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Abstract

Recently, the gene for a novel mammalian hematopoietic
growth factor homologous to murine interleukin 3 was isolated
from a gibbon T cell line and expressed in monkey COS cells.
The factor, termed multi—colony stimulating factor (multi-
CSF) or interleukin 3, is stimulatory to human target cells. We
investigated the range of enriched human bone marrow and
fetal liver hematopoietic progenitors responsive to multi-CSF;
compared the colony types observed with those obtained in the
presence of recombinant granulocyte-macrophage CSF (GM-
CSF); and analyzed the effects on colony formation of combin-
ing multi-CSF with GM-CSF or granulocyte-CSF (G-CSF).
The results show that multi-CSF acts as a multipoietin. Alone
it stimulates the formation of colonies derived from granulo-
cyte, macrophage, eosinophil, and megakaryocyte progenitors.
In combination with erythropoietin it supports the develop-
ment of both erythroid and mixed colonies. Furthermore, the
data show that multi-CSF is a more potent stimulus of ery-
throid progenitors than GM-CSF. In combination with G-CSF
multi-CSF substantially increases granulocyte colony number
over the number obtained with each factor alone. We conclude
that multi-CSF may prove to have important therapeutic po-
tential in vivo as a stimulus for hematopoiesis.

Introduction

A complimentary DNA (cDNA) clone encoding a novel pri-
mate hematopoietic growth factor, multilineage-colony-stim-
ulating factor (multi-CSF),' or interleukin 3 (IL-3), was re-
cently isolated from a gibbon T cell line (MLA-144) (1). This
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1. Abbreviations used in this paper: BFU-E, erythroid burst-forming
units; CFU-Eo, CFU-G, CFU-GM, CFU-M, and CFU-Meg, eosino-
phil, granulocyte, granulocyte-macrophage, macrophage, and mega-
karyocyte colony-forming units, respectively; CFU-Mix, mixed colo-
nies compressing erythroblasts and/or granulocytes, macrophages, or
eosinophils; G-CSF, granulocyte-colony-stimulating factor; GM-CSF,
granulocyte-macrophage CSF; IL-3, interleukin 3; IMDM, Iscove’s
modified Dulbecco’s medium; Mo-CM, Mo lymphoblast cell line
conditioned medium; multi-CSF, multilineage CSF; PHA-LCM, phy-
tohemagglutinin-lymphocyte conditioned medium.
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gibbon cDNA clone was used to obtain the human homologue
from a human genomic library. DNA sequence analysis re-
vealed that the coding regions of the primate and human
multi-CSF genes are 96% homologous and that both genes
share significant homology, particularly with the promotor se-
quences encoding murine IL-3.

Murine IL-3 has been shown by a number of investigators
to have a broad spectrum of biological activities when tested
with a variety of different murine hematopoietic cells as targets
(2). The murine factor has been shown to (a) induce the ex-
pression of 20-alpha-hydroxysteroid dehydrogenase in the
splenic lymphocytes of nude mice (3); (b) support the prolifer-
ation of mast cells (4) and multi-CSF-dependent cell lines (5);
(c) induce self generation of pluripotent stem cells (6); (d) and
in semi-solid medium support the formation of colonies de-
rived from multipotent, erythroid, granulocytic, macrophage,
eosinophil, and megakaryocyte progenitors (7, 8). The discov-
ery of a primate hematopoietin that is structurally related to
murine IL-3 raises the important question of a functional re-
lationship between the two species. In preliminary experi-
ments, the recombinant gibbon multi-CSF proved to be capa-
ble of supporting the growth of human erythroid and myeloid
colonies (1). In this study, we analyze in detail the range of
human hematopoietic progenitors that are responsive to the
multi-CSF for purposes of comparison with the known biolog-
ical activities of murine IL-3. Secondly, we report a compari-
son of the colony types obtained from human progenitor cul-
tures established in the presence of the multi-CSF with those
obtained from similar cultures established in the presence of
either recombinant human granulocyte-macrophage CSF
(GM-CSF) or recombinant human granulocyte CSF (G-CSF).
Finally, we analyze the types of colonies found in cultures
grown in the presence of a mixture of multi-CSF and either
GM-CSF or G-CSF.

