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ABSTRACT A serum-free medium has been developed for
clonal growth of murine hemopoietic progenitor cells. In this
medium, the number of nonerythroid colonies induced by fac-
tors produced by cloned T lymphocytes was 90 ± 10% of the
number generated in serum-containing medium. Erythroid
colony number in serum-free cultures containing the T-cell
factors but no exogenous erythropoietin was significantly high-
er than that in cultures with serum, and the cloning efficiency
was independent of cell concentration. Further addition of
erythropoietin increased erythroid colony number :4-fold.
Pure erythropoietin alone stimulated erythroid colony forma-
tion, but the cloning efficiency was highly dependent on cell
concentration. Analysis of individual colonies generated in se-
rum-free cultures containing the T-cell factors indicated that
some contained cells of several hemopoietic lineages, demon-
strating that multipotential progenitors can give rise to colo-
nies in this system.

The development of in vitro clonal assays for progenitor cells
from mouse bone marrow has greatly facilitated investiga-
tions of the mechanisms controlling hemopoietic cell prolif-
eration and differentiation. Clonal growth of hemopoietic
cells is strictly dependent upon regulatory factors called col-
ony-stimulating factors (CSFs), a number of which have
been purified to apparent homogeneity, including GM-CSF
(1), G-CSF (2), CSF-1 (3), erythropoietin (Epo) (4) and inter-
leukin 3 (5). Several of these factors appear to be lineage-
specific: namely, G-CSF, for production of granulocytes;
CSF-1, for macrophages; and Epo, for erythrocytes. Bipo-
tential progenitor cells are stimulated by GM-CSF to give
rise to colonies composed of granulocytes and macrophages,
whereas multipotential progenitors are stimulated by inter-
leukin 3.

Unfortunately, the in vitro systems used to study the ef-
fects of purified CSFs generally contain substantial amounts
of animal sera. Since serum may contain CSFs as well as
substances capable of modulating CSF activity, it clearly
would be of value to work with serum-free, hormonally de-
fined media for clonal assay of hemopoietic progenitors. Ad-
vances in cell culture techniques have led to the develop-
ment of serum-free media for growth of a wide variety of
mammalian cells in liquid culture (6). For the hemopoietic
system, Iscove et al. (7) have described a serum-free, meth-
ylcellulose-based medium for assay of mature erythroid pro-
genitors from mouse bone marrow, which form colonies af-
ter 2 days of incubation. This medium did not, however, sup-
port colony formation by primitive progenitors (8). A modifi-
cation of this method, using agar as the immobilizing agent,
has been described for growth of granulocyte/macrophage
colonies (9). More recently, growth of erythroid colonies de-
rived from primitive progenitors in serum-free medium has
been reported (10) but appears to be dependent upon con-

taminants present in impure bovine serum albumin (BSA)
preparations.

In this paper, we describe a serum-free methylcellulose
medium that supports growth of colonies derived from primi-
tive erythroid and nonerythroid progenitors in the same cul-
tures. We also present evidence that a proportion of the col-
onies generated in these cultures are derived from multipo-
tential progenitors.

MATERIALS AND METHODS
Media. Preparation of enriched Dulbecco's medium

(EMED) and modified Ham's F-12 nutrient mixture (FMED)
has been described (11, 12). Nucleoside mixture was pre-
pared as a 100-fold concentrated stock solution in EMED,
and trace elements were 1000-fold concentrated as described
previously (12). Two partially purified preparations of hu-
man urinary Epo with specific activities of 1140 units/mg of
protein were used. One, CAT-1, was supplied by the Nation-
al Heart, Lung, and Blood Institute (National Institutes of
Health, Bethesda, MD). Pure a-Epo (70,000 units/mg of pro-
tein) and partially purified SP-7-16-76II were generously pro-
vided by E. Goldwasser (Univ. of Chicago).

