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Mutual Inhibition of Murine Erythropoiesis and Granulopoiesis During

Combined Erythropoietin,
and Stem Cell Factor

Granulocyte
Administration: In Vivo Interactions

Colony-Stimulating Factor,

and Dose-Response Surfaces

By Gerald de Haan, Christoph Engel, Bert Dontje, Willem Nijhof, and Markus Loeffler

We investigated the in vivo effects of erythropoietin (EPO)
on granulopoiesis and, conversely, the effect of granulocyte
colony-stimulating factor (G-CSF) treatment on erythropoie-
sis. Recombinant human EPO at four different doses in com-
bination with recombinant human G-CSF also at four differ-
ent doses was simuitaneously administered for 7 days to
splenectomized mice. In total, 16 different combinations of
growth factors were thus tested. G-CSF administration in-
creased granulocyte production as expected, whereas im-
mature colony-forming unit granulocyto—macrophage num-
bers were decreased. EPO analogously increased late
erythroid cell numbers. Both EPO and G-CSF dose-depen-
dently inhibited late cell stages of the opposite lineage, with
EPO abrogating G-CSF-stimulated granulopoiesis and, con-
versely, G-CSF inhibiting EPO-stimulated erythropoiesis. In

HE BALANCED PRODUCTION of blood cells is regu-
Jated by a network of different growth factors acting
from the early stem cells to the late precursor cells. In the
normal steady-state, hematopoietic cells from all lineages
are produced sufficiently to meet peripheral requirements.
However, little is known if and how the production of one
cell lineage is affected when others are stimulated, although
the concept of competition between the different hematopoi-
etic lineages has been reported since the late 1960s.' Such
competitive conditions could be met in the present day treat-
ment of patients with combinations of hematopoietic growth
factors. Several reports show that administration of lineage-
specific growth factors can Jead to side-effects in other lin-
eages. Treatment of children with aplastic anemia with
granulocyte colony-stimulating factor (G-CSF) resulted
in reduced erythroid/myeloid ratios, whereas the marrow
cellularity remained constant, indicating a suppressed eryth-
ropoiesis.z In mice, G-CSF treatment reduces marrow ery-
thropoiesis severely.”” Stimulated erythropoiesis by erythro-
poietin (EPO) administration to newborn rats® and premature
children® induced a reduction of the absolute neutrophil
count. EPO treatment of adult rats resulted in a marrow
myeloid hypoplasia.' EPO treatment of mice has been re-
ported to result in thrombopenia as well."! When G-CSF
and EPO were administered to acquired immunodeficiency
syndrome (AIDS) patients simultaneously, the increase in
the absolute neutrophil count was significantly less than with
a G-CSF treatment alone."

These in vivo studies confirm in vitro experiments that
showed that EPO suppressed granulocyte—macrophage col-
ony formation in mice and rats'>!* and, conversely, colony-
stimulating factors reduced both the number of EPO-induced
burst-forming units erythroid (BFU-E) and the subsequent
hemoglobin synthesis."'* The suppressive effect of EPO on
human neutrophil and macrophage production in vitro is
controversial.'*"’

From the experiments mentioned above it is clear that
the mutual suppression of erythropoiesis and granulopoiesis
only becomes evident under certain stimulatory conditions.
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a subsequent experiment, we tested whether these lineage-
competitive effects could be prevented by coadministering
stem cell factor (SCF). In these three factor-treated mice,
all granuloid and erythroid cell stages increased, thereby
reducing the effect of the mutual inhibition. We conclude
that EPO-stimulated erythropoiesis and G-CSF-stimulated
granulopoiesis inhibited each other at a late level. Simulta-
neous SCF administration increased the input into both the
erythroid and granuloid compartment and thereby compen-
sated the mutual inhibition. This study shows that intricate
dose-response relationships exist between various growth
factors that should be carefully analyzed before combina-
tions of these factors are used in humans.

© 1994 by The American Society of Hematology.

