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Human Recombinant Granulocyte-Macrophage Colony-

Stimulating Factor: A Multilineage Hematopoietin

Abstract. Human recombinant granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) was tested for its ability to induce colony formation in human bone
marrow that had been enriched for progenitor cells. In addition to its expected
granulocyte-monocyte colony-stimulating activity, the recombinant GM-CSF had
burst-promoting activity for erythroid burst-forming units and also stimulated
colonies derived from multipotent (mixed) progenitors. In contrast, recombinant
erythroid-potentiating activity did not stimulate erythroid progenitors. The experi-
ments prove that human GM-CSF has multilineage colony-stimulating activity.
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The survival, proliferation, and termi-
nal differentiation of hematopoietic pro-
genitors in vitro depends on cellular he-
matopoietic growth factors, also known
as colony-stimulating factors (CSF’s)
(I). These factors are usually classified
by the types of mature cells found in the
colonies to which they give rise in re-
sponse to the differentiation process they
stimulate. Two murine factors have been
purified to homogeneity, and their genes
have been cloned and sequenced. One,
interleukin-3 (IL-3) (2), influences multi-
potent (that is, mixed) progenitors and
those with restricted lineage. This single
factor has burst-promoting activity
(BPA) for immature erythroid burst-
forming units (BFU-E) and also stimu-
lates the formation of granulocyte-mac-
rophage colonies. A second murine fac-
tor, granulocyte-macrophage colony-
stimulating factor (GM-CSF) (3), is
required for the growth of granulocyte-
macrophage colonies (CFU-GM). Both
of these nonhomologous murine factors
are now thought to be derived from T
lymphocytes, but the full range of cells
capable of their expression has not been
determined.

Little is known about the biochemistry
and biological activities of highly puri-
fied human CSF’s. Both BPA and GM-
CSF are produced by various human cell
types, including T-lymphocytes (¢) and

monocytes (5). Until recently, neither
factor had been purified to homogeneity,
but studies of partially purified factors
have not convincingly demonstrated that
they have separate activities (6). The
human GM-CSF gene was recently
cloned from a Mo cell expression library
(7). This human gene shows approxi-
mately 60 percent homology with its
murine counterpart. We now report that
recombinant human GM-CSF not only
stimulates granulocyte-macrophage for-
mation, but also has burst-promoting ac-
tivity and stimulates the formation of
multipotent colonies containing granulo-
cytes, erythroid cells, monocytes, and
occasionally, megakaryocytes.

To obtain complementary DNA
(cDNA) clones that express biologically
active human GM-CSF, we prepared
cDNA'’s from membrane-bound messen-
ger RNA’s of lectin-stimulated Mo cells,
constructed cDNA libraries in expres-
sion vectors, and screened the resulting
plasmid pools by transient expression in
monkey COS-1 cells (7). One of the
plasmid vectors positive for GM-CSF in
the screening assay was introduced by
DNA transfection into a large number of
COS-1 cells, which were then allowed to
condition medium in the absence of se-
rum. The recombinant GM-CSF pro-
duced in this manner had physical prop-
erties virtually identical to those of the
natural protein obtained from Mo cell-
conditioned medium (Mo-CM) (7) and
was purified by gel filtration followed by
reverse-phase high-pressure liquid chro-
matography (HPLC). The purified pro-
tein migrated as a single heterogeneous
band with a molecular mass of 18 to 24
kD when analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophore-
sis and was estimated to be over 95
percent pure. The specific activity of the
purified protein was 1 X 107 to 4 x 107
units per milligram in an agar bone mar-
row CFU-GM assay. (One unit is defined
as the amount of GM-CSF that stimu-
lates the formation of one colony per 10*
cells above the background level when
CSF is below saturation level.)
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Table 1. Monoclonal antibodies used to enrich progenitors from bone marrow (8, 19).

