0031-3998/95/3705-0630$03.00/0
PEDIATRIC RESEARCH
Copyright © 1995 International Pediatric Research Foundation, Inc.

Vol. 37, No. 5, 1995
Printed in U.S.A.

The In Vitro Effects of Granulocyte and
Granulocyte-Macrophage Colony-Stimulating
Factor on Interleukin-3-Dependent Proliferation
of Human Neonatal Circulating Progenitor Cells

ALISON R. BEDFORD RUSSELL, E. GRAHAM DAVIES, FRANCES M. GIBSON, AND
EDWARD C. GORDON-SMITH

Departments of Child Health [A.R.B.R., E.G.D.] and Haematology[F.M.G., E.C.G.-S.], St George's
Hospital Medical School, Cranmer Terrace, London SW17 ORE, United Kingdom

Recombinant human granulocyte (rhG) colony-stimulating
factor (CSF) and recombinant human granulocyte-macrophage
(thGM) CSF have been used fo enhance neonatal neutrophil host
defense. We aimed to determine the comparative efficacy of
rhG-CSF and rhGM-CSF in increasing numbers of granuloctye
colony-forming unit (CFU-G) and granulocyte-macrophage col-
ony-forming unit (CFU-GM) in recombinant human (rh) IL-3-
dependent cultures of human neonatal circulating hematopoietic
progenitor cells, including cells from infants born to hypertensive
mothers. We also investigated the relationship between fractional
increase in CFU-G and endogenous plasma concentraton of
G-CSF. Circulating mononuclear cells were harvested from 25
neonates, and standard short-term assays in semisolid agar were
established in the presence of rhIL-3 alone, thIL-3 with thG-CSF
and rhGM-CSF, and both rhG-CSF and thGM-CSF. CFU-G and
CFU-GM were counted on d 14. Total colony number and
CFU-G were significantly greater in cultures supplemented with
thG-CSF, with or without thGM-CSF (p < 0.001 and p <
0.0005 for total colony number and CFU-G, respectively), when
compared with cultures with rhIL-3 alone. Progenitor cells from
three infants born to hypertensive mothers responded similarly.
Total colony numbers and CFU-G were not increased by rhGM-
CSF alone or by addition of thGM-CSF to rthG-CSF; however,

the proportions of CFU-GM were (p < 0.05 and p < 0.001,
respectively, compared with rhiIl-3 alone). Fractional increases
in CFU-G with thG-CSF were independent of plasma concen-
traton of G-CSF (r = 0.17; 95% confidence interval —0.5 to
0.19; p = 0.35). thG-CSF was more efficacious than thGM-CSF
in enhancing CFU-G numbers in rhIL-3—dependent cultures, and
plasma concentration of G-CSF did not predict response.
(Pediatr Res 37: 630-633, 1995)

Abbreviations
G-CSF, granulocyte colony-stimulating factor
GM-CSF, granulocyte-macrophage colony-stimulating factor
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Neutropenia occurs in up to 35% of babies admitted to the
neonatal intensive care unit and is more likely in preterm
infants, those with birth weights of less than 2000 g, and in
multiple gestation pregnancies (1). Neutropenia is also a par-
ticularly frequent finding in babies born to mothers with PIH,
exposing them to an increased risk of sepsis (2). The combi-
nation of neutropenia and sepsis results in a neonatal mortality
rate of up to 60% (1). Efforts have therefore been directed at
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enhancing neonatal neutrophil host defense. The hematopoietic
growth factors G-CSF and GM-CSF have been used in the
management of neutropenia secondary to various conditions
(3). G-CSF acts on committed precursor cells to produce
mature neutrophils, but may also have an effect on earlier
progenitor cells when in combination with IL-3 (4, 5). In
animal models thG-CSF has been shown to increase the cir-
culating neutrophil number, neutrophil storage pool, and bone
marrow progenitor pool and improve survival from group B
Streptococcus infection when administered in combination
with antibiotics (6, 7). The former has also been shown for
human neonates treated with rhG-CSF (8). GM-CSF acts on
multipotential, erythroid, and eosinophilic hematopoietic pro-
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genitor cells and has activities overlapping with but distinct
from IL-3 (9-11). In clinical studies in adults rhGM-CSF
given on an equal-mass basis does not increase neutrophil
levels as much as thG-CSF and results in a monocytosis and
eosinophilia (3). Given in combination with antibiotics to
neonatal rats infected with group B streptococcus, thGM-CSF
has been shown to decrease mortality rates (12). Thus both
rhG-CSF and thGM-CSF could potentially be used to enhance
human neonatal neutrophil numbers and therefore augment
neonatal host defense mechanisms. However, the comparative
effects of thG-CSF and thGM-CSF on isolated human neonatal
circulating progenitor cells has not previously been studied.