In the present study, we wanted to study competition be-
tween these two lineages by administering the committed
growth factors G-CSF and EPO (each in 4 concentrations,
thus 16 combinations) to splenectomized mice. We removed
the spleen to prevent the shift of erythropoiesis to this organ
as was seen during a G-CSF treatment of normal mice.*"’
Also, administration of EPO to intact mice leads to 2 high
involvement of the spleen in total erythroid cell production.“‘
The statistical analysis of this multifactorial designed combi-
nation experiment involved nonlinear regression analysis to
evaluate the shape of the dose-response surfaces. The two-
dimensional projections of these dose-response surfaces,
which were obtained by the regression analysis, generated
so-called ‘‘equi-response curves’’ and can be used to define
optimal strategies for the production of erythroid and granu-
loid cells.

In a subsequent experiment, we investigated whether
coadministration of SCF could change the competitive ef-
fects of granulopoiesis and erythropoiesis. SCF has been
shown to act synergistically in vivo with both G-CSF"” and
EPO® alone in the production of granulocytes and erythro-
cytes. Therefore, we assumed that stem cell factor (SCF)
would change the EPO/G-CSF dose-response relationship
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and would interfere with competitive effects between granu-
lopoiesis and erythropoiesis.

MATERIALS AND METHODS

Treatment of Animals

C57bl/6 mice between 8 and 12 weeks of age, weighing 20 to 25
g, were splenectomized at least 2 months before they entered in
the experiment. Lyophilized recombinant human EPO, a gift from
Boehringer Mannheim (Almere, The Netherlands), was suspended
in sterile saline. Animals were treated with 0, 0.5, 5, or 50 U EPO/
day for 7 days. Recombinant human G-CSF, a gift from Amgen
(Thousand Oaks, CA), was delivered in an aqueous buffer at a
concentration of 300 pg/mL. G-CSF was diluted in sterile saline.
Animals were treated with 0, 0.25, 0.625, or 2.5 ug G-CSF/d for 7
days. In total, 4 x 4 = 16 different combinations of growth factors
were tested. The experiment was repeated once. Recombinant rat
SCF (SCF'®), a gift from Amgen, was delivered as a solution of
1.56 mg/mL SCF + 0.01% bovine serum albumin (BSA). Animals
were treated with 2.5 pg SCF/d (this dose was also used in previous
studies'®?). Growth factors were mixed in appropriate concentra-
tions and were administered by subcutaneously implanted osmotic
pumps (Alzet model 1007D) that were kindly provided by Alza
Corporation (Palo Alto, CA).

Blood Values

Blood was obtained from the orbital plexus. Hematocrit and white
biood cell counts were determined according to standard procedures.

Progenitor and Precursor Cell Assays

Single-cell bone marrow and spleen cell suspensions were ob-
tained according to standard procedures. Cytospin preparations were
made and stained with May Griinwald-Giemsa to determine ery-
throid and granuloid precursor numbers. Precursor cells refer to
morphologically recognizable erythroid or granuloid cells. Progeni-
tor cells (colony-forming unit granulocyte-macrophage [CFU-GM],
BFU-E, and CFU-erythroid [CFU-E] were cultured with the methyl-
cellulose method of Iscove and Sieber.”' CFU-GM/BFU-E cultures
were supplemented with 2. U EPO (Boehringer), 10 ng/mL recombi-
nant murine gxanulocytc—macmphage—CSF (rmGM-CSF; a gift from
Behringwerke, Marburg, Germany), and 100 ng/mL rrSCF. CFU-E
cultures were supplemented with 500 mU EPO.