Methods

Recombinant gibbon multi-CSF. The plasmid pCSF-MLA, which was
originally identified by functional expression cloning, was used to
transfect monkey cos-1 cells as described previously (9). This plasmid
directs the high level expression of the gibbon multi-CSF in the cos-1
cell system. Conditioned medium from these transfections typically
supports the half-maximal proliferation of primary blasts from chronic
myelogenous leukemia patients at a final dilution between 1:5,000 and
1:50,000. Mock conditioned medium from cos-1 cells transfected with
vector (pXM) DNA was prepared for use as a negative control.

Recombinant human GM-CSF. Highly purified GM-CSF was
kindly provided by the Pilot Development Laboratory of the Genetics
Institute. This preparation was prepared from medium conditioned by
a Chinese hamster ovary cell line engineered to produce high levels of
human GM-CSF (10) and had a specific activity of 1-4 X 10° U/mg in
the chronic myelogenous leukemia blast proliferation assay (1).



Recombinant human G-CSF. Several different investigators have
reported the molecular cloning of the human cDNA-encoding G-CSF
(11, 12). Two synthetic oligonucleotides were prepared (21 mers), one
with an ATGGCTGGACCTGCCACCCAG sequence and the other
an CTCCTGGAGGCCCTGGAAGGG one, which exactly corre-
sponded to two different sequences of the G-CSF cDNA (nucleotides
33-53 and 392-412 in Fig. 1 of Nagata et al. [11]). These oligonucleo-
tides were used as hybridization probes to isolate several G-CSF cDNA
clones from a library prepared from messenger RNA that was isolated
from a human trophoblast cell line, designated TPA-30-1 (ATCC No.
CRL 1583), which was found to express high levels of G-CSF. Because
the TPA-30-1 cDNA library was originally prepared in the plasmid
expression vector pXM (13), we tested all of the plasmids containing
G-CSF sequences for the ability to direct the high level expression of
G-CSF when introduced by DNA transfection into monkey cos-1 cells.
The conditioned medium from cos-1 cells transfected with one of these
plasmids was active in supporting half-maximal human granulocyte
colony formation at a final dilution of 1:30,000. This conditioned
medium was used for the experiments reported here.

Progenitor purification

Bone marrow. Normal human bone marrow was obtained by aspira-
tion from healthy adult volunteers. The marrow suspension was sepa-
rated over Ficoll-Paque (1.077 g/cm) (Pharmacia Fine Chemicals, Pis-
cataway, NJ) at 400 g for 40 min at 20°C, and the interface mononu-
clear cells collected, washed three times, and resuspended in Iscove’s
modified Dulbecco’s medium (IMDM) that contained 20% fetal calf
serum (FCS).

Fetal liver. Liver from 17-23-wk abortuses were obtained from
consenting parents under a protocol approved by the Brigham and
Women'’s Hospital’s Committee for the Protection of Human Subjects
from Research Risk. Livers were dissected and cells teased into IMDM
containing 50% collagenase type IV (Sigma Chemical Co., St. Louis,
MO) using forceps and scissors as previously described (14). The liver
clumps and cell suspension were incubated at 37°C in 5% CO, for
15-30 min, and mononuclear cells were collected by separating the cell
suspension on two sequential Ficoll-Paque gradients. The cells were
washed three times and resuspended in IMDM/20% FCS.

Both bone marrow and fetal liver cells were incubated overnight at
37°C/5% CO, and the nonadherent cells removed. The progenitors in
the nonadherent cell fraction were enriched by immunoadsorption to
Ig-coated plates (panning), as previously described (14, 15). The cells
were incubated at 4°C for 30 min with optimal concentrations of a
panel of eight monoclonal antibodies directed against the following
maturation antigens: myeloid: Mol (16), My8 (17) (both bone marrow
only), TG1 (18), and Leu M1 (Becton-Dickinson & Co., Mountain
View, CA); erythroid: glycophorin A (19); and lymphoid: Leu 1, 5, and
12, Leu 10 (fetal liver only), and common acute lymphoblastic leuke-
mia antigen (fetal liver only) (Becton-Dickinson & Co). The cells were
washed twice in IMDM containing 2% FCS and once in phosphate-
buffered saline (PBS)/5% FCS, resuspended in PBS/5% FCS, and in-
cubated at 4°C for 1 h on Petri dishes (Fisher Scientific Co., Pittsburgh,
PA) that had been previously coated with rabbit anti-mouse Ig (20).
Antibody-negative cells were removed and washed twice by gently
swirling, tilting, and decanting. A second incubation of bone marrow
cells on another antibody-coated plate was carried out to ensure re-
moval of all antibody-labeled cells.

