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Abstract

Medium conditioned by activated T lymphocytes stimulates the
in vitro proliferation of pluripotent hematopoietic stem cells
(spleen colony-forming units [CFU-S]) but the factors involved
have not been identified. Because the lymphokine interleukin 3
(IL-3) enhances in vitro colony formation by committed hema-
topoietic progenitor cells, we examined the effect of IL-3 on the
in vitro proliferation of CFU-S using an 11-d spleen colony assay.
When mouse marrow cells were placed in liquid culture, CFU-
S content declined progressively and by 96 h only 13% of the
CFU-S remained. By contrast, after 96 h in the presence of 20
U/ml of IL-3, the number of CFU-S were the same as that in
the initial inoculum. Although the number of CFU-S eventually

declined, they could still be recovered after 264 h of culture. In -

the absence of IL-3, the number of CFU-S synthesizing DNA
was negligible; in its presence, >20% of the CFU-S were in cycle.
IL-3 stimulated CFU-S proliferation at a concentration of 0.2
U/ml. The dose-response curve was similar to that observed for
other biologic effects of the lymphokine, and as little as 1 h of
exposure to IL-3 enhanced the survival of CFU-S in vitro. Treat-
ment of marrow cells with anti-Thy 1.2 antibody and complement
before exposure to IL-3 did not inhibit spleen colony formation,
but treatment of the cells with anti-Thy 1.2 antibody and com-
plement after exposure to IL-3 reduced CFU-S recovery after
96 h of culture by 45%. The cell composition of day 11 spleen
colonies formed by IL-3-treated marrow cells was similar to that
of colonies formed by untreated marrow cells. Finally, day 11
CFU-S persisting in the marrow of mice treated with S-fluoro-
uracil required IL-3 for proliferation in vitro. Taken together,
these data indicate that IL-3 promotes the proliferation of CFU-
S in vitro, increases the number of CFU-S synthesizing DNA,
but does not alter their commitment program, and the target cell
population includes CFU-S with self-renewal and marrow-re-
populating ability.

Introduction

Under normal circumstances, the maturation of hematopoietic
cells within the bone marrow proceeds serially from primitive
progenitors to the differentiated, formed elements that circulate
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in the peripheral blood. Among the primitive hematopoietic
progenitor cells, which are morphologically unrecognizable and
constitute only a minor fraction of the total marrow cell pop-
ulation, a hierarchy has been identified using clonal assays and
isoenzymes or chromosomal markers. Within this hierarchy, the
various progenitor cells differ in their capacity for self-renewal
and lineage-specific differentiation. The proliferation and ter-
minal differentiation of lineage-restricted hematopoietic pro-
genitor cells appear to be regulated by specific glycoproteins.
The mechanisms involved in the regulation of more primitive
pluripotent hematopoietic progenitor cells that retain the ca-
pacity for self-renewal are less well understood.

Normally, only a minor fraction of pluripotent stem cells in
the marrow are in active cell cycle (1). An increase in the number
of cycling marrow stem cells both in vivo and in vitro occurs in
response to population depletion (2) and after exposure to certain
hormones and adrenergic or cholinergic agonists (3), but the
mechanisms involved are unknown. Cerny (4) was the first to
demonstrate that products of activated T lymphocytes stimulate
the proliferation of pluripotent hematopoietic stem cells. His
observations have been amply confirmed by both in vitro and
in vivo clonal assays for stem cells with a capacity for self-renewal
(5-8). In addition, the in vitro proliferation of certain lineage-
restricted erythroid, myeloid, and megakaryocytic progenitor
cells is also supported by medium conditioned by activated T
lymphocytes (9, 10) but the factor or factors responsible have
not been completely characterized.

Recently, the lymphokine interleukin 3 (IL-3)! was purified
to apparent biochemical homogeneity from medium conditioned
by WEHI-3 cells (11). IL-3, which induces the enzyme 20a-
hydroxysteroid dehydrogenase in splenic lymphocytes of the
nude mouse, is also produced by T lymphocytes after exposure
to mitogens (12). Preliminary studies have indicated that IL-3
promotes the proliferation of primitive erythroid (BFU-E),
megakaryocytic (CFU-Meg), and granulocyte-macrophage pro-
genitor cells (CFU-GM), and mast cells (13-15). It may also
enhance the proliferation of pluripotent hematopoietic stem cells
(spleen colony-forming units [CFU-S]) (14, 16). In this regard,
Rennick et al. (17) have demonstrated the cloned gene product
of a cDNA encoding for mast cell growth factor, which has ex-
tensive amino acid sequence homology with IL-3, also promotes
the in vitro proliferation of CFU-S. In this report, we describe
the interaction of IL-3 and pluripotent hematopoietic stem cells
using the spleen colony assay. Our data indicate that IL-3 pro-
motes the in vitro survival of CFU-S, increases the number of
CFU-S in cell cycle, but does not alter their commitment pro-
gram, and the population of CFU-S responding to IL-3 appears
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(colony-forming unit); CFU-S, spleen colony-forming unit; 5-FU, 5-flu-
orouracil; IL-3, interleukin 3; TdR, thymidine.
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to include CFU-S with self-renewal and marrow-repopulating
ability.

