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Abstract

Purified murine colony-stimulating factors (CSF) recombinant
interleukin 3 (IL-3), natural CSF-1, and recombinant granulo-
cyte-macrophage (GM) CSF were assessed in vivo for their ef-
fects on BDF; mouse bone marrow and spleen granulocyte-mac-
rophage (CFU-GM), erythroid (BFU-E), and multipotential
(CFU-GEMM) progenitor cells in untreated mice and in mice
pretreated with purified iron-saturated human lactoferrin (LF).
The CSF and LF preparations did not contain detectable endo-
toxin (< 0.1 ng). Mice pretreated with LF were more sensitive
" to the effects of CSF. In mice pretreated with LF, 2,000 U
IL-3 or 20,000 U CSF-1 significantly enhanced the cycling status
and absolute numbers of all progenitors, whereas 20,000 U GM-
CSEF significantly increased the cycling status of CFU-GM and
CFU-GEMM, but had no effect on cycling of BFU-E or on num-
bers of any of the progenitors. The effects of CSF in mice pre-
treated with LF were not mimicked by 0.1-100 ng E. coli lipo-
polysaccharide.

Introduction

Colony-stimulating factors (CSF)' were originally defined based
on their capacity to stimulate colony formation by hematopoietic

These studies were presented at the 27th Annual Meeting of the American
Society of Hematology, New Orleans, LA in December 1985, the Inter-
national Symposium on Biological Regulation of Cell Proliferation and
Ninth International Chalone Conference, Milan, Italy in March 1986,
the International Conference on Cytokines, Erlangen, FRG in March
1986, and the 15th Annual Meeting of the International Society for
Experimental Hematology in Buffalo, NY in August 1986, and appeared
in abstract form in 1985 (Blood. [66 Suppl. 1]:146a) and 1986 (Exp.
Hematol. 14:418).
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1. Abbreviations used in this paper: BFU-E, burst-forming unit, erythroid;
BPA, burst-promoting activity; CFU-GEMM, colony-forming unit,
granulocyte-erythroid-macrophage-megakaryocyte; CFU-GM, colony-
forming unit, granulocyte-macrophage; CM, conditioned medium; CSF,
colony-stimulating factor; CSF-1, macrophage CSF; GM-CSF, granu-
locyte-macrophage CSF; *HTdR, tritiated thymidine; IL-3, interleukin
3; LF, lactoferrin; LPS, lipopolysaccharide; PWMSCM, pokeweed mi-
togen mouse spleen cell CM.
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progenitor cells in semisolid culture medium (1, 2). Included in
this group of factors are interleukin 3 (IL-3), also referred to as
multi-CSF, CSF-2a, P-cell-stimulating factor, hemopoietin-2,
burst promoting activity (BPA), 20a hydroxysteroid-inducing
activity, WEHI-3 growth factor, Thy-1-inducing activity, colony-
forming unit-spleen-stimulating activity, and hematopoietic cell
growth factor), macrophage CSF (CSF-1), granulocyte-macro-
phage (GM)-CSF, and granulocyte (G)-CSF (1, 2). IL-3 (3-6),
pluripotent CSF (7), pluripoietin « (8), CSF-1 (9-12), GM-CSF
(5, 13), and G-CSF (14) have been purified to homogeneity, and
more recently the complementary DNA (cDNA) and/or genes
for IL-3 (15-18), CSF-1 (19), GM-CSF (20-23), and G-CSF/
pluripotent CSF (24, 25) have been cloned and expressed. The
receptors and receptor-binding for IL-3 (26-28), CSF-1 (27, 29-
36), GM-CSF (27, 37-39), and G-CSF (27, 40) have been studied
and it is clear that in addition to their effects on hematopoietic
progenitor cells (1, 2), they also influence the functioning of
more mature cells (reviewed in references 41 and 42; 43-48).
The possible involvement of the genes for some of these factors
and their receptors in myeloid disorders has been suggested (49,
50). Although there is now a wealth of information on the actions
of these molecules in vitro, a paucity of information is available
describing an activity for these purified molecules in vivo. The
reports published are only for IL-3 and GM-CSF using mainly
multiple or continuous infusions of high concentrations of these
factors (51-54).