Purified BSA (Behring, Marburg, F.R.G.) was treated
with dextran/charcoal and deionized as described by Iscove
et al. (7). Human transferrin, fully saturated with iron, was
prepared as a stock solution of 80 mg/ml. Bovine pancreatic
insulin was dissolved in Hanks' balanced salts solution (buff-
ered with 10 mM Hepes, pH 7.8) to give a concentration of 3
mg/ml. Bovine hemin was dissolved in 0.2 M NaOH and
diluted with EMED; the pH was adjusted to 7.8 and the solu-
tion was brought to a final concentration of 10 mM hemin.
Methylcellulose was prepared as a 2% (wt/wt) solution in a
1:1 mixture ofEMED and FMED as described by Worton et
al. (13). Linoleic acid and cholesterol were dissolved in 95%
ethanol to give concentrations of 2.8 mg/ml and 2.6 mg/ml,
respectively. Fetal calf serum (lot 300068; KC Biological,
Lenexa, KS) was selected on the basis of its capacity to sup-
port erythroid colony formation.

Preparation of Conditioned Media. The WEHI-3B cell line
was passaged in serum-free medium for at least 2 weeks be-
fore the batch of conditioned medium (WEHI-3CM) used in
these experiments was collected.
The non-cytolytic T-cell line C12 was cloned by single-cell

micromanipulation from a C57BL/6 anti-DBA/2 mixed lym-
phocyte culture (14). The cells were grown for 2 months in
serum-free medium consisting of a 1:1 mixture ofEMED and
FMED supplemented with 1% (wt/vol) BSA, 1% (vol/vol)
nucleosides mixture, transferrin at 80 ,g/ml, 0.7% (vol/vol)
L-glutamine (200 mM), 0.1% (vol/vol) trace elements mix-
ture, 0.1% (vol/vol) linoleic acid/cholesterol mixture, insu-

Abbreviations: CSF, colony-stimulating factor; Epo, erythropoie-
tin; BSA, bovine serum albumin; EMED, enriched Dulbecco's mod-
ified Eagle's medium; FMED, modified Ham's F-12 nutrient mix-
ture; WEHI-3CM, medium conditioned by WEHI-3B cells; C12CM,
supernatant from activated, cloned T lymphocytes.
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lin at 3 pg/ml, 20,uM ethanolamine, T-cell growth factor,
and 106 irradiated (30 Gy) DBA/2 spleen cells per ml. To
prepare the medium used in this study, the cells were
washed with medium and subcultured at a concentration of
106 cells per ml in serum-free medium further supplemented
with concanavalin A at 2.5 jig/ml. The medium (C12CM) was
harvested after 24 hr.

Cell Culture. Bone marrow cells from femurs of male or
female BALB/c mice, 8-10 weeks old, were flushed into
EMED using a 22-gauge needle. Nucleated cells were count-
ed using a hemocytometer. Appropriate dilutions were made
to give cell concentrations 10 times the final concentration.
Unless otherwise stated, cells were cultured at a final con-
centration of 5 x104 cells per ml. The cells then were diluted
in the methylcellulose culture mixture, which was prepared
from the stock solutions to give final concentrations as fol-
lows: methylcellulose, 0.9% (wt/wt); BSA, 10 mg/ml; trans-
ferrin, 320.ug/ml; nucleoside mix, 1%; L-glutamine, 1.4 mM;
insulin, 9pug/ml; hemin, 20 A&M;linoleic acid/cholesterol
mixture, 0.2% (vol/vol); and trace elements mixture, 0.1%
(vol/vol). In most experiments, WEHI-3CM or C12CM was
added at a final concentration of 10% (vol/vol). Epo was
added at 0.6, 2, or 5 units/ml.

Duplicate aliquots (1 ml) of the cells in the methylcellulose
medium were plated in Petri dishes (Greiner Nurtingen,
F.R.G.; no. 627102). The cultures were incubated at 37°C in
5% 02/5% C02/90% N2 atmosphere for 8-10 days. Colony
counts were done using an inverted microscope with a mag-
nification of x63. Colonies were classified as erythroid or
nonerythroid, based on the presence of visible clusters of
small erythroid cells. Experiments were repeated at least
twice and errors bars shown in the figures represent SEM.

Staining of Cells from Single Colonies. Individual colonies
were removed from the cultures by drawing the cells into a
capillary tube. Cells from colonies were placed directly on
slides and fixed immediately with a drop of acid/alcohol
(20% glacial acetic acid/80% absolute ethanol). After drying,
the slides were covered with acid/alcohol for 10 min, then
washed well with water, and finally air-dried before staining
with benzidine and Giemsa stain.