Methods

Animals. B¢D,F, mice, 6-10 wk of age, (Jackson Laboratories, Bar Har-
bor, ME) were used in these studies. The mice were housed in sterile
cages in groups of five from the time of delivery and given standard
laboratory diet and acidified water ad libitum. Both male and female
mice were used in that no gender-related differences in spleen colony-
forming activity in response to IL-3 were observed.

Cell culture. Mice were killed by cervical dislocation and marrow
cells were flushed from the femurs with Hepes-buffered (10 mM Hepes)
RPMI medium (Gibco Laboratories, Grand Island, NY) and 10% fetal
calf serum (Sterile Systems, Logan, UT) into sterile polystyrene tubes
and dispersed into single cells by repeated aspiration through a 22-gauge
needle. The cell suspension was centrifuged at 400 g for 5 min at room
temperature and resuspended at a concentration of 1 X 10° cells/ml in
Hepes-buffered RPMI medium and 10% fetal calf serum. 5 ml of the
cell suspension was placed in either polystyrene tubes or 30-ml flat-bot-
tomed flasks (Corning Glass Works, Corning, NY) with or without se-
lected concentrations of IL-3. For incubation periods up to 3 h, the cell
suspensions in capped polystyrene tubes were placed in a shaking water
bath at 37°C. For longer incubation periods, the cell suspensions in
flasks were incubated at 37°C in a humidified atmosphere of 5% CO, in
air. At selected time intervals, the nonadherent cells were harvested by
centrifugation at 400 g for 5 min at room temperature, washed once,
and resuspended in Hepes-buffered RPMI medium and 10% fetal calf
serum. Cell number was determined visually in a hemocytometer and
viability was evaluated by trypan blue exclusion.

Spleen colony assay. CFU-S were assayed by the method of Till and
McCulloch (18). Syngeneic recipient mice were exposed to a lethal dose
(1,050 rads) of whole body irradiation from a '*’Cs source (dose rate
126 rads/min; gamma cell 40, Atomic Energy of Canada, Ottawa, Can-
ada). 4 h later the mice were injected by tail vein with 2 X 10* viable
nucleated marrow cells in 0.2 ml of Hepes-buffered RPMI medium and
10% fetal calf serum. An inoculum of this size produced on average
seven macroscopic surface colonies per spleen. With larger numbers of
cells, the surface colonies were too crowded for accurate counting. 10
irradiated mice were injected for each experimental point except when
simultaneous studies of spleen histology were performed. In these in-
stances, 15 mice were injected and 5 were picked at random for the
histologic studies. 11 d after injection, the mice were sacrificed and their
spleens were excised. For surface colony counts, the spleens were im-
mersed in Carnoy’s solution and transferred to absolute ethanol after 24
h. Surface colonies were counted under low magnification (X 2) without
knowledge of the experimental protocol. Results were expressed as the
number of spleen colonies per 10° cultured marrow cells. Mice irradiated
with 1,050 rads but not injected with marrow cells served as controls for
endogenous spleen colony formation. Endogenous spleen colony for-
mation was negligible in that a single macroscopic colony occurred in
only 8 of 133 control spleens in 15 separate experiments.

For histologic studies of spleen colony composition, the spleens were
fixed in 10% buffered formalin and sectioned at 4-um intervals and 8-
10 sections were mounted serially on glass slides (10 slides per spleen)
and stained with hematoxylin and eosin. Only spleens that contained a
number of macroscopic colonies comparable to those enumerated by
surface counting were examined microscopically. Spleen colony com-
position was analyzed according to the method of Silini et al. (19) and
three to four spleens were evaluated for each experimental point.