The present studies were undertaken to compare the short
term effects in vivo of relatively low concentrations of purified
preparations of recombinant murine IL-3, natural murine CSF-
1, and recombinant murine GM-CSF on the numbers of nu-
cleated cells, the number of granulocyte-macrophage (CFU-
GM), erythroid (BFU-E), and multipotential (CFU-GEMM)
progenitor cells and the cycling status of these progenitors in the
bone marrows and spleens of mice. Lactoferrin (LF), which sup-
presses the release of growth factors in vitro (55-60) and mye-
lopoiesis in vivo (61, 62), was used as a tool to increase the
sensitivity in vivo of the mice to the effects of exogenously ad-
ministered IL-3, CSF-1, and GM-CSF.

Methods

Mice. (C57BL/6 X DBA/2)F, (BDF,) mice, 6-8 wk old, were purchased
from Cumberland View Farms (Clinton, TN).

Molecules. Murine IL-3 and GM-CSF were expressed from cloned
cDNA prepared from RNA extracted from LBRM-33-5A4 cells. The
two cDNA clones had nucleotide sequences that were essentially identical
to those reported by others for their respective factors (28, 38). The
factors were produced in a yeast expression system that used the prepro
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a-factor promoter and leader sequence to direct secretion of the mature
forms of the factors (28, 38). The expressed IL-3 and GM-CSF were
purified using reversed-phase high-performance liquid chromatography.
IL-3 had a specific activity of 10° U/mg protein when titered against the
IL-3-dependent murine cell line FDC-P2 (28). Units of IL-3 were de-
termined as the reciprocal dilution of a sample that generated 50% of
maximal FDC-P2 [*H]thymidine incorporation as compared with a lab-
oratory standard (WEHI-3b cell line conditioned medium). Therefore,
if a sample stimulated 50% of maximal FDC-P2 [*H]thymidine incor-
poration at a dilution of 1:10, 10% of 100 ul (assay volume) or 10 ul
contained 1 U. GM-CSF had a specific activity of 10° U/mg protein
based upon mouse bone marrow colony formation (38). Units of GM-
CSF were determined using 10° mouse marrow cells in 1 ml and finding
the dilution of sample which gave 50% maximal colony numbers. The
50% maximal number of colonies was then multiplied by the reciprocal
of the sample dilution to yield number of CFU-GM per milliliter. L-cell
CSF (CSF-1) was produced by the growth of murine L-cells in serum-
free CMRL 1066 medium as described previously (10). A liter pool of
conditioned medium (CM) was purified by affinity chromatography (11)
and had a specific activity of 2.3 X 107 U/mg of protein when assayed
by the in vitro growth of murine bone marrow colonies. CSF-1 activity
was calculated from the linear portion of the dilution curve of 10° mouse
bone marrow cells where formation of one colony was defined as 1 U
of CSF-1. This material was subjected to sucrose density gradient cen-
trifugation as a means of removing any potential endotoxin (63). After
centrifugation at 100,000 g for 18 h, the upper third of the sucrose gradient
was aspirated and diluted in 0.1 M Tris HCI containing 0.3% polyethylene
glycol as a stabilizing agent. A control solution was prepared using the
upper third of a sucrose density gradient that did not contain CSF. Human
milk LF, purchased from Sigma Chemical Co., St. Louis, MO, was pu-
rified, fully iron saturated (55, 60), and depleted of endotoxin by removing
the material that gelled in the presence of the Limulus lysate (Sigma
Chemical Co.) (64). LF was quantified using an immunoradiometric
assay for LF prior to use (60). Injections of factors to mice were in a
volume of 0.2 ml. By using the Limulus lysate test for endotoxin, which
has a sensitivity range down to 0.5 ng/ml, we detected no endotoxin
(< 0.1 ng/ml) in the preparations of IL-3, GM-CSF, CSF-1, or LF. E.
coli lipopolysaccharide was purchased from Sigma Chemical Co.