Culture procedures

Erythroid, myeloid, and mixed colonies. The bone marrow and fetal
liver cells were cultured in a mixture containing 30% FCS, 1% bovine
serum albumin (BSA; Sigma Chemical Co.), 10~* M 2-mercaptoeth-
anol (Sigma Chemical Co.), penicillin-streptomycin, and 0.9% meth-
ylcellulose. Varying concentrations of the conditioned media to be
tested or Mo lymphoblast cell line conditioned medium (Mo-CM) as a
positive control (provided by Drs. D. Golde and J. Gasson, University
of California at Los Angeles, School of Medicine, Los Angeles, CA)
were added on day 0, and on day 3 human urinary erythropoietin

(Terry Fox Laboratories, Vancouver, British Columbia, Canada) at 2
U/ml was added to the cultures. This source of erythropoietin was
identical in its effects to those of recombinant erythropoietin. The final
cell concentration was 5 X 10%/ml for bone marrow and 1 X 10%/ml for
fetal liver. Either 1- or 0.5-ml duplicates were plated in 35-mm petri
dishes or in flat-bottomed 24-well tissue culture plates (Flow Laborato-
ries, Inc., McLean, VA), respectively, and incubated at 37°C in a high
humidity 4% CO,/95% air incubator. Erythroid burst-forming units
(BFU-E), granulocyte, macrophage, granulocyte-macrophage, and
eosinophil colony-forming units (CFU-G, CFU-M, CFU-GM and
CFU-Eo), and “mixed” colonies comprising erythroblasts and/or
granulocytes, macrophages, or eosinophils (CFU-Mix) were counted
on day 14.

Megakaryocyte CFU (CFU-Meg)

Human plasma from normal donors that had been prescreened for the
ability to support the proliferation of CFU-Meg was used. It was ob-
tained from heparinized blood (10 U/ml) that had been immediately
separated by centrifuging at 1,400 rpm for 15 min at 20°C. The plasma
was then aspirated and centrifuged at 3,000 rpm for 15 min at 20°C.
The platelet-free plasma was filtered and stored at —20°C until re-
quired.

Phytohemagglutinin-lymphocyte conditioned medium (PHA-
LCM). Phytohemagglutinin-P (Difco Laboratories, Inc., Detroit, MI)
was added at 0.15% vol/vol to Ficoll-Paque-separated blood mononu-
clear cells cultured at 2.5 X 10°/ml in IMDM/10% FCS. The condi-
tioned medium was collected at 72 h and stored at —20°C until re-
quired.

Enriched bone marrow cells were cultured in a mixture containing
30% human plasma, 5 X 10~> M mercaptoethanol, penicillin—strepto-
mycin, 1.3 U erythropoietin, and 0.9% methylcellulose. The multi-
CSF COS cell supernatant or PHA-LCM was added to the cultures at
the concentrations indicated. CFU-Meg were identified and counted
on day 14.

Identification of colonies

Selected colonies from both the erythroid-myeloid and the megakar-
yocyte culture systems were plucked and resuspended in 200 ul
IMDM/2% FCS. The dispersed cells were cytocentrifuged and then
stained with Wright Giemsa for identification of erythroblasts, granu-
locytes, monocytes, and megakaryocytes. Fast green or luxol fast blue
was used to confirm the identity of eosinophil colonies.