RESULTS

Preliminary experiments were performed to compare the ca-
pacities of EMED and Iscove's modified Dulbecco's medi-
um to support hemopoietic colony formation in cultures con-
taining 5% fetal calf serum. Colony numbers were consis-
tently higher in EMED, and best results were obtained using
75% EMED/25% FMED. The results of experiments exam-
ining the use of a low-oxygen mixture (5% 02/5% C02/90%
N2) for incubating cultures indicated that colony numbers
were not significantly increased in the low-oxygen atmo-
sphere, but erythroid colonies appeared to be slightly larger
and redder in color.
EMED/FMED (3:1) was capable of supporting colony for-

mation in the absence of serum when supplemented with
BSA, transferrin, fresh glutamine, nucleosides, hemin, insu-
lin, trace elements, linoleic acid, and cholesterol (Fig. 1). To
optimize this medium, the most important additions were
tested by omitting individual components from the formula-
tion. Albumin and transferrin previously have been shown to
be required for serum-free growth of hemopoietic progeni-
tors (7) and thus were not tested in this experiment. Deleting
linoleic acid and cholesterol from the medium reduced the
number of both erythroid and nonerythroid colonies to 20o
of maximum or less (Fig. 1). Omitting insulin also led to sig-
nificantly lower numbers of both colony types (P < 0.05).
When nucleosides were omitted from the medium, nonery-
throid colony formation was significantly (P < 0.02) reduced
to 55-75% of maximum, whereas the decrease in erythroid
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FIG. 1. Effects produced by omitting individual components

from serum-free medium on erythroid (A) and nonerythroid (B) colo-
ny formation. Complete medium (I) is described in Materials and
Methods. Epo (SP-7-16-76II) was added to half the cultures at a final
concentration of 0.6 units/ml (open bars). The other cultures lacked
Epo (stippled bars). All cultures contained 10% WEHI-3CM. The
constituents omitted from complete medium for the experimental
groups were additional L-glutamine (II), nucleoside mixture (III),
hemin (IV), insulin (V), trace elements (VI), and linoleic acid/cho-
lesterol (VII). Maximum colony numbers (I) were 29 ± 10 erythroid
and 105 ± 44 nonerythroid colonies per 105 cells; 3 experiments.
colonies to 73% of maximum was not statistically significant.
Removing hemin from the medium, on the other hand, led to
a significant (P < 0.02) reduction in erythroid colony num-
bers, whereas the effect on nonerythroid colonies was not
significant.
The addition of dipalmitoyl-L-a-phosphatidylcholine to

the linoleic acid/cholesterol mixture decreased both ery-
throid and nonerythroid colony numbers when the lipid mix-
ture was added at a concentration of0.2%, which gave maxi-
mum colony numbers with linoleic acid/cholesterol alone.
Insulin enhanced colony formation over a broad concentra-
tion range (0.9-90 yg/ml) with a maximum at -9 pg/ml. Ti-
tration curves for erythroid and nonerythroid colony num-
bers were similar.

Fig. 2A shows that the number of nonerythroid colonies
stimulated by WEHI-3CM was enhanced by low levels of
hemin (2-20 uM). At higher hemin concentrations, the num-
bers of colonies were similar to those in the controls. Ery-
throid colony formation stimulated by Epo increased with
increasing hemin concentration up to 200 ,M (Fig. 2B). The
enhancing effect of increasing hemin concentration on ery-
throid colony number in cultures stimulated with both
WEHI-3CM and Epo appears to be less pronounced, with a
relatively large increase only between 60 and 200 ;uM (Fig.
2C).
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FIG. 2. Effect of hemin on hemopoietic colony formation in se-
rum-free medium. Bone marrow cells were seeded in complete me-

H RO ID dium (see Materials and Methods) but with twice the linoleic acid/
cholesterol mixture and with various concentrations of hemin. (A)
Nonerythroid colonies in cultures containing 10% WEHI-3CM.
Maximum = 71 ± 10 colonies per 105 cells; 5 experiments. (B) Ery-
throid colonies in cultures containing CAT-1 Epo at 2 units/ml.
Maximum = 54 ± 8 colonies per 105 cells; 2 experiments. (C) Ery-

