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Summary. Previously it has been hypothesized that the
granulopotetic and erythropaietic lineages may compete for
differentiating stem cells. According to this hypothesis one
would expect that a stimulation of granulopoiesis by G-CSF
administration would lead to a reduction of the stem cell pool
and be followed by a decline of erythropoietic progenitor
numbers, In addition one would expect an enhanced res-
ponse of granulopoiesis if G-CSF administration were com-
bined with suppression of erythropoiesis by red cell trans-
fusion,

To evaluate whether this hypothesis holds true C57bl mice
were injected subcutaneously for 6 d with 3:75 pg rh G-CSF/
mouse/d (150 pg G-CSF/kg body weight/d). Marrow CFU-S
numbers showed an increase to 160% on day 2. followed by a
decrease to 50% of controi on day 6. Splenic and peripheral

blood CFU-§ increased 20-fold and 10-fold, respectively,
Marrow CFU-E declined to 40% of the control value, Splenic
CFU-E increased 1(-fold. The increase in marrow CFU-CM
numbers ranged between 140% and 150%. CFU-GM aob-
tained from the spleen and the peripheral blood increased
60-fold and 15-fold. respectively. Regarding the CFI:-S and
CFU-GM a similar pattern of response was found in an
experiment where rh G-CSF administration was combined
with an additional red cell transfusion. These data do not
provide convincing evidence for an exhaustion of haemopoie-
tic stem cells during treatment with G-CSF. They rather
suggest that an important side effect of G-CSF treatment ts a
release of CFU-S and progenitors from the marrow to the
peripheral blood and a reseeding in the spleen.

From previous reports it is evident that recombinant human
granulocyte-colony stimulating factor (rh G-CSF) stimulates
the proliferation and differentiation of granulopoietic proge-
nitors i vitre and in vive {Moore et ql. 1987: Weite et al,
1987). I administered to humans or animals with drug-
induced granulopenia rh G-CSF significantly shortens the
granulocytopenic period iMorstyn et al. 1988: Moore &
Warren, 1987). Previously it has been hypothesized that the
erythropoietic and granulopoietic lineages compete for the
differentiation of haemopoietic stem cells (Dexter, 1987).
According to this hypothesis a stimulation of granulopoiesis
could induce a decrease in stem cell numbers. leading in
consequence to a decline of ervthropoietic progenitor num-
bers. Former investigations by other groups revealed that
rh G-CSF in vivo has substantial eflects not only on granulo-
poietic progenitors but also on the CFU-§ and the ervthro-
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poietic lineage {Tamura ¢t al. 1987: Moore et al. 1987). These
eflects concern mainly increases of all progenitors within the
splenic environment.

It was the objective of the present study to extend these
investigations and to examine whether the above hypothesis
holds true during treatment with rh G-CSF. Mice were treated
with high doses of rh G-CSF. During the treatment the spteen
colony forming units (CFU-S), erythroid colony forming units
{CFU-E) and granulocyte-macrophage colony forming units
(CFU-GM) of the peripheral blood, spleen and bone marrow
were determined. Previous studies indicated that suppression
of erythropoiests by red cell transfuston in normal untreated
animals leads to an increase in the CFU-§ and granulopoietic
progenitor numbers {Monette, 1985; Wichmann & Loeffler.
1985). According to the above hypothesis this may be
interpreted as a consequence of a failing differentiation
pressure by the erythropoietic progenitors on the CFI-S.
Assuming this, one would expect that an additional red cell
transfusion could enhance the response of granulopoiests to
G-CSF. To evaluate whether such a process can modify the



response of the CFU-$ and granulopoiesis to G-CSF an
addittonal experiment was carried out. where rh G-CSF
treatment was combined with suppression of erythropoiesis
by red cell transfusion.

MATERIALS AND METHODS

Experimental animals. Specific pathogen-free female C57bl/
6 mice (Charles River, F.R.G.} between 8 and 12 weeks of age
{20-25 g of body weight) were used.

rh G-CSF. Recombinant human G-CSF was generously
provided by AMGEN, Thousand Qaks, Calif., U.S.A. Tt was
delivered in an aqueous buffer at a concentration of 530 ug
protein/ml. The specific activity of the rh G-CSF was
1-2 = 10" Units/mg protein as determined in a granulocyte-
macrophage colony assay. Endotoxin contamination was less
than 0-5 pg/mg protein. Rh G-CSF was mjected subcuta-
neously as a freshly prepared dilution of the original material
in 0-1 ml pyrogen free physiological NaCl.