Antibody Specificity
Leul T lymphocyte
Leu 5b T lymphocyte, some natural killer (NK) cells
Campath 1 B and T lymphocytes
TG1 Myeloid maturation
Leu M1 Monocytes, granulocytes
Mo 1 Monocytes, myeloid maturation, NK cells
My 8 Monocytes, myeloid maturation
YTH 89.18 Erythroid
LICR.LON.R18 (Glycophorin A)

Human bone marrow cells were ob-
tained from adult volunteers, and the
hematopoietic progenitors among the
bone marrow cells were enriched by
immune panning with monoclonal anti-
bodies directed against myeloid, ery-
throid, and lymphoid maturation anti-
gens (8) (see Table 1). The hematopoietic
progenitors were then cultured in semi-
solid medium (9). As expected (Fig. 1A),
the formation of granulocyte-macro-

Percentage of
maximal CFU-GM

phage colonies showed a characteristic
dose-dependent response to Mo-CM
and, as previously demonstrated, the
recombinant GM-CSF present in either
COS-1-conditioned medium (COS-CM)
or purified by high-performance liquid
chromatography (HPLC-GM-CSF) also
stimulated granulocyte-monocyte colony
formation in a dose-dependent fashion.
COS-CM (but not HPLC-GM-CSF)
showed a plateau in biological activity at
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60 percent of the maximum observed
with Mo-CM. Mo-CM, however, did not
plateau at the maximum concentration
possible (10 percent) in this assay. Fig-
ure 1B shows the dose dependency of
BFU-E observed when erythropoietin
was added to the culture plates on day 3.
In this assay, virtually no background
BFU-E—derived colonies formed in the
absence of BPA, and BFU-E showed
complete dependence on added BPA for
erythroid colony formation in culture.
GM-CSF from COS-1 cell-conditioned
medium and GM-CSF from the HPLC
fraction were equally effective and satu-
rating as sources of BPA, but again were
not as active as Mo-CM. BFU-E were of
a similar size range in all three assays.
The failure of HPLC-GM-CSF to satu-
rate CFU-GM, in contrast to BFU-E,
suggests that of CFU-GM require higher
concentrations of GM-CSF than BFU-E,
but this could be a result of suboptimal
CFU-GM assay conditions in methylcel-
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Fig. 1 (left). Normalized response of (A)CFU-GM and (B)BFU-E to
increasing doses of Mo-CM (O), COS-CM (4), HPLC-GM-CSF (@),
and mock COS (A) from two experiments. Maximum colony number
stimulated by 10 percent Mo-CM was 1427 CFU-GM and 1970 BFU-E
per 10° nonadherent antibody-negative (Ad~ Ab~) bone marrow (BM)
cells, respectively. (C) Mixed-colony (CFU-GEMM) response to

increasing doses of Mo-CM (O) and HPLC-GM-CSF (@) (one experi-
ment). Maximum colony number stimulated by 10 percent Mo-CM was 100 multipotent progenitors per 10° Ad~ Ab~ BM cells. The
concentrations of growth factor tested ranged from 0.63 to 10 percent of the final volume for Mo-CM and COS-CM and from 0.65 to 333 ng/ml for
the HPLC-GM-CSF. The values of Mo-CM were higher than those for COS-CM for all dosage levels by the Wilcoxon nonparametric signed-rank
sum test when two experiments for each progenitor class were run in STAT80 (Salt Lake City) (BFU-E and CFU-GM, P < 0.02; multipotent

Fig. 2 (right). (A) Results of an experiment showing the response of blood BFU-E to Mo-CM and erythroid

potentiating activity. Mo-CM (O) shows significant BPA activity, whereas no activity above background is seen with purified EPA (@),
recombinant COS-EPA (4), or diluent (phosphate-buffered saline containing 1 percent bovine serum albumin) (3J). Ad™T~ cells are nonadherent
and T-lymphocyte-depleted. (B) Results of an experiment showing the response of enriched bone marrow BFU-E to Mo-CM, GM-CSF, and
EPA. Mo-CM (O) shows significant activity. Approximately 50 percent of this activity is seen with HPLC-GM-CSF (#l) and COS-GM-CSF (A).

COS-EPA (A) shows no activity.
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lulose. As was true for BFU-E, mixed
colonies of granulocytes, erythroblasts,
macrophages, and occasional megakar-
yocytes showed similar dose responses
to Mo-CM and HPLC-GM-CSF (Fig.
10).