Neonates have an easily accessible, plentiful supply of
circulating progenitor cells (13), more abundant than found in
adults (14). This study was designed primarily to quantitatively
compare the effects of thG-CSF and thGM-CSF on human
neonatal circulating progenitor cells, in an rhIL-3-dependent
culture system and to establish which CSF would most effec-
tively increase the number of neutrophilic cells, as measured
by CFU-G production. Second, we aimed to investigate
whether rhG-CSF and rhGM-CSF would affect progenitor cells
from babies born to mothers with PIH, in a similar way to those
from babies with normotensive mothers. Last we aimed to
investigate whether or not the response to rhG-CSF correlated
with endogenous plasma [G-CSF]. It has been proposed that
neonatal neutropenia may be secondary to deficient production
of endogenous G-CSF during activated states (15). If this were
the case we postulated that progenifor cells from neonates with
low endogenous plasma [G-CSF] may be more responsive to
exogenous rhG-CSF than cells from those with high endoge-
nous plasma [G-CSF].

Patients and methods. Blood (0.5-1 mL) was collected from
25 newborn babies admitted to the regional tertiary neonatal
unit with the first routine blood sampling (at 0-2 h of life) into
sterile tubes with preservative-free heparin (5 1L containing 25
JU). Median gestational age was 32 wk (range 24—41 wk) and
median birth weight was 1.70 kg (range 0.67-3.80 kg); three
infants were born to mothers with PIH, diagnosed by previ-
ously defined criteria (2). Further samples were obtained from
three infants at 2 wk of age for repeat studies. Plasma was
isolated after centrifugation (400 X g for 10 min) and stored at
—20°C until [G-CSF] were estimated in duplicate using a
commercial ELISA (British Biotechnology Products Ltd, Oxon
0X14 3YS). The cells were resuspended in IMDM (GIBCO,
UK) (containing 102 U penicillin and 100 ug/mL streptomy-
cin), supplemented with 10% heat-inactivated FCS (ICN Flow,
UK), and centrifuged on Ficoll-Hypaque (400 X g for 25 min).
The mononuclear fraction was isolated, washed twice in
IMDM, and resuspended in IMDM with 10% FCS for count-
ing. Progenitor cell responses to rhG-CSF and rhGM-CSF
were assayed using a standard method. Briefly, 0.5 X 10°
mononuclear cells were added to 1 mL. IMDM in 35-mm
dishes in duplicate supplemented with: 0.9% methylcellulose
(Terry Fox Labs, Vancouver), 2 mM L-glutamine, 30% FCS,
1% BSA, 7.5% NaHCO,, and 10~* M p-mercaptoethanol. Cell
cultures from each infant were supplemented with the follow-
ing combinations of recombinant growth factors, before incu-
bating at 37°C in 5% CO,/95% air: 50 ng/mL rhIL-3 (sp act,
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8.8 X 10° U/mg; Escherichia coli-derived recombinant human
aglycosylated; Sandoz Pharma); 50 ng/mL rhIL-3 with 50
ng/mL rhG-CSF (sp act, 10® U/mg; E. coli-derived recombi-
nant-methionyl human aglycosylated; Amgen UK); 50 ng/mL
rhIL-3 with 50 ng/mL thGM-CSF (sp act, 5.6 X 10° U/mg;
mammalian Chinese hamster ovary-derived recombinant hu-
man glycosylated; Sandoz Pharma); and the same doses of
rhIL-3 with both thG-CSF and thGM-CSF. The doses of each
growth factor used were those required for maximum stimula-
tion, determined by previous titration experiments, and used
for all cultures. CFU-G and CFU-GM containing more than 40
cells were counted on d 14, using a tissue culture inverted
microscope. Morphologic characterization of plucked colonies
was confirmed after cytocentrifugation and staining with
Wright’s stain. Colonies of CFU-G contained precursor and
terminally differentiated neutrophils only. CFU-GM were com-
posed of large, foamy macrophages in addition to neutrophilic
cells at different stages of differentiation as described above.

