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Abstract

Recombinant murine granulocyte macrophage colony-stimulating
factor (rGM-CSF) has been produced in Escherichia coli and
purified to homogeneity. GM-CSFhas an established role as an

in vitro regulator of granulocyte and macrophage colony for-
mation. Wehave determined that rGM-CSF also has intrinsic
activity as a megakaryocyte colony-stimulating factor and that
rGM-CSF augments the effect of interleukin 3 (IL-3) on mega-

karyocyte colony formation. The dose-response curve for mega-

karyocyte colony induction with rGM-CSF showed plateau
megakaryocyte stimulation at 9 ng/ml. WhenIL-3 (at a plateau
dose for megakaryocyte colony induction) was added to rGM-
CSFover a 0-22-ng/ml dose range, the resultant megakaryocyte

colony stimulation approximated the sum of the levels of stim-
ulation produced by either factor alone. These results establish
GM-CSFas a multilineage growth factor with definite mega-
karyocyte colony-stimulating activity and indicate that both GM-
CSFand IL-3 are important in the regulation of megakaryocy-
topoiesis.

Introduction

The development of culture techniques that are capable of sup-

porting the growth of rodent and human megakaryocytes and
the availability of purified and cloned hemopoietic growth factors
has greatly enhanced the understanding of megakaryocytopoiesis.

According to the hypothesis originally suggested by Williams
and colleagues (1, 2), and subsequently substantiated by Long
and colleagues (3), two separate activities are required for the
maximal production of recognizable megakaryocyte colonies, a

promoter of clonal expansion (megakaryocyte colony-stimulat-
ing factor, CSF') and a promoter of maturation and differentia-
tion ("potentiator"). Interleukin 3 (IL-3) has been shown to act
as a murine megakaryocyte CSF(4-6) and recently, also shown
to have activity as a promoter of megakaryocyte differentiation
(7). The potentiator has not yet been fully characterized but is
found in mouse lung, bone, and peritoneal conditioned media
as well as the macrophage cell line P388Dl conditioned media.
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1. Abbreviations used in this paper: CSF, colony-stimulating factor; GM-
CSF, granulocyte macrophage CSF; IL-3, interleukin 3; PAGE, poly-
acrylamide gel electrophoresis; PWM-SCM,pokeweed mitogen spleen
conditioned media; rGM-CSF, recombinant GM-CSF.

In vitro and biochemical studies suggest that the potentiator
shares many properties with the in vivo thrombopoietic stim-
ulatory factors (3, 8, 9).

The existent data, however, are in conflict with regard to the
potential role of another growth factor in megakaryocytopoiesis,
granulocyte-macrophage CSF (GM-CSF). Williams and col-
leagues suggested that this factor did not stimulate murine
megakaryocyte colonies (2). In contrast, we have previously
demonstrated that partially purified GM-CSF (derived from
concanavalin A [Con A] spleen conditioned media, SCM) had
megakaryocyte colony-stimulating activity (4). Furthermore, our
data suggested that pokeweed mitogen SCM(PWM-SCM), con-
taining high levels of GM-CSF, potentiated IL-3 stimulated
megakaryocyte colony formation of plateau levels of IL-3. It was
thus hypothesized that PWM-SCMcontained another factor that
enhanced megakaryocyte colony formation and this factor was
probably GM-CSF. More recently, Metcalf and colleagues have
also demonstrated that GM-CSFcan stimulate megakaryocyte
colonies (10).

In this study, we examine the role of recombinant GM-CSF
and purified IL-3 on murine megakaryocyte colony formation
and establish rGM-CSF as an in vitro regulator of megakaryocy-
topoiesis and further demonstrate that rGM-CSF augments the
effect of IL-3 on megakaryocyte colony formation.

Methods

Mice. Female Balb/C (Dominion Laboratories, Dublin, VA), 12-16 wk
old, were utilized throughout these studies.