Westbrook et al., (10) reported that
the erythroid-potentiating activity (EPA)
present in Mo-CM, recently purified to
homogeneity and cloned from a Mo-cell
c¢DNA library (11), enhances both BFU-
E- and CFU-E-derived colony forma-
tion above background in a semisolid
culture system with a reduced amount of
fetal calf serum. When nonadherent
blood mononuclear cells depleted of T
lymphocytes were used as target cells
(12) in the full-serum BPA assay, no
activity of purified or recombinant EPA
was detectable over a wide concentra-
tion range, in contrast to the readily
detectable BPA present in crude Mo-CM
(Fig. 2A). Similarly, no response was
observed when EPA was tested on en-
riched bone marrow target cells (Fig. 2B)
in an assay identical to the one used to
test the recombinant GM-CSF. These
experiments demonstrate that the Mo
cell line expresses at least two different
erythropoietic regulatory genes. One of
these, GM-CSF, is active in a full-serum
assay system. The other, EPA, is not
active in a full-serum assay system that
readily detects BPA.

That purified recombinant GM-CSF
has trifunctional activity explains the dif-
ficulty of separating its activities bio-
chemically, but also raises other ques-
tions. The DNA sequence of human GM-
CSF is approximately 60 percent ho-
mologous with the DNA sequence of
murine GM-CSF, but has no homology
with the murine IL-3 sequence (7). Hu-
man GM-CSF may therefore be a func-
tional but not a structural equivalent of
murine IL-3. Welte et al. (13) recently
purified to apparent homogeneity a plu-
ripotent CSF from the human bladder
carcinoma cell line 5637 with physical
properties similar to those of GM-CSF.
A comparison of amino acid sequence of
this protein with that of GM-CSF will
determine whether it is the same or a
different protein. Whether GM-CSF is
important for the survival and differenti-
ation of pluripotent stem cells and pro-
genitor cells of other hematopoietic lin-
eages is not presently known, but multi-
potent colonies were observed in cul-
tures containing GM-CSF.

Although murine GM-CSF was orig-
inally thought to stimulate granulocyte-
macrophage progenitors only, the puri-
fied hormone was shown to initiate the
proliferation of multipotent and ery-
throid progenitors present in murine fetal
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liver cultures (3, 14). In those experi-
ments, terminal differentiation to hemo-
globin-containing  colonies  required
spleen-conditioned medium. Whether
this is due to erythropoietin or some
other factor in the spleen-conditioned
medium or serum used to support the
cultures has not been resolved. Our ex-
periments show that human recombinant
GM-CSF and erythropoietin alone can
stimulate the entire differentiation pro-
gram of human BFU-E and of multipo-
tent progenitors in serum. The effect is
not due to a contaminating activity in
erythropoietin. Indeed, we have recently
made similar observations using both
recombinant GM-CSF and recombinant
erythropoietin (15). We also observed
that recombinant GM-CSF stimulated
approximately half as many colonies,
derived from BFU-E, CFU-GM, and
multipotent progenitors, as did Mo-CM.
A factor (or factors) present in Mo-CM
therefore appears to induce the develop-
ment of a subset of progenitor-derived
colonies that are unaffected by GM-CSF.

We did not determine whether GM-
CSF acts directly or indirectly on ery-
throid and multipotent progenitor cells.
Our data suggest that its action is direct,
since highly enriched progenitors, de-
pleted of T lymphocytes and monocytes,
were cultured at very low densities in
these experiments. We have now ob-
tained similar results with highly en-
riched fetal liver progenitors (16), but
whether fetal and adult cells respond to
GM-CSF by the same mechanism re-
quires further investigation. It is possible
that GM-CSF acts indirectly through
other accessory cells. This question may
be resolved by the use of limiting dilution
techniques. (17).

Finally, these experiments may bear
on current clinical studies of the role of
T-cell depletion in the prevention of
graft-versus-host-disease (18). GM-CSF
is a T-cell product with multiple CSF
activity. It may be required in the early
stages of recovery after marrow trans-
plantation. Exhaustive depletion of T
lymphocytes could therefore lead to fail-
ure of engraftment. Indeed, recent clini-
cal experience suggests that this may
occur (18).
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