Ethical approval for the study was obtained from the local
ethics committee.

Statistical analysis of colony culture data were by analysis of
variance after log transformation to normalize the data; the
least significant difference test was used to determine signifi-
cant intergroup differences. The product-moment correlation
coefficient was used to determine the relationship between
endogenous [G-CSF] and fractional increase in colonies with
addition of thG-CSF to the culture system.

RESULTS

Total colony numbers (CFU-G + CFU-GM) were signifi-
cantly increased in thG-CSF (p < 0.001) and thG-CSF/thGM-
CSF-supplemented cultures (p < 0.0005), but not in cultures
supplemented with thGM-CSF only (p > 0.05), when com-
pared with those with thIL-3 alone, suggesting that rhiL-3 and
rhG-CSF, but not thGM-CSF, are synergistic (Fig. 1). This
increase was accounted for by a significantly greater number of
CFU-G with thG-CSF supplementation (p < 0.005) and ad-
ditionally in rhG-CSF/rhGM-CSF-supplemented cultures of
CFU-GM (p < 0.001) (Figs. 2 and 3); CFU-G were not
significantly greater in cultures supplemented with rhGM-CSF
alone (p > 0.05) (Fig. 2). Although total CFU-G + CFU-GM
were not increased in thGM-CSF—supplemented cultures, the
proportion of CFU-GM was (p < 0.05); CFU-GM were not
increased with thG-CSF supplementation (p > 0.05) (Fig. 3).
Comparing the actions of thG-CSF and thGM-CSF in IL-3—
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Figure 1. Total colony numbers (CFU-G + CFU-GM) with the various
combinations of growth factors.
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Figure 2. CFU-G only with the various combinations of growth factors.

supplemented cultures (direct comparisons not displayed
graphically), the use of thGM-CSF with thG-CSF did not
increase the total colony number, or the number of CFU-G,
when compared with using thG-CSF alone with rhIL-3 (me-
dian [range] = 55 [6—386] versus 64 [6—231] for total colony
number and 36 [1-310] versus 44 [3-178] for CFU-G only; p
> 0.05), suggesting that these two cytokines are not synergistic
in this culture system. rhG-CSF induced significantly greater
numbers of CFU-G than did thGM-CSF (44 [3-178] versus 15
[1-163]; p < 0.01), but total colony numbers were not signif-
icantly different (64 [6—231] versus 38 [5-228]; p > 0.05).
Sufficient progenitor cells were isolated from only five new-
born babies to enable culture with thG-CSF and thGM-CSF
alone. No colonies were developed in any culture in the
absence of rhIL-3.

The individual responses of the infants born to mothers with
PIH and the baby’s [G-CSF] and absolute neutrophil counts at
the times of cell harvest are shown in Table 1. Reference
ranges for absolute neutrophil count are according to Manroe’s
criteria at 0—2 h of age (16). The progenitor cell responses of
babies born to hypertensive and normotensive mothers were
similar.

The response of progenitor cells to rhG-CSF, in terms of
fractional increase in number of CFU-G, was independent of
endogenous plasma [G-CSF] at the time of cell harvest (r =
—0.17; 95% confidence interval —0.5 to 0.19; p = 0.35)

(Fig. 4).

DISCUSSION

Our study demonstrates that thG-CSF enhances the rhIL-3—
dependent proliferation of human neonatal circulating progen-
itor cells, and differentiation into neutrophilic cells (CFU-G).
Similar responses occur in progenitor cells derived from in-
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Figure 3. CFU-GM only with the various combinations of growth factors.
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Table 1. Total number of cell colonies (CFU-G + CFU-GM, §Y 0
formed from circulating progenitor cells of infants born to mothers
with pregnancy-induced hypertension, in response to the
cytokine combinations

