in allogeneic
BMT. Combined use of G-CSF and M-CSF augmented the
hematopoiesis of donor BMCs, resulting in an increase in
CFU-S counts, increased spleen weights, and increased
numbers of donor-derived hematopoietic cells in the peri-
pheral blood and bone marrow.
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