Results

Multi-CSF induces colony formation by erythroid, myeloid,
mixed and megakaryocytic progenitors. Figure 1 illustrates the
results from one of two similar experiments that show the
responsiveness of enriched human fetal liver progenitor cells to
varying concentrations of the recombinant gibbon multi-CSF.
Colonies derived from BFU-E, CFU-GM, and CFU-Mix were
easily detected in cultures established in the presence of the
multi-CSF but not in the mock control (data not shown) pro-
viding further confirmation that the gibbon protein is indeed a
multipoietin. The figure also demonstrates that about 20% of
the cultured cells were capable of forming colonies. Interest-
ingly, the concentration of factor required for optimal ery-
throid burst formation was more than ten fold lower than that
required for optimal granulocyte/macrophage colony forma-
tion. The responsiveness of the different myeloid progenitors
found in the fetal liver cultures is illustrated in Fig. 2. Colonies
containing granulocytes, monocytes and eosinophils were
readily identifiable by morphology and confirmed by cyto-
chemical staining of representative individually plucked colo-
nies. To test the effects of the multi-CSF on CFU-Meg forma-
tion, we used a slightly different culture system that had been
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Figure 1. Stimulation of human fetal liver hemato-
poietic colony formation by recombinant gibbon
multi-CSF. Results from one of two representative
experiments in which enriched human fetal liver pro-
genitor cells (1,000/ml) were plated in the presence of
the indicated concentration of conditioned medium
from cos-1 cells transfected with pcsf-MLA as de-
scribed in Methods. BFU-E, total CFU-GM (com-
prising colonies containing granulocytes, macro-
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optimized for the development of CFU-Meg derived colonies
from enriched bone marrow progenitors (see Materials and
Methods). In these experiments (Table I), the gibbon multi-
CSF proved as effective as mitogen-stimulated PHA-LCM in
supporting human CFU-Meg formation.

Multi-CSF induces more BFU-E-derived colonies than
GM-CSF. We have previously shown that recombinant
human GM-CSF is a multi-CSF (21) that is capable of sup-
porting colony formation by a spectrum of erythroid, myeloid,
and mixed progenitors similar to that shown here to be re-

Figure 2. Responsiveness of
different myeloid progenitors
in fetal liver to recombinant
gibbon multi-CSF. Enriched
human fetal liver progenitor
cultures were established as in
the legend to Fig. 1 and the
numbers of CFU-G, CFU-M,
and CFU-Eo colonies counted
on day 14. Representative col-
onies of each morphological
subtype were individually
plucked and resuspended in
200 pl of IMDM 2% FCS. The
dispersed cells were cytocentri-
fuged and stained with Wright
Giemsa, fast green, or Luxol
fast blue to identify granulo-
cytes, monocytes, and eosino-
phils.
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| phages, or eosinophils), and CFU-Mix (erythroblasts
and/or granulocytes, macrophages, or eosinophils)
were counted on day 14. Error bars represent 1 SD of
the mean.

sponsive to multi-CSF. In addition, GM-CSF is capable of
supporting the proliferation of at least some megakaryocytic
progenitors (C. M. Niemeyer, C. A. Sieff, unpublished obser-
vations). However, in preliminary experiments, we routinely
observed greater numbers of erythroid bursts in cultures of
bone marrow progenitors grown in the presence of the multi-
CSF than those grown in the presence of GM-CSF or with the
plateau level achieved with our laboratory standard Mo-CM
(Fig. 3). In this series of four experiments, the multi-CSF at
optimal concentrations was found to support the proliferation
of approximately 25% more BFU-E-derived colonies than
Mo-CM while the plateau of erythroid colonies found in the
GM-CSF-stimulated cultures was 25% less than that found in
the Mo-CM controls. Comparison of these data using either a
t-test or the Wilcoxon Rank Sum Test revealed that multi-CSF
supports the formation of significantly more erythroid bursts

Table I. Multi-CSF (IL-3) Induces the Formation of CFU-Meg

CFU-Meg/10%*
Factor % 1 2
Multi-CSF (IL-3) 1 40* 10%
PHA-LCM 10 20% 15%
Nil — 0 0

Effect of 1% multi-CSF (IL-3) and 10% PHA-LCM on the formation
of CFU-Meg. The data from two experiments are shown.

* Enriched bone marrow cells.

# Mean of duplicates.
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Figure 3. Comparison of the effects of gibbon multi-CSF
and human GM-CSF on bone marrow BFU-E colony
formation. The results from four separate experiments
were normalized to the colony number observed at opti-
mal concentrations of Mo-CM (5% vol/vol). The same
preparation of Mo-CM was used in all four experiments.
The optimal value obtained with the Mo-CM was arbi-
trarily assigned the value 100% but the actual BFU-E
number at the plateau in the four experiments varied be-
tween 200 and 3,200 per 10° cells plated. The colony
numbers obtained at plateau concentrations of multi-
CSF (0.03, 0.1, 0.3, and 1%) were compared with those
obtained with plateau concentrations of GM-CSF (1, 10,
and 100 ng/ml) by the ¢ test and Wilcoxon rank sum

]
test. At all of these concentrations, multi-CSF stimulated
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than does GM-CSF (P < 0.0001). It should be noted, however,
that the multi-CSF used in these experiments was a crude
preparation of transfected-cos-1 cell conditioned medium
while the GM-CSF was purified to homogeneity. It is possible,
although unlikely, that the crude cos cell conditioned medium
contained an additional activity that synergized with the
multi-CSF in supporting the proliferation of a subset of BFU-E
that was not responsive to GM-CSF alone.