Clonal culture. A single layer soft agar culture technique employing
McCoy's SA media with 2 mML-glutamine, 16 mg/ml L-asparagine, 8
Ag/ml L-serine, 1 mMsodium pyruvate, 15% fetal calf serum (FCS) and
1 X 10-4 mM2-mercaptoethanol was used for cloning murine marrow
cells in vitro. Standard stimuli for marrow colony growth included IL-
3, generously provided by Dr. J. N. Ihle, purified to homogeneity from
WEHI-3 conditioned media as previously described (1 1). Murine rGM-
CSF, generously provided by Dr. C.-M. Liang, Biogen Research Cor-
poration, Boston, MA, was produced in Escherichia coli by recombinant
techniques (12). The synthesis of GM-CSFwas directed by a plasmid
containing a gene isolated from the EL-4 cell line. After induction of
expression and accumulation of the protein in E. coli, the recombinant
material was purified to 90%homogeneity (as analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, SDS-PAGE) by chaotrope
buffer extraction and G-100 Sephadex chromatography in 8 Murea. A
second rGM-CSF preparation was generously provided by Dr. J. F.
DeLamarter, Biogen Research Corp., Geneva, Switzerland. This material
was prepared in the same manner described above with the addition of
a final S-200 column separation after several renaturation steps and sus-
pension in Tris HCI. This material produced a single symmetrical peak
on reverse-phase high-performance liquid chromatography (HPLC).
There was no detectable difference between these two preparations with
regard to megakaryocyte stimulation alone or in combination with IL-
3; consequently, data from both preparations has been pooled.
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Figure 1. Dose response for megakaryocyte colony formation using
GM-CSFalone (.) and GM-CSFplus IL-3 (9 ng/ml) (o). Each point
represents the mean (± SEM) of duplicate plates for each of four sepa-
rate experiments. (The two curves are significantly different at P
=0.01,.)

Clonal stem cell assays in McCoy's agar were carried out from 50,000
to 100,000 cells/ml and colonies were scored after 7 d of culture. Culture
plates were fixed in 10% formalin and whole agar slide preparations
prepared as previously described (13). These slide preparations were
stained for acetylcholinesterase and counterstained with hematoxylin
(14). Megakaryocyte colonies containing three or more cells were scored.
Duplicate plates for each dose level were repeated in four separate ex-
periments.

Statistics. Statistical evaluation was carried out using the Wilcoxon
signed rank test (two tails) (15).

Endotoxin. A qualitative limulus lysate assay system (Whittaker MA
Bioproducts, Walkersville, MD)was used to determine levels of endotoxin
in the rGM-CSF. Correlation between quantitative and qualitative assays
has previously established that the qualitative assay can detect endotoxin
levels of 0.01 ng/ml. Serial dilutions on the rGM-CSF were used to de-
termine endotoxin levels. E. coli 055:B5 endotoxin (Difco Laboratories,
Detroit, MI) was used for the endotoxin addition experiments.

Adherence depletion. Murine bone marrow cells at a concentration
of 5 X 106/ml in 4 ml RPMI + 15% FCS were incubated in 100 mm
polystyrene Coming 25020 tissue culture dishes for 90 min at 370C. The
supernatant (nonadherent fraction) was then harvested with a Pasteur

pipette. Control marrow was incubated in 50-ml centrifuge tube (Costar
3350, Costar Data Packaging, Cambridge, MA) for 90 min at 370C and
samples were plated simultaneously.

Results

The dose-response curve for recombinant GM-CSFinduction
of megakaryocyte colonies is shown in Fig. 1. Plateau mega-
karyocyte induction occurred at a rGM-CSF dose of 9 ng/ml
that stimulated 22±1 colonies/ 105 cells plated. One-half maximal
stimulation occurred at a concentration of 2 ng/ml. Media con-
trol plates contained < 2 megakaryocyte colonies/105 cells plated.

To determine the effect of the combination of rGM-CSF
and IL-3 on megakaryocyte colony formation, we determined
the dose response for IL-3, alone, in two separate experiments.
Plateau levels of megakaryocyte colony formation occurred at
an IL-3 dose of 9 ng/ml (35±6 colonies/105 cells plated) with
one-half maximal induction of 0.5 ng/ml. (Media control plates
contained < 2 colonies/O5 cells plated.) This one-half maximal
induction level was within the range suggested by our previous
data on IL-3 induction of megakaryocyte colony formation (0.14
to 0.76 ng/ml) (4). In four separate experiments, we added 9
ng/ml (plateau) IL-3 to rGM-CSF over the 0-22 ng/ml dose
range used in the rGM-CSF alone induction experiments. The
resultant megakaryocyte stimulation approximates the sum of
the levels of stimulation produced by either factor alone as shown
in Fig. 1 (P = 0.01). In two similar reciprocal experiments, we
found that plateau levels of rGM-CSF (9 ng/ml) added to IL-3
over a seven point (0.08-17 ng/ml) dose range also resulted in
additive levels of megakaryocyte stimulation at all doses of
IL-3 (P = 0.01).