Tritiated thymidine suicide studies (1, 20). Control and treated mar-
row cells were suspended in Hepes-buffered RPMI medium and 10%
fetal calf serum at a concentration of 10° cells/ml with or without 20 or
100 pCi/ml of [*H]methylthymidine ([*H]TdR, sp act 25 Ci/mmol; Re-
search Products International Corp., Mount Prospect, IL) or [*H]TdR
and 200 ug/ml of unlabeled thymidine (TdR) and incubated in a shaking
water bath at 37°C for 25 min. After incubation, 10 ml of Hepes-buffered
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RPMI medium and 10% fetal calf serum containing 200 ug of TdR/ml
was added to each tube, and the tubes were centrifuged at 400 g for 5
min at room temperature. The cell pellet was resuspended and washed
in Hepes-buffered RPMI medium and 10% fetal calf serum containing
40 ug of TdR/ml. The cells were then resuspended in Hepes-buffered
RPMI medium and 10% fetal calf serum for the spleen colony assay.

Antibody treatment. Control and treated marrow cells were suspended
at a concentration of 5 X 10° cells/ml in Hepes-buffered RPMI medium
and 10% fetal calf serum and incubated at 4°C with a 1:50 dilution of
a monoclonal anti-mouse Thy 1.2 antibody (Becton, Dickinson & Co.,
Mountain View, CA) or normal syngeneic mouse serum. After 45 min
the cells were centrifuged at 400 g for 5 min at room temperature and
resuspended in Hepes-buffered RPMI medium and 10% fetal calf serum
in the presence of a 1:6 dilution of guinea pig complement (Microbio-
logical Associates, Walkersville, MD) for 60 min at 37°C. The reaction
was stopped by placing the cells on ice. The treated cells were washed
once with Hepes-buffered RPMI medium and 10% fetal calf serum before
assay of CFU-S.

Reagents. The interleukin 3 employed in these experiments was pu-
rified to homogeneity according to previously published techniques (11)
and diluted with RPMI medium and 10% fetal calf serum to a concen-
tration of 20 U/ml. Penicillin (100 U/ml) and streptomycin (100 ug/ml)
(Gibco Laboratories) were present in all tissue culture media. 5-Fluo-
rouracil (5-FU, Roche Laboratories, Nutley, NJ) was administered by
tail vein at a dose of 150 mg/kg of body weight.

Statistical analysis. The significance of the experimental observations
was assessed with Student’s two-tailed ¢ test.

Resuits

When mouse marrow cells were incubated in vitro in RPMI
medium and 10% fetal calf serum, there was a gradual decline
in both cell number and day 11 CFU-S such that by 96 h only
20% of the initial inoculum and 13% of the CFU-S could be
recovered from the nonadherent cell population (Figs. 1 and 2).
Although the nonadherent cell population remained constant
when the incubation period was extended to 192 or 264 h, no
day 11 CFU-S could be recovered at these times.

In contrast, when the marrow cells were incubated in the
presence of IL-3 at a concentration of 20 U/ml, the initial decline
in nonadherent cell number was not only less marked but over
a period of 192 h, the number of nonadherent cells in the cultures
increased (Fig. 1). Incubation of marrows with IL-3 for periods
of 1-3 h did not alter the number of day 11 CFU-S as compared
to control cultures, but the lymphokine prevented the marked
decline in day 11 CFU-S observed after 24 h of in vitro culture
(Fig. 2). A decline in spleen colony formation did occur in the
IL-3 treated cultures over the first 48 h but by 72 h the number
of day 11 CFU-S had begun to rise and by 96 h had returned
to level in the initial inoculum. The increase in day 11 CFU-S
between 72 and 96 h coincided with the nadir in nonadherent
cell number. By 192 h, the number of nonadherent cells had
increased to its initial level but day 11 CFU-S were now markedly
diminished. They could, however, still be detected at 264 h of
culture, in contrast to cultures lacking IL-3.

After 96 h of culture without IL-3, the bulk of the nonad-
herent cell population consisted of granulocytes and small lym-
phocytes (Fig. 3 A4). In IL-3-treated cultures blast cells and pro-
myelocytes predominated (Fig. 3 B). By 192 h of culture, gran-
ulocytes in various stages of maturation composed the bulk of
the nonadherent cell population. Many cells were in mitosis and
macrophages, basophils, eosinophils, megakaryocytes, and non-
nucleated erythrocytes were also present. The composition of
the nonadherent cell population at 264 h was similar. Control
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Figure 1. Effect of IL-3 on the in vitro survival of nonadherent mar-
row cells. Marrow cells were cultured in RPMI medium and 10% fetal
calf serum in the presence or absence of IL-3 (20 U/ml). At the indi-
cated times, the cultures were terminated. The number of nonadher-
ent cells was determined by hemocytometer and a spleen colony assay
was performed for day 11 CFU-S. The data represent the
meanzstandard error of the mean of two to six experiments. (O) Con-
trol cells; (m) IL-3-treated cells.

cultures at 192 and 264 h consisted mainly of macrophages (data
not shown).