Interactions of multi-CSF with either GM-CSF or G-CSF
in supporting colony formation. Each of the different CSFs was
originally characterized by the spectrum of colony types found
in bone marrow cultures established in the presence of the
particular factor. The observation that the different CSFs sup-
port the formation of different but overlapping sets of colony
types led us to analyze colony formation in the presence of
combinations of multi-CSF and either GM-CSF or G-CSF.
Figure 4 shows the results obtained using the combination of
multi-CSF and GM-CSF to support colony formation by
enriched bone marrow progenitor cells. In this experiment the
combination of factors did not result in the formation of any
more BFU-E-, CFU-G-, or CFU-M-derived colonies than
was observed in cultures established in the presence of multi-
CSF alone. The CFU-G and -M results were obtained on four
occasions. Similar BFU-E results were obtained in three of
four experiments. In the fourth, the combination of multi-CSF
and GM-CSF induced more colonies than either factor alone.
However, when the results from all four experiments were
normalized for comparison, no significant stimulation was

10 100
GM-CSF ng/ml

significantly more BFU-E colony formation than either
Mo-CM (P = 0.02) or GM-CSF (P < 0.0001). Error bars
represent 1 SD of the means of the normalized results.

observed. The results from an experiment testing the combina-
tion of multi-CSF and G-CSF are reported in Fig. 5. In this
experiment, representative of nine similar observations,

Figure 4. Stimulation of
hematopoietic colony for-
mation by multi-CSF alone
and by multi-CSF in the
presence of GM-CSF. One
of three experiments in
which similar results were
obtained is shown.
Enriched human bone
marrow progenitors were
plated in the presence of no
stimulus (0), multi-CSF
(IL-3, 0.1%), or multi-CSF
(IL-3, 0.1%) and GM-CSF
(10 ng/ml) as described in
Methods. Multi-CSF in
combination with GM-CSF
induced no more BFU-E
(left side of histogram, solid
bars), CFU-G (right side,
hatched bars), or CFU-M

CFU-GM

BFU-E
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ég iz = g z,'; (right side, solid bars). The
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1750 | BFU-E CFU-GM Figure 5. Stimulation of
hematopoietic colony for-
mation by multi-CSF alone

1500

and by multi-CSF in the
presence of G-CSF. One of
nine experiments with sim-
ilar results is depicted. The
cultures of enriched bone
marrow progenitors were
established as described in
the legend to Fig. 4, except
0.03% of conditioned me-
dium from cos-1 cells
transfected with a G-CSF-
expressing plasmid was
substituted for the GM-
CSF. The resulting colony
numbers are reported as
described in the legend to
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° 3%@ ° njéé Fig. 4 and show that the
- 3 & oo combination of multi-CSF
hd > and G-CSF induced no in-
3 2 crease in BFU-E or
CFU-M but induced more

CFU-G than either stimulus alone. The error bars represent 1 SD of
the mean of duplicate cultures.

G-CSF, which does not by itself support erythroid colony for-
mation, had no effect on BFU-E—-derived colony formation
supported by multi-CSF. Similarly, CFU-M-derived colony
formation was not increased in cultures established in the pres-
ence of both factors relative to the number obtained with
multi-CSF alone. In contrast, the combination of multi-CSF
and G-CSF proved to have at least an additive effect on
CFU-G-derived colonies.