Po throid (closed circles) and nonerythroid (open circles) colonies in
-_r -r- cultures containing 10% WEHI-3CM plus Epo at 2 units/ml. Maxi-
60 200 mum colony numbers were 81 ± 4 erythroid and 144 ± 34 nonery-

throid colonies per 105 cells; 3 experiments.
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progenitors. erythroid colonies stimulated by C12CM (Fig. 4A) showed
mny numbers good fit to a straight line drawn through the origin, and sig-
ts examining nificant numbers of colonies were detected in cultures con-
itaining 10% taining only 5000 bone marrow cells. The slope of the regres-
rum-free me- sion line corresponds to a value of 17 colonies per 105 cells
serum. Since seeded. The addition of Epo to these cultures increased the
was surpris- frequency about 4-fold to 70 erythroid colonies per 105 cells
s grew in the and appeared to increase colony size as well. Nonerythroid
ntained only colony number was also proportional to the number of cells
ch pure ery- plated, and there was no difference between cultures con-
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FIG. 3. Effect of fetal calf serum (FCS) on erythroid (A) and nonerythroid (B) colony formation in the presence of various concentrations of
C12CM. Marrow cells were plated in serum-free medium as described in Materials and Methods (open circles) and in the same medium plus 10%
fetal calf serum (closed circles). Maximum colony numbers were 25 ± 17 erythroid and 161 ± 2 nonerythroid colonies per 10i cells; 2 experi-
ments.
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FIG. 4. Effect of cell concentration on erythroid (A) and nonerythroid (B) colony formation in serum-free cultures with (closed circles) and
without (open circles) Epo. Marrow cells were plated in serum-free medium with 10% C12CM and CAT-1 Epo at 2 units/ml. Results are

expressed as mean colony numbers from two independent experiments.

taining C12CM alone and those containing Epo and C12CM
(Fig. 4B).
Table 1 shows the results of a typical experiment from a

series of three examining the linearity of colony formation in
serum-free cultures containing only Epo. Pure Epo stimulat-
ed growth of a few megakaryocyte colonies, evident at the
highest initial cell concentration. The frequencies of ery-
throid and megakaryocyte colonies were strictly dependent
on the numbers of cells plated, and no colonies were present
in cultures seeded with 2 x 104 cells. Similar results were
obtained with the partially purified Epo, which appeared to
contain contaminants capable of stimulating granulocyte/
macrophage-cluster formation at higher cell concentrations.
The types of colonies generated in serum-free cultures

were similar to those seen in serum-containing medium and
included multilineage colonies. To obtain a more accurate
estimate of the different colony types, all of the colonies gen-
erated in four plates, each seeded with 5000 cells and stimu-
lated with 10% C12CM, were removed and benzidine/
Giemsa stained. Seven (16%) of the colonies contained ery-

Table 1. Effect of initial cell concentration on Epo-stimulated
colony formation in serum-free cultures

Colonies per 105

Cells Epo Colonies per plate cells
seeded preparation E Mk G/M E Mk G/M
2 x 105 Pure 163 7 0 81.5 3.5 0
1 x 15 Pure 51 1 0 51 0.5 0
5 x 104 Pure 17 0 0 34 0 0
2 x 104 Pure 0 0 0 0 0 0

2 x 105 Cat-1 148 6 45 74 3 22.5
1 x 105 Cat-1 38 2 10 19 2 5
5 x 104 Cat-1 5 2 0 10 4 0
2 x 104 Cat-1 0 0 0 0 0 0

Epo was added at a final concentration of 5 units/ml to serum-free
cultures. E, erythroid, erythroid plus megakaryocyte or macro-
phage; Mk, >4 megakaryocytes; G/M, granulocytes and/or macro-
phage colonies plus clusters (>10 cells).

throid cells, and four of these had cells of other lineages as
well (Table 2).