In both control and IL-3-treated cultures, an adherent cell
population formed, which could only be detached incompletely
with trypsin. At 96 h, the adherent cell population was <5% of
the nonadherent cell population in both control and IL-3-treated
cultures. An insufficient number of adherent cells was recovered
from control cultures for spleen colony assay but no day 11
spleen colonies were formed by adherent cells from the IL-3-
treated cultures. At 264 h, the number of adherent cells recovered
with trypsin from control cultures was threefold greater than
the number of nonadherent cells (3.5 X 10° cells vs. 1 X 10°
cells). By contrast, in IL-3-treated cultures, the number of ad-
herent cells recovered was <20% of the nonadherent cell pop-
ulation (6.8 X 10° cells vs. 3.9 X 10° cells). The adherent cell
populations recovered from both control and IL-3 treated cul-
tures were pure populations of macrophages.

To determine whether the survival of day 11 CFU-S in vitro

~
o
o

8

®IL-3
O Control

300‘

200 )

100 A
24 48 72 96 e 264

Time (hours)

[
[
o

CFU-S/10® Cultured Marrow Cells

Figure 2. Effect of IL-3 on the in vitro survival of day 11 CFU-S. The
data represent the meanz+standard error of the mean of two to six ex-
periments performed with marrow cells cultured for the indicated
times in the presence or absence of IL-3 (20 U/ml). No spleen colo-
nies were formed by control marrow cells at 192 and 264 h of culture.
(O) Control cells; (m) IL-3-treated cells.

required continuous exposure to IL-3, marrow cells were in-
cubated with the lymphokine for periods of 1, 4, or 24 h, washed,
and reincubated in its absence. As shown in Table I, brief periods
of exposure to IL-3 were insufficient to maintain the number of
day 11 CFU-S at the level expected after 96 h of culture. How-
ever, exposure to the lymphokine for as little as 1 h increased
the number of CFU-S present at 96 h above that found in control
cultures, and with 24 h of exposure to IL-3 ~50% of the expected
number of CFU-S could be recovered at 96 h.

In that the number of day 11 CFU-S present in cultures
containing IL-3 fluctuated between 24 and 72 h, we examined
the responsiveness of marrow cells cultured for various periods
of time to the lymphokine. As shown in Table II, when IL-3
was added to marrow cells that had been cultured in vitro for
24 h, ~50% of the day 11 CFU-S expected at 96 h were recov-
ered. However, if the marrow cells were cultured for 48 or 72 h
without IL-3, addition of the lymphokine yielded only 20% of
the CFU-S expected at 96 h.

The cyclic fluctuation in the number of day 11 CFU-S when
marrow cells were cultured with IL-3 for 96 h suggested that the
CFU-S were proliferating. To examine whether day 11 CFU-S
were in cell cycle in IL-3-treated cultures, the TdR suicide tech-
nique was employed. Exposure of freshly harvested marrow cells
to high specific activity [’H]TdR did not diminish the recovery
of day 11 CFU-S (Table III). However, when the marrow cells
were cultured with IL-3 for 96 h, exposure to [*H]TdR resulted
in a loss of >20% of the day 11 CFU-S, indicating that a sub-
stantial proportion of the IL-3-treated day 11 CFU-S were in
active cell cycle at that time.

The Thy 1.2 antigen has been demonstrated on early (day
8) CFU-S (21, 22) as well as on high proliferative potential col-
ony-forming cells (23), BFU-E, and CFU-GM (24). We, there-
fore, examined the effect of a monoclonal antibody to the Thy
1.2 antigen on the interaction of IL-3 and day 11 CFU-S by
means of the spleen colony assay. Exposure of freshly harvested
marrow cells to Thy 1.2 antibody and complement did not in-
fluence the number of day 11 CFU-S recovered as determined
by the spleen colony assay (Table I'V). Exposure of marrow cells
to the Thy 1.2 antibody and complement before incubation with
the lymphokine for 96 h also did not diminish the number of
CFU-S recovered. However, when the marrow cells were cultured
with IL-3 for 96 h and then exposed to the Thy 1.2 antibody
and complement, the number of day 11 CFU-S was significantly
diminished (Table IV). Thus, as a consequence of exposure to
IL-3, day 11 CFU-S became more sensitive to complement lysis
in the presence of the anti-Thy 1.2 antibody.