Total no. of cell colonies

Plasma (CFU-G CFU-GM) IL-3/
Patient ANC [G-CSF] IL-3/ IL-3/ G-CSF
no. (X10°L) (pg/ml)  IL-3 G-CSE  GM-CSF  GM-CSF
1 33 52 64 95 66 68
(58-+8 (90+6) (60+18) (46 +22)
2 0.3 715 9 20 11 16
(B+6) (14+6) (5+6 (O+7
3 25 145 26 91 41 176

(11+15) (68+23) (15+26) (120 + 56)

Mean of duplicate cultures shown. ANC = absolute neutrophil count of
baby at time of mononuclear cell harvest (normal range'® 1.8-7.2 X 10%/L).
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Figure 4. The relationship between plasma log,, [G-CSF] and rhG-CSF-
stimulated CFU-G response (r = 0.17; 95% confidence interval, —0.5 to 0.19;
p = 0.35).

fants born to mothers with PIH. These results are consistent
with previous reports that thG-CSF acts synergistically with
rhIL-3 (5, 11). This effect was not seen with thGM-CSF and is
compatible with previous demonstrations that GM-CSF and
IL-3 are not synergistic, but have overlapping activities at early
stages of hematopoiesis (9-11). This probably occurs because
receptors for GM-CSF and IL-3 share a common fB-subunit
resulting in binding cross-competition (17).

We could not demonstrate synergism between rthG-CSF and
rhGM-CSF in rhIL-3—dependent cultures. This is not surpris-
ing in view of the overlap in activities between IL-3 and
GM-CSF. No colony growth occurred when available cells
from newborn babies (n = 5) were cultured with thG-CSF or
rhGM-CSF in the absence of rhIL-3. Colony growth with the
individual growth factors and synergy between rhG-CSF and
rthGM-CSF in the absence of rhIL-3 has previously been
demonstrated in preparations of highly enriched CD33+/
CD34+ cells from the bone marrow of normal adult volunteers
(18). However, this may be due to structural differences in
preterm neonatal, compared with adult, stem cell receptors.
Up-regulation of receptor expression may occur only after the
early neonatal period, because temporal expression of the
B-subunit has been demonstrated in murine embryonic stem
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cells and early blastocysts (17, 19, 20). Also significant differ-
ences have been found in lymphocyte phenotypes of human
infants at birth and at 5 d of age (21).

The clinical implication of our results is that if cytokine
therapy is to be considered for the management of neonatal
neutropenia thG-CSF would be the most appropriate choice.
This is consistent with the results of a clinical study in older
children with severe congenital neutropenia, in which thG-CSF
was more effective than thGM-CSF at increasing neutrophil
count (22). It is probable that no benefit would be conferred by
using thG-CSF in combination with thGM-CSF. Although
only three infants born to mothers with PIH were studied, our
results suggest that therapy with rthG-CSF is likely to be of
benefit for such babies.

There have been few reported side effects of rhG-CSKF
therapy. In contrast, thGM-CSF has been shown to have effects
possibly related to the secondary induction of proinflammatory
cytokines such as tumor necrosis factor-a and IL-6 (IL-6) (23,
24). Monocytes and macrophages are a principle cellular
source of tumor necrosis factor-a (25), and increased local
production of tumor necrosis factor-a may contribute to neo-
natal respiratory distress syndrome and its sequelae (26). The
fact that monocyte progenitors (CFU-GM) were not increased
by thG-CSF in our study, but were by rhGM-CSF, suggests
that thG-CSF may be safer than thGM-CSF in preterm neo-
nates.

The lack of correlation between endogenous plasma [G-
CSF] and in vitro response implies that in the clinical situation
measurement of plasma [G-CSF] will not usefully predict those
babies who will respond to thG-CSF therapy.

In summary the results of our study indicate that thG-CSF,
but not thGM-CSF, enhances the rhIL-3—dependent prolifera-
tion of neonatal circulating progenitor cells to form greater
numbers of CFU-G. thGM-CSF selectively increases the pro-
portion of CFU-GM but not the overall colony number; and its
actions are not synergistic with rhIL-3 or thG-CSF in the
presence of rhIL-3.

Clinical trials in human neonates are warranted to assess the
potential use of rhG-CSF for reducing the morbidity and
mortality associated with neutropenia, especially when sepsis
supervenes.
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