Cell suspensions. Bone marrow cell suspensions were
obtained by flushing one femur with 1 m! Alpha medium
(GIBC(, U.X.) £ 10 myM Hepes, pH 7-2. Single cell suspensions
were made by repeated flushing through a 23 gauge needle.
Spleens were pressed through a stainless steel sieve and
suspended in Alpha medium. Femoral and splenic nucleated
cells were counted in a Coulier counter.

Peripheral blood cells. Mice were bled from the orbital
plexus. Blood was heparinized {50 U heparin per ml blood).
Haematocrit (PCV) and white blood cells (WBC) were
determined according to standard procedures. The leucocytes
were isolated after centrifugation on a discontinuous grad-
ient of Ficoll-Isopaque (Sigma and Nyegaard. Norway)
(Perper et al, 1968). The interphase was removed and
washed three times with Alpha medium + 10 mm Hepes, pH
7:2, supplemented with 5% fetal calf serum.

Progenitor cell assay. CFU-GM and CFU-E were estimated
with the methylcellulose method of Iscove & Sieber (1975).
Briefly. 1 ml suspensions of 2-5 x 10° nucleated marrow cells
or 2-5 x 10 spleen cells were plated in duplicate. Cultures for
CFU-E were supplemented with 0-25 U erythropoietin (Terry
Fox Laboratory, Vancouver). 10 ug pokeweed mitogen-
stimulated spleen cell conditioned medium (Burgess et al,
1980} was added to 1 ml of the CFU-GM cultures. This gave a
maximal response. Enumeration of colonies was performed
on day 2 and day 8 for CFU-E and CFU-GM respectively. Each
data point in the results refers to the median and range of four
separate measurements of materials pooled from two groups
each of three mice.

Spleen colony assay. The number of CFU-S was determined
according to Till & McCulloch {1961). Ten recipient mice per
data point were irradiated with 9 Gy. 24 h after the
irradiation donor cells were injected via the orbital sinusoids.
After 8 d the spleens were removed and the colonies were
counted. Each data point refers to the median and range of
10 measurements of material pooled from three mice.

RESULTS

Dose response of granulopoiesis to rh G-CSF
For a dose response of CFU-GM and granulocytes to rh G-CSF,
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Fig 1. Dose response of the peripheral blood granulocytes and of the
splenic (M), peripheral bloed {4} and femoral {a) CFU-GM te 6 d
treatment with rh G-CSF. Data cxpressed as median and range {see
Methods).

doses ranging between (O (saline control) and 450 pg rh
3-C8F/kg body weight/d were injected subcutaneously for
6 d (day O to day 6) divided in two daily injections.
Determinations of CFU-GM and blood granulocytes were
carried out on day 6.

The numbers of femoral, splenic and circulating CFU-GM
showed drastic increases in response to 50 ug rh G-CSF/kg
body weight/d and continued to increase slowly with doses
above 50 pg rh G-CSF/kg body weight/d (Fig 1}. The increase
of marrow CFU-GM numbers was 1-3-1-8-fold in response to
doses ranging between 50 and 450 ug rh G-CSF/kg body
weight/d (Fig 1). Splenic and peripheral blood CFU-GM
increased 53-fold and 13-fold respectively for 30 ug rh G-
CSF/kg body weight/d. The increases were 125-fold and 24-
fold in response to 450 pg rh G-CSF/kg body weight/d (Fig 1}.
The blood granulocytes increased 1-8-2-1-fold in response to
doses ranging between 50 and 450 pg/rh G-CSF/kg body
weight/d (Fig 1).

Time course of the haemopoietic response to rh G-CSF

For observation of the behaviour of haemopoiesis under rh
G-CSF treatment mice were injected subcutaneously for 6 d
{day O to day 6) with 150 pg G-CSF/kg body weight/d
{corresponding to 3-75 ug rh G-CSF/mouse/d} divided in two
daily injections.

During the treatment the blood granulocytes increased
2-2-fold and 1-7-fold on day 4 and day 6 respectively (Fig 2).
White blood cell counts did not change significantly (98 x
10%/mt blood on day 0, 9-0 x 10°/ml blood on day 6). The
blood reticulocytes showed a slight but not significant
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Fig 2. Time course of the peripheral blood granulocytes, reticulocytes
and haematocrit during 6 d treatment with rh G-CSF (solid symbols)
and during 6 d treatment with a combination of G-CSF and red cell
transfusion on day O (open symbols). Data cxpressed as median and
range (see Methods).

increase (Fig 2). No change in the hasmatocrit could be
detected (Fig 2).