DISCUSSION
We describe a serum-free medium that supports colony for-
mation by mouse hemopoietic progenitor cells in response to
purified Epo and/or serum-free conditioned media that con-
tain specific colony-stimulating activities. Hemin is the only
supplement in our system that is not commonly used for se-
rum-free culture of nonhemopoietic cells (6). However, sev-
eral studies using serum-containing medium have shown that
hemin enhances colony formation by mouse (15-17) and hu-
man (18) erythroid progenitors. In our experiments, 200 uM
hemin increased Epo-stimulated colony formation -5-fold,
whereas colony numbers in the presence of both WEHI-
3CM and Epo were increased only 2-fold. In fact, this appar-
ent difference in enhancement was due to the lower numbers
of colonies in control cultures with Epo alone. The actual
increase due to hemin was approximately the same in both
cases (40 colonies per 105 cells), suggesting that WEHI-3CM
and hemin enhance erythropoiesis by independent mecha-
nisms.
There is ample published evidence that hemin stimulates

erythroid maturation in several ways, including enhance-
ment of globin mRNA synthesis (19) and protein synthesis
(20). Exogenous hemin also can be utilized directly to form

Table 2. Morphology of cells in individual colonies from
serum-free cultures

Morphologic type

G/ G/E/
E E/M E/M M/Mk G M G/M B1 Total

No. of
colonies 3 2 1 1 13 14 8 1 43

% of total 7 5 2 2 30 33 19 2 100

E, erythroid; G, granulocyte; M, monocyte/macrophage; Mk,
megakaryocyte; B1, unclassifiable blast cells.
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hemoglobin, thus bypassing the protoporphyrin biosynthetic
pathway (21). Enhancement of nonerythroid colony forma-
tion is less simple to understand. Although the degree of en-
hancement was small, it was reproducible (Figs. 1 and 2),
and others have reported similar enhancement in serum-con-
taining culture systems (15, 21). It is conceivable that syn-
thesis of protopophyrin is also rate-limiting in vitro for incor-
poration into cytochromes in these rapidly proliferating
cells.

Several important earlier findings concerning the regula-
tion of erythroid development have been confirmed in our
serum-free system. The first is the dependence on cell con-
centration for colony formation stimulated by pure Epo,
which strongly suggests that bone marrow cells produce an-
other factor(s) required by progenitor cells (22, 23). Whether
a specific regulatory factor is involved remains to be deter-
mined. An indirect role of Epo in regulating early erythroid
development is compatible with these results (24, 25). The
second point is the demonstration that supernatants from
cloned lymphocytes stimulate erythroid colony formation.
This extends previous reports of erythroid colony growth in
the absence of exogenous Epo (26).

Since the present results were obtained in serum-free cul-
tures, using medium conditioned by lymphocytes that had
been passaged for several months in the absence of serum,
the possibility of Epo contamination from serum can be
ruled out. Another potential source of Epo contamination in
the system is in situ production by macrophages (27). How-
ever, erythroid colonies were present in cultures with very
low numbers of cells, making this unlikely. The remaining
possibility is that the conditioned media may contain Epo or
another factor with a similar activity. Such an activity, with
chromatographic properties distinct from those of Epo, has
been described in supernatants from activated lymphocytes
(26). One candidate for this Epo-like activity is insulin at
high concentrations (28) or insulin-like growth factor 1 at
physiologic concentrations (29). Another candidate for this
activity is interleukin 3, which has been shown to initiate
early stages of erythroid differentiation up to an Epo-sensi-
tive stage (8, 23-25).

It must be pointed out that our results do support an essen-
tial role for Epo in erythropoiesis. The numbers of erythroid
colonies in cultures containing WEHI-3CM or C12CM were
substantially increased by the addition of Epo. Furthermore,
colony numbers in cultures with C12CM and Epo were inde-
pendent of cell concentration, in agreement with models of
erythropoiesis involving two regulatory factors (8, 22, 23).

In addition to erythroid cells, some colonies in cultures
stimulated by WEHI-3CM or C12Cm contained cells belong-
ing to other hemopoietic lineages, demonstrating that multi-
potential progenitors can give rise to colonies in this medi-
um. However, since unfractionated conditioned media were
used, we cannot eliminate the possibility that substances
other than specific colony-stimulating factors or interleukin
3, produced by lymphocytes or myelomonocytic leukemia
cells, are required in addition. Studies with purified factors
in this system should resolve this question and provide more
detailed knowledge about the mechanisms controlling prolif-

eration and differentiation of hemopoietic progenitor cells.
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