Discussion

Our results confirm the observation that the novel primate
hematopoietin which is structurally related to murine IL-3
does act as a multipoietin. By itself, it supported the formation
of colonies derived from CFU-G, CFU-M, CFU-Eo, and
CFU-Meg. In combination with erythropoietin, colonies de-
rived from BFU-E and CFU-Mix progenitors were also ob-
tained. In the fetal liver-derived progenitor cultures, the colony
formation was observed at low cell densities (1,000 cells/ml)
consistent with the model that the multi-CSF interacts directly
with the target progenitor cells. Proof of this point will require
further limiting dilution experiments with highly purified pro-
genitors. However, our results suggest that the gibbon multi-
CSF, like the murine IL-3, acts on progenitor cells having
multilineage differentiation potential as well as on later com-
mitted progenitors from several myeloid cell lineages. Further
experiments will be necessary to determine the effects of the
gibbon multi-CSF on earlier human pluripotent stem cells and
on progenitors from the lymphoid lineages.

The multi-CSF preparations used here proved to be very
effective in supporting erythroid colony formation. In fact,
optimal concentrations of this factor yielded significantly
more BFU-E—derived colonies than did either recombinant
GM-CSF or Mo-CM. Because a mixture of multi-CSF and
GM-CSF was no more effective than multi-CSF in supporting
erythroid colony formation, these results distinguish two sub-
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populations of BFU-E: one that is multi-CSF responsive and
another which is responsive to both multi-CSF and GM-CSF.
Since the gibbon multi-CSF used in these experiments was not
purified to homogeneity, we cannot exclude the rather un-
likely possibility that the crude cos-1 cell conditioned medium
contained an activity that synergized with the multi-CSF to
support colony formation by the first subpopulation of
BFU-E. It will be necessary to repeat these experiments with
highly purified multi-CSF to confirm that this is a unique
function of multi-CSF. A similar analysis of the effects of
multi-CSF on CFU-GM progenitors was not possible in these
experiments because plateau levels of CFU-GM-derived colo-
nies were often not achieved, even at the highest possible con-
centrations of the recombinant multi-CSF (data not shown).
In our culture system, much lower concentrations of multi-
CSF were required to achieve optimal BFU-E colony forma-
tion than were required for CFU-GM colony formation.
Whether this is due to a real difference in responsiveness of the
two different types of progenitor cells or simply a reflection of
suboptimal conditions for growth of CFU-GM colonies is un-
clear. However, the latter possibility is made less likely by the
observation that the GM-CSF dose-response curves for CFU-
GM and BFU-E are very similar (data not shown).

In contrast to our results with combined multi-CSF and
GM-CSF, we found that inclusion of G-CSF in bone marrow
progenitor cell cultures along with multi-CSF resulted in a
substantial increase in total colony number relative to the re-
sults obtained with the individual factors. The effect was spe-
cific for CFU-G-derived colonies: no enhancement of ery-
throid or macrophage colony formation was observed. The
increase in the number of granulocytic colonies was found to
exceed the sum of the numbers of CFU-G-derived colonies
obtained with the separate factors. This result implies that
there may be distinct subsets of granulocytic precursors which
respond to multi-CSF, G-CSF, or the combined stimulus. In-
deed, in one experiment, CFU-G were individually plucked,
and colony size determined by hemocytometer counts.
CFU-G contained a mean of 400 and 500 cells per multi-CSF-
or G-CSF-stimulated culture, respectively, while colonies de-
rived from progenitors stimulated by both factors contained a
mean of 2,800 cells. This may be analogous to the requirement
of BFU-E subsets for either burst-promoting activity and
erythropoietin or for erythropoietin alone (15). Further work is
required to define the growth factor requirements of CFU-G
progenitors more precisely.

We have shown that the recombinant gibbon multi-CSF is
a potent multilineage hematopoietin active in supporting the
proliferation of human progenitor cells. Because of the exten-
sive sequence homology with the human protein, it seems
likely that the human multi-CSF will display very similar bio-
logical activities. We have recently used the human gene to
produce the recombinant human protein to test this expecta-
tion (Yang, Y. C.,, unpublished results). The availability of
substantial quantities of this factor will soon permit us to begin
to analyze the role of multi-CSF in regulating hematopoiesis in
vivo. Murine multi-CSF has recently been shown to stimulate
murine hematopoiesis in vivo (22, 23). In particular, it will be
of great interest to compare the effects of administration of
multi-CSF with those already achieved in primates by admin-
istration of GM-CSF (24). We expect that these and the other
colony-stimulating factors will soon prove to be useful tools
for stimulating hematopoiesis in a variety of clinical settings.
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