The splenic nucleated cells increased 1-6-fold from 14-0 x
107 (range 13-0-18-6) an day O to 226 x 107/spleen (range
22:2-23-0) on day 6, while the femoral nucleated cells
decreased slightly from 23-5 x 10%{range 22-8-24-8) on day
0 to 20:0x 10° {range 18-0-22-4) on day 6 (no curve
shown),

G-CSF induced a dramatic expansion of splenic and
peripheral blood haemopoiesis. On day & the data for the
splenic CFU-8 revealed a 17-fold increase and the frequency
of CFU-S in the circulation was found to be augmented about
10-fold (Fig 3). Splenic and circulating CFU-GM, increasing
6-fold and 15-fold respectively, paralleled the behaviour of
CFU-% (Fig 3). CFU-E obtained from the spleen increased
about 10-fold (Table I).

Marrow CFU-S first increased 1-6-fold on day 2 and then
declined to 50%, of the control value on day 6 (Fig 3). Marrow

Table I. Time course {median and, in parentheses, range) of the
femoral and splenic CFU-E during administration of rh G-CSF at a
dose of 150 ug/kg body weight/d and, in brackets, during a
combination of G-CSF treatment with red cell transfusion

CFU-E femur
{ % 10%/femur)

CFU-E spleen
{ % 10 /spleen)

0 52-0 (48:0-33-0) 250 (24-0-26-0)
2 40-0 (21-0-50-0) 3540 (30-0-50-0H)
[17-8] [15-3-20-0] [16-2] [12-0-21-0]
4 10:5 {8-0-13-0) 1100 (67-0-135:0)
[3-7] [2:5-3-8] [8-0] [6-0-8-5]
6 18-3 {16:0-371) 2400 (194-0-285-0)
[3-9] [2-8-5-0] [9-0] [8-0-10-0

CFU-GM increased to about 1-6 (1-4-1-8) times the normal
value between day 2 and day 6 (Fig 3). Marrow CFU-E
declined to about 40% of control (Table I).

Behaviour of haemopoiesis during a combination of rh G-CSF
treatment and red cell transfusion

An additional experiment was performed combining rh G-
CSF treatment and red cell transfusion by a single injection of
0-5 m! isologous packed red blood cells into the orbital vein
on day 0, The experimental design was the same as for the
exclusive treatment with rh G-CSF.

Red cell transfusion led to a severe increase of the
haematocrit relative to the values for rh G-CSF administra-
tion alone and to a decline of the reticulocyte numbers {Fig 2).
Both marrow and splenic CFU-E decreased distinctly to 8% of
the normal value in the marrow and to 40% of the normal
value in the spleen (Table T). With the exception of the data
for erythropoiesis all other observations nearly matched
those during exclusive treatment with rh G-CSF. Blood
granulocytes increased 2-fold and 1-5-fold on day 4 and day
6 respectively (Fig 2). No change of data for the white blood
cells could be detected. Splenic nucleated cells increased 1+6-
fold and femoral nucleated cells declined slightly to 0-8 times
the normal on day 6 (no curve shown). Splenic and
peripheral blood CFU-§ increased 14-fold and 40-fold respect-
ively. This was paralleled by the CFU-GM that were found to
be 50-fold increased for the spleen and 20-fold increased for
the circulation (Fig 3). Observations for the marrow CFU-S
and CFU-GM matched those under exclusive G-CSF treatment
(Fig 3).

DISCUSSION

It was the objective of the present study to gain an indication
as to whether the granulopoietic and erythropotetic lineages
may compete for the differentiation of CFU-8 during treat-
ment with rh G-CSF. According to this hypothesis we
expected rh G-CSF to induce a decrease in the CFU-S
numbers. This should lead to a diminished inflow from the
CFU-8 into ervthropotetic differentiation inducing a declinein
the ervthropoietic progenitors. In addition we expected an
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Fig 3. Course of the splenic. peripheral blood and temeral CFU-8 and CFU-GM numbers during & d treatment with rh G-CSF (solid symbols) and
during 6 d treatment with a combination of G-CSF and red cell transfusion on day ( {upen symbols}, Data expressed as median and range (see

Methods),

enhanced response of granulopoiesis if rh G-CSF administra-
tion was combined with a suppression of ervthropoiesis by
red cell transfusion.