Analysis of colony morphology for nonmegakaryocyte col-
onies 2 50 cells and megakaryocyte colonies 2 3 cells stimulated
by rGM-CSF, IL-3, and the combination of both factors at pla-
teau doses for megakaryocyte colony stimulation is shown in
Table I. Media control contained low numbers of predominantly
"monocytoid" colonies (cells with irregular nuclear outlines and
low nuclear to cytoplasmic ratio). The differential counts of col-
ony subtypes stimulated by GM-CSF, alone, showed 54.1%
granulocyte, 22% macrophage, 12.1% mixed granulocyte/mac-
rophage, and 11.4% pure and mixed megakaryocyte colonies.
IL-3, alone, stimulated 61% granulocyte, 17% macrophage, 5%
mixed granulocyte/macrophage, and 15% pure and mixed

Table I. Morphologic Analysis of Colonies Stimulated by GM-CSF, IL-3, and GM-CSF+ IL-3

Colonies/105 cells plated

Total G M G/M Meg Meg/G Meg/M Meg/G/M Mono

GM-CSF, 9 ng/ml 182±7.2 98.8±7.2 39.8±6.4 22±0.7 20±1.2 0.3±0.3 0 0.3±0.3 0.8±0.5
IL-3, 9 ng/ml 272±10.6 165±17 46.3±7.2 14±1.3 33.5±1.2 0.8±0.5 1.7±0.5 5.2±1.6 5.5±1.8
GM-CSF, 9 ng/ml

+ IL-3, 9 ng/ml 288±3.4 135±8.3 60.3±4.9 26.7±2.2 49±2.4 2.2±0.6 3.5± 1.2 5.8±2.0 5.5± 1
Media 27±2.3 4±0.4 3±0.3 0 0.5±0.3 0 0 0 19.5±2.5

G-granulocyte only, M-macrophage only, G/M-mixed granulocyte and macrophage, Meg-megakaryocyte, Meg/G-mixed megakaryocyte
and granulocyte, Meg/M-mixed megakaryocyte and macrophage, Meg/G/M-mixed megakaryocyte, granulocyte, and macrophage, Mono-
monocytoid cells with irregular nuclear outlines and low nuclear/cytoplasmic ratio. Only colonies containing 2 50 cells were scored except for
megakaryocyte colonies where three or more cells were scored. Results represent the mean (± SEM) from four cultures from three separate experi-
ments. Growth factor doses were optimal (plateau) for megakaryocyte colony stimulation.
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Table II. Distribution of Megakaryocyte Colony Sizes
Stimulated by GM-CSF, IL-3, and GM-CSF+ IL-3

Number of colonies in each size
class/lO' cells plated

Size class (cells/colony) 3-9 10-19 20-39 > 40

GM-CSF, 9 ng/ml 21±2 1±0.4 0 0
IL-3, 9 ng/ml 23±1 5±0.9 5±0.8 1±0.4
GM-CSF, 9 ng/ml + 39±3 11±1.4 6±1 3±1
IL-3, 9 ng/ml

Results represent the mean (± SEM) for four separate experiments.
Growth factor doses were optimal (plateau) for megakaryocyte colony
stimulation.

megakaryocyte colonies. The combination of IL-3 and GM-CSF
stimulated 47% granulocyte, 21% macrophage, 9.2% mixed
granulocyte/macrophage, and 20.9% pure and mixed mega-
karyocyte colonies. Each of the stimulated groups also produced
small numbers of monocytoid colonies (< 2%). Although these
differential counts suggest that the combination of GM-CSFand
IL-3 stimulated greater total numbers of macrophage colonies
per 10 cells plated than either factor alone, these differences
were not significant at the P < 0.05 level.