Data Analysis

The EPO and G-CSF combination experiment was conducted in
a 4 X 4 factorial design (4 doses of EPO and 4 doses of G-CSF).
The appropriate statistical evaluation of this type of experiments
involves a regression analysis. This strategy is highly informative
and far more powerful than a pairwise comparison of selected data-
points. It does not only result in information on the significance of
a certain effect, but, in addition, it provides a quantatitive description
of the dose-response surfaces. This can be used in predicting the
response of a certain cell type for any dose combination of growth
factors tested. Furthermore, it reduces the number of mice necessary
to achieve statistical significance. The present experiment was de-
signed to be performed with 32 mice. One group (5 U EPO) was
not used. The regression model had to be specified in a meaningful
way. Based on previous experience, we could not expect simple
linear dose-response relationships in this study. For both EPO and
G-CSF, we have published data showing dose-response saturation
characteristics on a logarithmic scale, with 50 U EPO and 2.5 pg
G-CSF having close to maximal effects.”'® Because we were inter-
ested in analyzing the biologic effect of a certain dose, this implied
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that, in the regression model the administered, pharmacologic EPO
and G-CSF doses were logarithmically transformed. Thus, EPO
doses were coded as follows: 0 U and 0.5 U = 0 (having no effect),
50 U = 2 (showing maximal effect), and 5 U = 1 (having half-
maximal effects). EPO doses 0 U and 0.5 U were pooled because
no biologic difference between both doses was observed. The ratio-
nale for this coding is based on previous findings, which were con-
firmed in this study, that the biologic ««distance’’ (ie, response) from
0to 5 U is equal as that from 5 to 50 U.'® Similarly, G-CSF doses
were coded as follows: 0 ug = 0, 0.25 pg = 1, 0.625 ug = 1.4,
and 2.5 pg = 2. For biologic reasons, we consider this coding
most plausible; however, different coding scenarios were tested. The
qualitive message of the dose-response patterns was never changed
by choosing a different coding.

For each cell stage (Y), a regression was performed based on the
model: Y = a + b[EPO] + c[EPO’] + d[G-CSF] + e[G-CSF] +
f([EPO] X [G-CSF)). Estimates for the regression coefficients and
the 95% confidence intervals were determined. The results of the
regression analysis are given in Table 1. For each cell stage, the
regression coefficient of a term is given and it is indicated (under-
lined) whether it differed significantly from 0 (P < .1 and .01). The
regression model obtained is able to determine whether there is a
significant linear dose-response effect on a specific cell stage of low
EPO (‘b term) and low G-CSF (*‘d”’ term) doses. Furthermore,
it is able to indicate whether at high EPO (‘‘c”’ term) or high G-
CSF (‘‘e” term) doses saturation or further stimulation of these
linear effects occurs. Finally, it detects whether there exists an inter-
action of EPO and G-CSF (“f” term). Positive values should be
interpreted as stimulatory activity; negative values indicate inhibi-
tory effects. All analyses were performed using SAS PROC REG
(SAS Institute Inc, Cary, NC).

Visualizing the Regression Surfaces

The development of a regression model not only enabled us to
detect significant effects, but also to predict, at any EPO + G-CSF
combination, the response of each cell stage by simply filling in the
(coded, log-transformed) EPO and G-CSF doses of interest in the
formula of which the coefficient estimates are given in Table 1.
Thus, Table 1 can be graphically depicted, resulting in smooth 3-
dimensional dose-response surfaces, showing the prediction by the
tegression model of the behavior of each cell stage for any growth.
factor combination. As an example, we have plotted the dose-re- -
sponse surfaces for granulocytes and hematocrit obtained by the
regression analysis using the GNUPLOT program (see Fig 3). The
projections of the equi-response curves on the ground base of the
coordinate system are also shown. Figure 3A explains how these’
curves were created. At distinct Y-values, cross-sections were made
through the dose-response curves (shown is the 20 X 10%mL cut
off). The intersection of the dose-response surface with this cross
section was then redrawn on the ground base of the figure. To
fascilitate interpretation of the experimental results and to enable us
to predict a response at EPO + G-CSF doses that were not tested, this
procedure was performed for all evaluated cell stages. The results of
this statistical exercise can be found in Fig 4 and will be discussed .
below.