To determine whether dose-response curve for the interaction
of IL-3 with day 11 CFU-S in vitro was similar to that observed
for other in vitro biologic effects of the lymphokine, the effect
of various concentrations of the IL-3 on the recovery of day 11
CFU-S after 96 h of culture was examined. As shown in Fig. 4,
IL-3 promoted the proliferation of day 11 CFU-S in vitro at
concentrations ranging from 20 to 0.2 u/ml. For comparison,
the dose-response curve for the in vitro proliferation of an IL-3
dependent cell line is plotted for the same lot of IL-3. The parallel
between the two dose-response curves suggests that both activities
are functions of the same molecule.

IL-3 stimulates the in vitro proliferation of lineage-restricted
erythroid, myeloid, and megakaryocytic progenitor cells (13-
15). To determine whether the lymphokine influenced the com-
mitment of pluripotent hematopoietic stem cells to specific dif-
ferentiation pathways, we examined the cellular composition of
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Table 1. Effect of Duration of Exposure to IL-3
on the Survival of Day 11 CFU-S In Vitro

Table I1. Effect of Time of Addition
of IL-3 on CFU-S Survival In Vitro

Duration of exposure to IL-3 CFU-S/10° cultured marrow cells*

h
None 2019
1 125+39%
4 130£17§
24 180+34%
96 370+50!

Marrow cells were incubated in vitro with IL-3 (20 U/ml) for 1, 4, or
24 h, washed, reincubated without IL-3, and harvested at 96 h for as-
say of day 11 CFU-S. As controls, marrow cells were incubated with
or without IL-3 for 96 h. The data represent the pooled results of three
separate experiments.

* Meanzstandard error of the mean.

 Significantly different from control P < 0.05.

§ Significantly different from control P < 0.005.

I Significantly different from control P < 0.001.

the day 11 spleen colonies generated by marrow cells cultured
in the presence of IL-3 for various periods of time. As shown in
Table V, the proportion of erythroid, myeloid, megakaryocyte,
or mixed colonies formed by marrow cells exposed to IL-3 was
not different from that of untreated marrow cells regardless of
the duration of exposure to the lymphokine. The number of
mixed colonies was too small for statistical analysis of the dif-
ferent types of colonies, but there was no pattern with respect
to the type of mixed colonies formed from IL-3-treated marrow
cells as compared with untreated marrow cells (data not shown).
No histologically unidentifiable colonies were present in either
control spleens or the spleens of mice receiving IL-3-treated
marrow cells.

Recent studies have indicated that CFU-S are heterogeneous
with regard to their capacity for self-renewal and marrow re-
population. It was therefore of interest to determine whether
IL-3 was restricted in its interaction with CFU-S to those that
lack these features. Because CFU-S that survive exposure to 5-
fluorouracil (5-FU) have a high proliferative potential and the
ability to repopulate irradiated marrow (25), we examined the
effect of IL-3 on the in vitro proliferation of these cells. As shown
in Table VI, day 11 CFU-S from the marrow of 5-FU-treated
mice failed to proliferate in vitro in the absence of IL-3, whereas
in its presence they responded in the same fashion as day 11
CFU-S from untreated mice (Table I).

Discussion

An in vivo clonal assay for pluripotent hematopoietic stem cells
was established 25 years ago (18), but the regulatory mechanisms
controlling their proliferation are still not fully defined. The de-
velopment of in vitro clonal assays for pluripotent stem cells (6,
7) as well as culture techniques for their long-term maintenance
in vitro (26) have, however, provided new insight into this issue.

CFU-S/10° cultured marrow cells*

Time of addition Expt. 1 Expt. 2 Expt. 3
None added 5511 158 158
At initiation of culture 485+60 420+45 315428
After 24 h 280+40 190+19 —
After 48 h 85+30% 80+25 6016
After 72 h 130+22 — 50+9

Marrow cells were cultured in vitro, and at the times indicated IL-3
(20 U/ml) was added to the cultures. At 96 h, all cultures were har-
vested for assay of day 11 CFU-S.

* Meanz=standard error of the mean.

} Not significantly different from control.

A requirement for medium conditioned by spleen cells or ac-
tivated lymphocytes is a common feature of in vitro clonal assays
for multipotent hematopoietic progenitor cells with a capacity
for self-renewal (6, 7) as well as for lineage-restricted primitive
erythroid, myeloid, and megakaryocytic progenitors (9, 10). At-
tempts to separate the activities in conditioned medium respon-
sible for promoting the proliferation of the various progenitor
cells have been unsuccessful (27, 28), suggesting that all these
activities may be contained in a single regulatory molecule.