More detailed analysis of the sizes of the megakaryocyte col-
onies stimulated by rGM-CSF, IL-3, and the combination of
these two growth factors revealed that, unlike IL-3, rGM-CSF
alone did not stimulate the formation of large megakaryocyte
colonies containing > 40 cells. In fact, even at levels of rGM-
CSF producing maximal numbers of megakaryocyte colonies,
colonies which contain more than 10 cells were exceedingly rare
(not greater than 1 colony/105 cells plated) as shown in Table
II. For IL-3, however, the stimulation of large colonies was a
dose dependent phenomenon as shown in Table III from two
separate experiments. Furthermore, even in cultures stimulated
by the combination of GM-CSFand IL-3, the formation of large
magakaryocyte colonies (. 40 cells) was independent of the
concentration of GM-CSFand showed a dose-dependent re-
sponse to the concentration of IL-3 (data not shown).

Table III. Size of Large Megakaryocyte
Colonies Stimulated by IL-3

Megakaryocyte colonies/105 cells plated

Total Colonies containing:
IL-3 (2 3 cells) 2 10 cells 2 20 cells 2 40 cells

ng/ml

17 36±4 13±4 7±3 2±1
9 36±4 13±2 7±1 3±0.5
4 34±3 12±1 6±1 2.3±0.5
2 32±3 11±1 4±1 1.3±0.5
0.8 29±6 8±2 4±2 1±0.7
0.4 24±2.5 6±1 3±0.5 0.5±0.3
0.08 10±3 3±1 0 0
0 1.3±0.9 0 0 0

Results represent the mean (± SEM) for four cultures from two sepa-
rate experiments.

Since rGM-CSF contains detectable levels of endotoxin, we
performed a series of experiments designed to evaluate the pos-
sibility that contaminating endotoxin was producing the mega-
karyocyte stimulation. A limulus lysate assay on the rGM-CSF
suspended in urea at optimal doses for megakaryocyte colony
formation (9 ng/ml) detected an endotoxin level of < 5 ng/ml.
The second preparation suspended in Tris HCl had endotoxin
levels of . 0.14 ng/ml in the stock solution. In two separate
experiments testing the effect of endotoxin on 100,000 murine
bone marrow cells, endotoxin over a dose range of 10-3 ng/ml
to 1 ,ug/ml did not stimulate any megakaryocyte colony for-
mation. Similarly, the addition of optimal levels of IL-3 (9 ng/
ml) to endotoxin over the same endotoxin dose range showed
no further stimulation of megakaryocyte colonies over the level
of stimulation produced by IL-3 alone.

Finally, adherent cells have been implicated as accessory cells
in megakaryocyte colony formation (16). Two separate experi-
ments revealed that the response to rGM-CSF was actually en-
hanced by adherence depletion. The results of a representative
experiment are shown in Table IV. Preliminary data on more
extensive depletions using adherence depletion followed by B
cell depletion (panning with Ig) and finally T cell depletion (Lyt
1.2 complement lysis depletion) showed that even extensive de-
pletion of macrophages, B and T cells did not abrogate the stim-
ulation of megakaryocyte colonies by rGM-CSF.

Discussion

It is now clear that many hemopoietic growth factors overlap
in their target cell line specificities. For example, in the mac-
rophage lineage, synergy between IL-3 and CSF-l has been
demonstrated (17). Thus, it is not surprising that multifactoral
regulation has been demonstrated for megakaryocytopoiesis. IL-
3 has been well characterized as a potent megakaryocyte CSF
(4-6). An, as yet, incompletely characterized megakaryocyte po-
tentiator (differentiation factor) has been described that lacks
megakaryocyte CSF activity by itself but synergizes with IL-3
to stimulate megakaryocyte colonies. The potentiator is believed
to stimulate acetylcholinesterase incorporation and endomitosis
and thus enhance megakaryocyte detection but not to stimulate
cell proliferation (1, 8, 9).