RESULTS
Splenectomy
We determined steady-state erythroid and granuloid pa-

' cameters of mice that had been splenectomized at least 2

months before the experiments were performed. The only
differences in splenectomized mice compared with normal
mice were an increased hematocrit (47.5% + 0.6% v 44.2%
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Table 1. Statistical Evaluation of the G-CSF + EPO Combination Experiment

EPO EPO* G-CSF G-CSF? (EPO x G-CSF)
Y-Parameter a b c d e f
CFU-GM/femur (%1073 51.8 -13.92 0.39 3.20 -10.73 8.38
ANC/mL (x107%) 0.57 15.76 -7.06 0.03 8.73 —-5.67
Ratio of ANC/GM (fraction of normal) -1.46 24.87 -10.03 —14.97 23.02 -11.15
BFU-Effemur (x107% 3.68 1.33 -0.99 2.32 -2.08 0.45
CFU-E/femur (x107%) 93.81 87.90 13.89 -65.04 9.84 —57.06
Ratio of CE/BE {fraction of normal) 0.86 1.20 0.40 -0.86 0.29 -0.95
Hematocrit (%) 44.09 2.66 0.85 0.68 -1.06 -1.11

This table shows for each cell stage (Y) the result (coefficient estimate) of the regression analysis, based on the model Y = a + b{EPO] +
c[EPO? + d[G-CSF} + elG-CSF] + f({EPO] X [G-CSF)). Underlined estimates are significant from 0 {single underscore, P < .1; double underscore,
P < .01). Apart from the analysis of significance, this table allows to predict for any (coded, Iog-transformed) EPO + G-CSF dose the response
of a certain cell type. As an example, the hematocrit after a treatment with 26 U (1.7 coded) EPO + 1 pg (1.6 coded) G-CSF is calculated as
follows: HCT = 44.09 + (1.7)2.66 + (1.7%0.85 + (1.6)0.68 — (1.691.06 — (1.7 x 1611 = 46.4%.

N + 0.1%) and an increased absolute peutrophil count 19 = 4, from which predictions of the behavior of the various cell
0.1 % 10°v1.0=02X 10, n = 10, P < .001). stages can be obtained.

Effects of EPO and G-CSF on granulopoiesis. To give

EPO + G-CSF Combination Exper iment an illustration of how to read Table 1 in conjunction with

Data analysis. The experimental data obtained in the  Figs 1 and 2, the behavior of CFU-GM (Figs 1A and 4A)
EPO + G-CSF experiment are shown in Figs 1 and 2 and will is explained in detail. EPO reduced CFU-GM numbers (neg-
be discussed in detail below. These results were statistically ative EPO term). At high EPO doses, no significant satura-
evaluated using a nonlinear regression analysis (which is  tion of this inhibition was observed (nonsignificant [NS]
explained in the Materials and Methods). The results of this EPO? term). Low G-CSF doses did not significantly influ-
analysis are given in Table 1, which gives for each cell  ence CFU-GM numbers (NS G-CSF term). At high G-CSF
stage the coefficient estimates of the regression model and  doses, however, CFU-GM numbers were significantly re-
its significance. The coefficient estimates for the regression duced (negative G-CSF” term). Finally, the superposition of
models given in Table 1 were then used to create Figs 3 and effects on CFU-GM at high EPO and G-CSF doses was
significantly increased (positive EPO X G-CSF term), indi-
cating that G-CSF was able to increase CFU-GM numbers
at high EPO doses.

Figure 1B shows that EPO-induced suppression of granu-
locyte production occurred at high EPO doses and was most
clearly shown by reducing the efficacy of medium and high
G-CSF doses to increase granulocyte numbers. Whereas 2.5
ug G-CSF increased granulocytes to about 40 X 10%mL,
the coadministration of 50 U EPO reduced this to only 10
% 10%/mL (Figs 1B, 3A, and 4B). To give an impression of
the altered production of granulocytes produced per CFU-
GM, we calculated the ratio of granulocytcs/CFU-GM (nor-
malized values) for the different groups. Figure 4AC shows
that, at high EPO doses, this ratio is reduced.