With the purification of IL-3, it soon became apparent that
the biologic interactions of the lymphokine extended beyond its
capacity to induce 20a-hydroxysteroid dehydrogenase in its tar-
get cells. The lymphokine was not only able to induce and main-
tain lymphocyte cell lines (29) but also multipotent hemato-
poietic cell lines as well (30, 31). Furthermore, IL-3 supported
the in vitro proliferation of mast cells (13) and stimulated the
clonal growth of primitive erythroid, myeloid, and megakar-
yocytic progenitor cells (13-15). Thus, it exhibited many of the
properties of spleen cell-conditioned medium but was biologi-
cally and biochemically distinct from known regulatory factors
such as GM-colony-stimulating factor and erythropoietin.

Because of its broad spectrum of activity with respect to
hematopoietic progenitor cells, we sought to determine whether
IL-3 promoted the proliferation of pluripotent hematopoietic
stem cells. Although previous studies indicated that IL-3, like
spleen cell-conditioned medium (32) and cloned mast cell growth
factor (17) enhanced spleen colony formation by mouse marrow
cells and maintained the proliferation of CFU-S in vitro, only
early (8-9 day) spleen colonies were examined (14, 16). Such
colonies are known to be transient and not associated with cells
that have marrow-repopulating ability (33). Interestingly, none
of the multipotent factor-dependent hematopoietic cell lines in-
duced by the lymphokine were capable of spleen colony for-
mation (30, 31). In our studies, we assayed the formation of
spleen colonies at 11 days, when the colonies are known to con-
tain cells with the capacity for self-renewal and marrow repopu-
lation (27, 33). Furthermore, to separate the effects of IL-3 on
CFU-S from those that might be exerted by the culture system
itself, we used culture conditions which by themselves do not
support the proliferation of CFU-S (26).

Figure 3. (A) Wright-stained cytospin preparation of nonadherent
marrow cells cultured in RPMI medium and 10% fetal calf serum for
96 h. X 680. (B) Wright-stained cytospin preparation of nonadherent

marrow cells cultured in RPMI medium and 10% fetal calf serum in
the presence of IL-3 (20 U/ml) for 96 h. X 680.
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Table III. Effect of IL-3 on the In Vitro
Cell Cycle Status of Day 11 CFU-S

CFU-§/10°

Treatment cultured marrow cells*
IL-3 37513
IL-3 + 100 uCi [*H]TdR at 96 h 255+47%
IL-3 + 100 uCi PH]TdR + 200 g of

TdR at9% h 370+15
None 315+35
100 pCi P*H]TdR 300+28
100 xCi PH]TdR + 200 ug TdR 405160

Marrow cells were incubated in vitro with IL-3 (20 U/ml) for 96 h and
then exposed to [PH]TdR (Sp Act 25 Ci/mmol) without or with cold
TdR before spleen colony assay. As controls, fresh marrow cells were
exposed to [PHITdR with or without TdR immediately before spleen
colony assay.

* Meanztstandard error of the mean.

1 P < 0.05; cell kill = 27%.

Under these conditions, IL-3 promoted the proliferation of
day 11 CFU-S and maintained nonadherent cell number as well
in contrast to cultures lacking the lymphokine. Indeed, a single
addition of IL-3 was sufficient to maintain the nonadherent cell
population for 264 h and although diminished in quantity, day
11 CFU-S could still be recovered at that time.

The dose-response curve for CFU-proliferation in vitro by
IL-3 was identical to that for the proliferative effect of the lym-
phokine on factor-dependent cell lines indicating that both ac-
tivities were the properties of a single molecule. Failure of pre-
treatment with a Thy 1.2 antibody and complement to abolish
the effect of IL-3 suggests that the lymphokine does not require

Table IV. Effect of Thy 1.2 Antibody and
Complement on Day 11 Spleen Colony Formation by
Marrow Cells Exposed to IL-3 In Vitro

CFU-§/10°

Treatment cultured marrow cells*
Normal mouse serum + C' before IL-3 3831341
Thy 1.2 antibody + C' before IL-3 355+22%
IL-3 (96 h) 338+28%
Normal mouse serum + C' after IL-3 (96 h) 350+20%
Thy 1.2 antibody + C' after IL-3 (96 h) 195+27§
Normal mouse serum + C' without

incubation in vitro 416124t
Thy 1.2 antibody + C' without incubation

in vitro 362+23%

Marrow cells were treated with either normal mouse serum or Thy 1.2
antibody and complement (C') before culture in vitro with IL-3 (20 U/
ml) or after 96 h of culture with IL-3. As controls, fresh marrow cells
were treated with either normal mouse serum or Thy 1.2 antibody
and C' immediately before the spleen colony assay.