With regard to the role of erythropoietin in megakaryocy-
topoiesis, the data are contradictory. McLeod and co-workers

Table IV. Comparison of Effects of GM-CSF, IL-3, and GM-CSF
+ IL-3 on Adherence Depleted and Normal Bone Marrow

Megakaryocyte colonies/105 cells plated

Adherence
depleted marrow Normal marrow

GM-CSF, 9 ng/ml 20 12.5
IL-3, 9 ng/ml 60.5 34
IL-3, 9 ng/ml + GM-CSF,

9 ng/ml 81.5 41.5
Media control 0.5 0

Results represent the means of duplicate plates from a single represen-
tative experiment. The postadherence cell yield was 46% of the control
group. Viability by trypan blue exclusion for both groups was > 95%.
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(18), in the murine system, and Vainchenker and co-workers
(19), in the human system, demonstrated that partially purified
human erythropoietin stimulated megakaryocyte colony for-
mation. In contrast, Levin and co-workers (20) observed no effect
of partially purified human erythropoietin in their murine
megakaryocyte assay. Williams and colleagues (2) found mega-
karyocyte colony stimulation from one of four batches of par-
tially purified human erythropoietin. More recently, Koike and
colleagues (21) demonstrated that purified erythropoietin neither
supported megakaryocyte colony formation nor influenced the
number of megakaryocytes supported by IL-3. In contrast, Dukes
and co-workers (22) have recently demonstrated dose-dependent
increases in megakaryocyte colony formation by both recom-
binant and purified human erythropoietin.

As for the role of GM-CSFin megakaryocytopoiesis, previous
work by Williams and colleagues using partially purified GM-
CSF derived from conditioned media from the lungs of endo-
toxin treated mice showed no stimulation of megakaryocyte
colonies. Further, no enhancement of megakaryocyte colony
formation was seen when GM-CSFplus WEHI-3 conditioned
media (a source of IL-3) was compared to WEHI-3 alone (2).
In contrast, our previous data based on partially purified material
from Con A spleen conditioned media suggested that GM-CSF
had activity as a megakaryocyte stimulator (4). More recently,
Metcalf and co-workers (10) have substantiated our earlier ob-
servations using both purified and recombinant GM-CSFdem-
onstrating stimulation of low numbers of megakaryocyte colonies
by very high doses of GM-CSFon normal unseparated murine
bone marrow. Our current data clearly establish GM-CSFas an
in vitro regulator of megakaryocytopoiesis at 10-fold lower doses
than those required in Metcalf's assay system. Plateau dose levels
of 9 ng/ml rGM-CSF stimulated 22±1 megakaryocyte colonies
(containing three or more cells) per 105 cells plated, which was
20 times the level of stimulation seen with media alone. Fur-
thermore, our data demonstrating failure to abrogate the stim-
ulation of megakaryocyte colonies by GM-CSFafter adherence,
T- and B-cell depletion of the target bone marrow suggests that
GM-CSFhas a direct effect on the CFU-megakaryocyte and
does not act via an accessory cell population.

As a megakaryocyte CSF, GM-CSFis not as potent as IL-
3. At plateau levels, GM-CSFinduced - 40% as many mega-
karyocyte colonies per 105 cells plated as IL-3. In addition, GM-
CSFstimulated megakaryocyte colonies containing fewer total
cells than IL-3 and, unlike IL-3, GM-CSFnever stimulated col-
onies containing > 40 cells in our assay.

Previous work has suggested that endotoxin alone in con-
centrations of 1-10 ,ug/ml can stimulate megakaryocyte colony
formation (16). In two separate experiments, we found no stim-
ulation of megakaryocyte colonies by endotoxin alone or in
combination with IL-3. Thus, the megakaryocyte colony stim-
ulation by GM-CSFcannot be attributed to the presence of con-
taminating endotoxin.

Further studies will be necessary to understand the mecha-
nism of action and potential interaction of GM-CSFand IL-3
in megakaryocytopoiesis. Interestingly, the level of stimulation
achieved by GM-CSFwhen added to IL-3 approximates the
sum of the levels of stimulation produced by either factor alone
at all dose levels. This additive result suggests that GM-CSFand
IL-3 could be acting on two distinct populations of cells, or,
alternatively, acting on the same population, a subset of which
requires both regulators for megakaryocyte colony formation.

In conclusion, we have demonstrated that GM-CSF is a
multilineage growth factor with definite megakaryocyte colony
stimulating activity that likely acts directly on the megakaryocyte
progenitor cell. Furthermore, GM-CSFaugments megakaryocyte
colony formation in the presence of IL-3 indicating that both
regulators are important in the control of megakaryocytopoiesis.
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