The present results show that rh G-CSF induced a slight
increase in the CFU-GM and a decrease in the CFU-S and CFU-
E numbers in the bone marrow. On the other hand, the data
also show a drastic increase of both peripheral blood and
splentc CFU-S and progenitor cell numbers. This strongly
suggests a release of CFU-8. granulopotetic and erythropoietic
progenitors from the marrow to the peripheral blood and a
seeding to the spleen during the administration of rh G-CSF.
This would explain the decline in marrow CFU-S and CFU-E
numbers as well as the increases in the circulating and
splenic CFU-S and progenitors. Similar findings for the CFU-8
(increases of peripheral blood and splenic CFU-S, decrease or
no change of the marrow CFU-8 numbers) have been
reported previously after treatment with phenylhydrazine
(Hodgson et al, 1972), thiamphenicol (Goris ¢t al, 1990) and
high doses {500 pg/injection) of endotoxin (Vos et al, 1972).
Since endotoxin is known to lead to a release of G-CSF in vive

{Vogel et al. 1988) it may be asked whether G-CSF is the
active inducer of stem cell release after endotoxin treatment.
However, an increased level of stem and progenitor cells in
the peripheral blood can be found for about 4 4 after a single
administration of high doses of endotoxin {Vos et al, 1972)
although G-CSF can be detected only for hours post endatoxin
(Vogel etal, 1988). The timing of the events remains obscure.
At present it is therefore not clear whether a release of stem
cells to the peripheral blood is a process induced by one singte
fuctor, namely G-CSF, or whether it is a non specific
consequence of a stimulation of haemopeiesis.

Regarding the marrow it has been reported formerly that
treatment with high doses of G-CSF leads to an increase of the
day-12 CFU-S (Moore et al, 1987}, This is in contrast to our
results with respect to the more committed femoral day-§
CFU-8. During administration of (;-CSF the ratio of femoral
day-12/day-8 CFU-S seems to change in favour of the more
primitive day-12 CFU-8.

The combination of G-CSF treatment with red cell trans-
fusion did not lead to an enhanced or moditied response of the
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Table II. Time course of the total (marrow* —
spleen) CFU-S during administration of rh
G-CSF at a dose of 130 ug/kg body weight/d
and, in brackets, during a combination of
G-CSF treatment with red cell transfusion

Total CFU-8

Median
Day (x10% {Range)
0 696 (52:2-87-0)
2 1164 (92-7-135-1)
[129:7] [106-8-151-3]
4 50-2 (31-3-53-2)
[56-9] [42-0-71-8]
6 6013 (30-0-64-0)
[#5:9] |49-0-86-3]

*Marrow cell content calculated assuming
one femur to vepresent 6% of the whoele bone
marrow.

CFU-8 and granulopoiesis to rh G-CSF. This may be looked at
as a contradiction to the concept of competition for stem cell
differentiation. In addition, in both series of experiments
(with and without red cell transfusion) the total number of
CFU-8 remained about normal (Table IT). Although a decline
in the bone marrow was evident this was outweighed by the
considerable number found in the spleen. We therefore
cannot conclude on the basis of these data that a 6-day
application of rh G-CSF has led to any reduction of the stem
cell population nor did we find an indication of significant
competition for differentiating stem cells under these circum-
stances.

We as well as others (Moore et al. 1987) observed a change
in the distribution of ervthropoietic progenitors in favour of
the spleen by rh G-CSF. If admintstered to humans rh G-CSF
has been shown previously to induce increases in peripheral
bload erythropoietic progenitor numbers (Dithrsen et al,
1988). In the present study despite the decline of marrow
CFU-E numbers the peripheral blood reticulocytes did not
decrease. This indicates that during G-CSF administration the
spleen compensates the decline of marrow erythropoiesis.
According to this finding we make the conjecture that the
reticulocytes should decline if th G-CSF is administered to
splenectomized animals.

The maximum response of the peripheral blood granulo-
cytes to rh G-CSF treatment was an increase by about a factor
of 2. These data match those of other reports for C37bl mice
(Tamura et al, 1987) but not for C3H mice (Moore et al,
1987), where a 6-9-fold increase in granulocytes was
observed. In Balb/c mice an increase even to 10-20-fold was
reported (Metcalf, 1987). In some subsequent control experi-
ments with C3H mice in our laboratory we found a much
more pronounced increase in granulocytes during rh G-CSF
treatment than in C57bl mice (unpublished observation).
The reason for this variation of the granulocytes' response o

th G-CSF remains obscure and appears to show a strain
dependency.

Taken together, the present results do not provide con-
vincing evidence for competition of the granulopoietic and
erythropoietic Yineages for the differentiation of CFU-S during
rh G-CSF treatment. During both experiments, exclusive
administration of rh G-CSF and in combination with red cell
transfusion, the femoral CFU-8 showed a decline, This seems
to be a censequence of a release of CFU-S from the marrow
rather than being a result of a reduction of the stem cell pool
by differentiation into the granulopoietic lineage.
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