* Meanzstandard error of the mean.

1 Not significantly different.

§ P <0.001.
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Figure 4. Dose-response curves for IL-3-mediated proliferation of day
11 CFU-S in vitro and IL-3-mediated factor-dependent cell line prolif-
eration in vitro. The spleen colony assay was performed on marrow
cells cultured in vitro with various concentrations of IL-3 for 96 h.
The data represent the meanz+standard error of the means of three ex-
periments and are superimposed on the titration curve for factor-de-
pendent cell line proliferation (13) for the same lot of IL-3. (m) IL-3-
treated CFU-S; (®) control CFU-S; (O) IL-3-treated factor-dependent
cell line proliferation.

Thy 1.2 antigen-bearing cells for its interaction with day 11 CFU-
S. It is likely that the CFU-S responding to IL-3 were from the
nonadherent cell population, in that an established adherent cell
layer was not present in our cultures and the adherent cell pop-
ulation consisted of macrophages that were devoid of spleen
colony-forming activity.

During the course of in vitro culture in the presence of IL-
3, there were significant fluctuations in the concentration of day
11 CFU-S and nonadherent cell number. In the absence of an

Table V. Distribution of Spleen Colonies by
Cell Composition in Mice Receiving Marrow Cells
Cultured in the Presence or Absence of IL-3

Spleen colony composition*

Treatment Erythroid Myeloid Megakaryocyte Mixed}
% % % %

None 60+0.7 24+5.7 4 14+4.2
IL-3for 1 h 52+10.7 33+5.0 6 25

None 61+10.9 37x1.6 5 11.3+0.9
IL-3for3h 43+3.8 35+4.6 5.3+0.9 16.3+7.4
None — — — —

IL-3 for 96 h 56+4.5 22+4.8 4.31+2.1 17.6+£2.3

Marrow cells were cultured in the presence or absence of IL-3 (20 U/
ml) for the indicated times before spleen colony assay. The spleens
were prepared for histologic analysis as indicated in Methods. Data for
each experimental point were derived from microscopic examination
of 61-91 colonies from 7-10 spleens. There were an insufficient num-
ber of colonies for quantitative analysis of cell composition for 96-h
controls.

* Meanzstandard error of the mean.

} Erythroid-myeloid, megakaryocyte-myeloid, erythroid-myeloid-
megakaryocyte.



Table VI. Effect of IL-3 on the In Vitro Survival
of Day 11 CFU-S from 5-FU-treated Marrow

CFU-S/10° cultured marrow cells*

Additions to culture Expt. 1 Expt. 2
5-FU-treated mice
None 4027 80122
IL-3 490+32 40046
Control mice
None — 15+9
IL-3 360+12 315+28

Marrow cells harvested from mice that had received 5-FU (150 mg/
kg) intravenously 3 d previously were incubated in vitro with or with-
out IL-3 (20 U/ml). After 96 h the cells were harvested for assay of
day 11 CFU-S. Control cultures contained marrow cells from un-
treated mice.

* Meanzstandard error of the mean.

established adherent cell layer these fluctuations cannot be at-
tributed to an influx of cells from that source. The decline in
CFU-S during the first 48 h of culture in the presence of a sat-
urating concentration of I1L-3 suggested that only a portion of
the CFU-S population was able to respond to the lymphokine.
This was confirmed by the experiments in which exposure to
IL-3 was either limited in duration or initiated after the cells
had been cultured in vitro for at least 24 h. In each instance, no
more than 50% of the expected number of CFU-S could be
recovered at 96 h in comparison to cells which were continually
exposed to the lymphokine. Because as little as 1 h of exposure
to IL-3 was sufficient to maintain CFU-S in culture for 96 h, it
is unlikely that responsiveness to the lymphokine was related to
duration of exposure. Rather it appears that the stem cell pop-
ulation was heterogeneous in its ability to proliferate in response
to IL-3. This is in accord with the observations of Suda et al.
(34). The subsequent increase in CFU-S concentration during
the second 48 h of culture probably represents the emergence
of a new cohort of stem cells responsive to the lymphokine.

Although stem cells are heterogeneous in their ability to pro-
liferate in response to IL-3, they appear to require the lymphokine
for survival in vitro. In the absence of IL-3, CFU-S concentration
declined by 80% within the first 48 h of culture. Although the
CFU-S concentration at 48 and 72 h was higher in cultures con-
taining IL-3 than in control cultures, when addition of the lym-
phokine was delayed for 48-72 h, the concentration of CFU-S
persisting at 96 h fell markedly. This suggests that IL-3 was re-
quired not only for stem cell proliferation but also for mainte-
nance of stem cells in vitro as well.