Analysis of hematopoietic progenitor cells in vitro. The assay for CFU-
GM was performed as described (65) with the purified preparations of
recombinant IL-3, natural CSF-1, recombinant GM-CSF and pokeweed
mitogen mouse spleen cell conditioned medium (PWMSCM) as sources
of CSF (65). Granulocyte-macrophage colony formation (> 50 cells/
aggregate) from cells taken from mice pretreated with the purified prep-
aration of CSF and/or LF, was evaluated using 10% vol/vol PWMSCM
as a stimulus. Clusters (3-50 cells) were scored also. As the results for
colonies and clusters were similar to those for colonies, the results are
only shown for colonies. Bone marrow and spleen cells were plated re-
spectively at 7.5 X 10* and 1.0 X 10° cells/ml in 0.3% agar culture medium
(Difco Laboratories Inc., Detroit, MI) that included McCoy’s SA medium
supplemented with essential and nonessential amino acids, glutamine,
serine, asparagine, and sodium pyruvate (Gibco Laboratories, Grand
Island, NYY), with 10% prescreened heat-inactivated (56°C for 0.5 h) fetal
bovine serum (FBS) (HyClone Laboratories, Logan, UT). Unless oth-
erwise noted, colonies were scored after 6-7 d of incubation.

For colony morphology, agar cultures were overlaid with 1 ml of
0.5% glutaraldehyde (Sigma Chemical Co.) in 0.1 M phosphate buffer.
After 6 min, glutaraldehyde was removed and 2 ml absolute methanol
was added to the plates. After the methanol evaporated (12-18 h) the
fixed cultures were submerged in distilled water. After rehydration, the
agar pellicles were floated onto clean glass slides and allowed to dry. For
identification of granulocytes and monocytes/macrophages, colonies were
stained for 45 min with -naphthyl acetate esterase (Sigma Kit #90-A1)
and counterstained with Mayer’s hematoxylin for 10 min. Slides were
washed, dried at room temperature, mounted (Permount, Fisher Scientific
Co., St. Louis, MO), and scored at 400 X. Monocytes/macrophages were
enumerated based on their morphology and the characteristic black cy-
toplasmic granulation.
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The assay for BFU-E-2 was plated at 1 X 10° cells/ml for marrow
and 1 X 10° cells/ml for spleen in a 1-ml mixture of Iscove’s modified
Dulbecco’s medium (Gibco Laboratories), 0.8% methylcellulose, 30%
prescreened FBS (HyClone Laboratories), 5 X 10~ M 2-mercaptoethanol,
1 U of erythropoietin (HyClone Laboratories) and 0.1 mM Hemin (East-
man Kodak Co., Rochester, NY). Hemin increases colony formation by
BFU-E and CFU-GEMM (66). BFU-E-1 and CFU-GEMM assays were
scored from the same plates and were set up as for BFU-E-2 except that
1% v/v PWMSCM was added. Cells were plated at 7.5 X 10* cells/ml
for bone marrow and 1 X 10° cells/ml for spleen BFU-E-1 and CFU-
GEMM assays. BFU-E-2, BFU-E-1, and CFU-GEMM assays were scored
after 6-7 d of incubation. BFU-E-2 colonies contained at least 50 cells
or were composed of at least three subcolonies containing a minimum
of 10 cells each, whereas colonies derived from BFU-E-1 were much
larger than those derived from BFU-E-2. BFU-E-1 may represent a more
immature progenitor than BFU-E-2, although this has not been proven.
Cells were incubated in a humidified environment at lowered (5%) oxygen
tension. Low oxygen tension was maintained using an Oxyreducer
(Reming Bioinstruments, Rochester, NY) because lowered oxygen tension
increases the incidence of colonies derived from hematopoietic progenitor
cells (67).

Cycle status of hematopoietic progenitor cells. To estimate the pro-
portion of progenitors in DNA synthesis (S-phase), cells were treated
with either McCoy’s medium or 50 uCi/ml tritiated thymidine CHTdR)
diluted in McCoy’s medium (New England Nuclear, Boston, MA, specific
activity, 20 Ci/mmol). After a 20-min incubation at 37°C, the cells were
washed once in phosphate-buffered saline containing ice cold thymidine
(2,000 ug), twice more in McCoy’s medium, and then plated into the
CFU-GM, BFU-E, and CFU-GEMM assays. The reduction in the num-
ber of colonies after exposure of cells to *HTdR compared with control
(McCoy’s medium) estimates the proportion of progenitor cells in cycle
just before assaying for colony formation. The results are given as the
percent of cells in S-phase. A negative number means that more colonies
formed after cells were exposed to tritiated thymidine than after cells
were exposed to McCoy’s medium. In some select cases, cells were also
exposed to 500 ug thymidine, or 50 uCi *HTdR plus 500 ug thymidine
as controls for the S-phase specificity of the treatments. In all cases, the
numbers of colonies formed were statistically similar whether cells were
exposed to McCoy’s medium, thymidine, or *HTdR plus thymidine.
The percentage of cells in S-phase was based on control colony counts
that were in the range of 30-165, 15-39, 20-45, and 15-36, respectively
for the CFU-GM, BFU-E-2, BFU-E-1, and CFU-GEMM assays.