Effects of EPO and G-CSF on erythropoiesis. BFU-E
numbers were increased at low G-CSF doses, but G-CSF at
high doses decreased BFU-E similarly as CFU-GM pumbers.
EPO, alone or in combination with G-CSF, mildly affected
BEFU-E numbers. There was a tendency for reduced BFU-E
frequencies at the higher EPO doses, but this was not sig-
nificant (Figs 2A and 4D).

In contrast to BFU-E, CFU-E numbers were strongly in-
== 7  fluenced by both EPO and G-CSF. Whereas G-CSF dose-
dependently reduced CFU-E numbers to 3%, EPO could
increase CFU-E numbers t0 360% of normal. Simultaneous
treatment with G-CSF and EPO showed that EPO could
prevent the erythroid inhibition at low G-CSF doses, but at
increasing G-CSF doses, EPO proved to be less capable of
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Fig 1. Experimontal results of the effects ofa combined 7 days of
G-CSF and EPO administration on CFU-GM numbers in femur (A) and
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granulocytes in peripheral blood (B). increasing CFU-E numbers (Figs 2B and 4E). To give an
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Fig2. Experimental results of the effects of a combined 7 days of
G-CSF and EPO administration on BFU-E (A) and CFU-E (B} numbers
in femur and on the hematocrit (C).

impression of the number of CFU-E produced per BFU-E,
we »calculated the ratio CFU-E/BFU-E (normalized values)
for all groups. Figure 4F shows that G-CSF reduced this
ratio.

The effects of EPO and G-CSF on the production of ery-
throid cells in the marrow was also reflected in the hematocrit
(Figs 2C, 3B, and 4G). High G-CSF doses induced a mild
anemia in 7 days of treatment and, again, the stimulating
effect of EPO on erythroid cell production could be reversed
by a simultaneous high-dose G-CSF.

SCF + EPO + G-CSF Combination Experiment

In a subsequent experiment, we tested whether simuitane-
ous SCF administration would change the observed EPO and
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G-CSF dose-response relationships and thus could prevent
the inhibitory effects. SCF (2.5 pg/d) was coadministered to
50 U EPO + 2.5 pg G-CSF-treated mice. Figure 5 shows
that femur cellularity, which was markedly decreased by
EPO + G-CSF treatment, increased when SCF was simulta-
neously administered. As a consequence, all measured ery-
throid and granuloid cell stages benefited from this SCF
treatment. CFU-GM numbers increased 1.5-fold, BFU-E
numbers 3.4-fold, CFU-E numbers 7.2-fold, granulocytes
1.7-fold, and the hematocrit increased from 46.3% to0 52.1%.

DISCUSSION

In this study, we investigated how granulopoiesis and
erythropoiesis mutually interacted with each other in sple-
nectomized mice during growth factor treatment. In the first
experiment, we administered the lineage-specific growth fac-
tors G-CSF and EPO in 16 different dose combinations. Our
results show that not only did G-CSF treatment inhibit EPO-

[urd]

Fig 3. Evaluation of the dose-response surface, obtained by the
regression analysis, of G-CSF and EPO administration on granulo-
cytes in peripheral blood (A} and hematocrit (B). (A)A cross-section
was made through the D/R surface at 20 x 10°. The intersection of
the surface with the cross-section gives the EPO and G-CSF dose
ranges that resuit in 20 x 10° ANC/mL. This equi-response curve was
projected at the base of the figure, where other curves are shown.
A two-dimensional representation of this same contour plot is shown
in Fig 4B. Data obtained at 0 and 0.5 U EPO/d are pooled {see Materi-
als and Methods).
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stimulated erythropoiesis but the data also show that EPO
treatment suppressed G-CSF-stimulated granulopoiesis.
The inhibiting effect of G-CSF on erythropoiesis predomi-
nantly took place in the EPO-responsive cell compartment
(CFU-E). The negative effects of EPO on granulopoiesis
became apparent at the level of the neutrophilic granulocytes
in the peripheral blood. High EPO doses reduced the efficacy
of G-CSF to produce granulocytes from CFU-GM. Thus, the
mutual inhibition took place at a late level of differentiation.
The effects on more immature cells were less clear; CFU-
GM were decreased by both EPO and G-CSF and BFU-E
were stimulated by low G-CSF doses but inhibited by high