The cyclic behavior of the CFU-S in vitro in the presence
of IL-3 is of interest with respect to the proposed instructive role
of the hematopoietic microenvironment in regulating stem cell
proliferation. Lord and co-workers (35, 36) have identified sol-
uble factors in normal and regenerating bone marrow that re-
spectively inhibit or stimulate CFU-S proliferation. Such factors
have also been identified in vitro in long-term marrow cultures
after medium replenishment (37). Cycling occurred in our cul-
tures in the absence of an established adherent layer or manip-
ulation of the culture medium. Furthermore, there is no a priori
reason to assume that levels of any stimulatory or inhibitory

factors were fluctuating in our cultures. Thus, while such factors
may be operative in vivo, they are probably not obligatory for
CFU-S proliferation. The cyclic behavior of the CFU-S we ob-
served may be an intrinsic property of hematopoietic cells as
previously postulated (38).

The sequential juxtaposition of the zenith and nadir in con-
centration of both CFU-S and nonadherent cells suggested a
precursor-progeny relationship. This was supported by the
composition of the nonadherent cell population at these times;
during maximal CFU-S proliferation, blast cells and promyelo-
cytes predominated while differentiating granulocytes composed
the bulk of the nonadherent cells during maximal expansion of
that population. The decline in spleen colony-forming activity
during the initial period of culture also supports the contention
that a portion of the stem cell population was differentiating.
However, because IL-3 stimulates the proliferation of committed
(39) as well as pluripotent progenitor cells, definite proof of a
precursor-progeny relationship between these populations in our
cultures cannot be established from our data.

Because IL-3 promotes the growth of lineage-restricted pro-
genitor cells and because not all CFU-S have the capacity for
self-renewal or marrow repopulation, it was important to de-
termine whether IL-3 interacted with CFU-S with these char-
acteristics. Indeed, some investigators have postulated that IL-
3 may not interact with the most primitive hematopoietic pro-
genitor cells (40). CFU-S persisting in the marrow of mice treated
with 5-FU have a high proliferative and marrow-repopulating
capacity (25) and are thought to represent an antigenically dis-
tinct cell population (41). We found that marrow cells obtained
from 5-FU-treated mice responded to IL-3 in vitro in the same
manner as normal marrow cells. Thus IL-3 interacts with prim-
itive stem cells with a high proliferative capacity and marrow-
repopulating potential as well as with lineage-restricted progen-
itor cells.

Previous studies have demonstrated that early (day 8) CFU-
S, high proliferative potential colony-forming cells, BFU-E, and
CFU-GM express the Thy 1.2 antigen (21-24). We also detected
the Thy 1.2 antigen on day 11 CFU-S as measured by sensitivity
to complement lysis but only after exposure to IL-3. Whether
the change in susceptibility to complement lysis in the presence
of the anti-Thy 1.2 antibody is related to an IL-3-induced change
in cell cycle status is unknown, and further studies of Thy 1.2
antigen expression on day 11 CFU-S are indicated.

Ogawa and co-workers (42, 43) have presented data based
on in vitro studies that support a stochastic mechanism for stem
cell differentiation. Because IL-3 promotes the proliferation and
differentiation of a variety of lineage-restricted hematopoietic
progenitor cells, it was of interest to determine whether exposure
to the lymphokine for various periods of time influenced the
commitment of pluripotent stem cells to a particular differen-
tiation pathway. Analysis of spleen colony histology failed to
reveal any change in the cell composition of colonies formed by
IL-3-treated cells as compared with controls even after 96 h of
exposure to the lymphokine. This result provides additional
support for the hypothesis that commitment to differentiation
by pluripotent stem cells occurs stochastically.

Taken together, our data demonstrate that IL-3 promotes
the survival and proliferation of pluripotent hematopoietic stem
cells in vitro without altering their commitment program and
thus establishes the lymphokine as the first physiologic regulatory
molecule to be identified with these properties. Because IL-3 is
an immunologic regulatory protein, the biologic significance of
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its ability to promote the proliferation of pluripotent hemato-
poietic stem cells remains to be determined, although this may
relate to enhancement of T cell production. Regardless of its
biologic role, IL-3 should prove to be an important reagent for
studying stem cell behavior and for obtaining cell populations
enriched with respect to their stem cell content. In that IL-3
increases the number of stem cells in cell cycle, it may also be
useful in enhancing the incorporation of new genetic material
into these cells (44).
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