50

doses. The reduction of these immature cell stages is proba-
bly caused by the mobilization of these cells from the mar-
row to the blood because both G-CSF and EPO are known
to induce mobilization.*™*# Also, this reduction will be
induced by a strongly stimulated differentiation of BFU-E
and CFU-GM into later cell stages.

In summary, EPO and G-CSF mutually antagonized each
other, leading to intricate dose-response relationships. We were
able to carefully display these interactions by plotting the equi-
response curves constructed by the regression analysis. Such
contour plots allow us to identify optimal strategies for blood
cell production in growth factor combination treatments.
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Fig 5. Effect of coadministration of SCF (2.5 ug/d} to EPO {50 U/
d) and G-CSF (2.5 ug/d) treated mice. Results are given as percentage
of untreated control mice (x 1 SEM). Cells, femur cellularity; BE,
BFU-E; CE, CFU-E; HCT, hematocrit; GM, CFU-GM; ANC, absolute

neutrophil count. Note that ANC values are given on the right Y-axis.

In a second experiment, we investigated to what extent
simultaneous SCF treatment changed the observed mutual
inhibition. SCF has been shown to act synergistically in vivo
with both G-CSF" and EPO,” probably because it increases
the input from the early compartments into the lineage-re-
stricted cell stages. Our data show that, under high EPO
and high G-CSF stimulation, SCF was capable of increasing
femur cellularity and thereby all measured erythroid and
granuloid cell stages. By increasing the size of the BFU-E
and CFU-GM compartments, SCF administration compen-
sated for the mutual inhibition in terms of cell production.
Based on these data, we expect that the optimal production
of peripheral blood cells of different lineages will be ob-
tained under high SCF, moderate G-CSF, and moderate EPO
doses. A more elaborate study to test this hypothesis is pres-
ently underway in our laboratory. The experimental design
and, in particular, the statistical analysis of the results that
we present here allow detailed experiments in which the
effects of multiple growth factors can be assessed.

Although such extensive EPO/G-CSF combination experi-
ments were not previously reported, there are several reports
that are in agreement with our findings. In vitro EPO inhib-
ited marrow CFU-GM colony growth.''® This effect could
not be reproduced in CFU-GM derived from peripheral
blood.”” Conversely, BFU-E colony growth has been re-
ported to be inhibited by colony-stimulating factors."?

In vivo data have shown that G-CSF inhibits erythropoie-
sis.>” Recently, Cronkite et al® have shown that EPO was
not able to correct the decrease of red blood cells induced by
G-CSF. EPO treatment has been reported to lead to reduced
granulocyte production.*® In addition, EPO administration
has been associated with thrombopenia.'" These studies pro-
voked the question of whether competition for a common
stem cell exists. However, in the present study, we did ob-
serve competition at a more mature level. This became most
apparent when CFU-E/BFU-E and granulocytes/CFU-GM
ratios were calculated (Fig 4C and F). A cause for the ob-
served effects may be located at receptor level because EPO
has been shown to downregulate CSF-1 receptors™; also,
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other growth factors appear to be able to modify expression
of different receptors.”* So far, long-term administration of
single growth factors has never led to a depletion of stem
cells.*1°% Treatment with combinations of (early acting) fac-
tors may, however, affect the size of the stem cell pool. We
are currently investigating the behavior of different stem cell
subsets during such multifactor treatments.
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