Experimental protocols. The details of these are described in the results
section and in the tables. After sacrifice, the marrow from the two femurs
of each mouse was pooled. This marrow and the spleen of each mouse
were assayed separately. Cells from different mice were not pooled. Three
to four mice per group were used in each experiment unless otherwise
noted in the text or in the table legends.

Statistical analysis. Three plates were scored for each CFU-GM
sample and two plates were scored for each BFU-E-2 or BFU-E-1/CFU-
GEMM sample. The results are expressed as the mean+1 SEM and these
are derived from the averages of the colony counts from each of the
individual mice within a group. The probability of significant differences
between groups or samples was determined with the use of Student’s ¢
test.

Results

Influence of colony-stimulating factors in vitro. Before assessing
the actions of IL-3, CSF-1, and GM-CSF in vivo, these growth
factors were compared for their capacity to stimulate colony
formation by bone marrow CFU-GM, BFU-E-1, and CFU-
GEMM (Table I). IL-3 contained GM-CSF, BPA, and multi-
CSF activities, but the GM-CSF activity in the IL-3 preparation
was relatively low compared with the other activities on a unit
basis. Both CSF-1 and GM-CSF-stimulated colony formation



Table I. Influence of Pure Natural Murine CSF-1,
Pure Recombinant Murine GM-CSF, and

Pure Recombinant Murine IL-3 on Colony
Formation by CFU-GM, BFU-E and CFU-GEMM

Colonies (x+1 SEM)

Table II. Influence of Purified Mouse CSF-1 and PWMSCM
on Colony Formation by BDF; Mouse Bone Marrow Cells

Test material Units CFU-GM BFU-E-1 CFU-GEMM
McCoy’s medium 0 18+2 1+0
IL-3 10 0 17+1 1.5%0.5
25 0 16+1 2.5+0.5
50 0 19+3 4+1
100 0.3+0.3 18+2 7+1
200 2+0.6 2242 6x1
400 4+0.3 28+2 10£2
800 7+1 33+1 101
CSF-1 10 161 15£3 1.5+0.5
25 54+4 16+3 0.5+0.5
50 119+6 10+2 0.5+0.5
100 159+6 8+1 0
200 TNC 6+2 0
GM-CSF 10 0 1442 1+1
25 5+1 151 1+0
50 101 14+4 1.5£0.5
100 25+1 15+3 1+0
200 47+3 132 0.5+0.5
400 45+1 16+2 1+0
800 54+5 151 1+0

BDF, bone marrow cells were plated at 7.5 X 10*/ml and scored after
7 d of incubation at 5% O, and 5% CO,. BFU-E and CFU-GEMM
assays were plated in presence of 1 U erythropoietin and 0.1 mM
hemin. Units of activity for the purified preparations of IL-3, GM-
CSF, and CSF-1 were derived as described elsewhere (11, 28, 38). Dif-
ferences between the units quoted above and the actual numbers of
CFU-GM colonies stimulated most likely reflect different culture con-
ditions between laboratories and the use of marrow cells from different
strains of mice. TNC, too numerous to count.

of CFU-GM, but neither contained BPA or mixed colony ac-
tivities at concentrations that were plateau for stimulation of
CFU-GM. IL-3 and GM-CSF-stimulated colony and cluster
formation of granulocytes, macrophages, and granulocytes plus
macrophages after 4 and 7 d of incubation (data not shown).
While CSF-1 stimulated mainly macrophage colonies after 7 d
of incubation, colonies of granulocytes, macrophages, and gran-
ulocytes plus macrophages were stimulated by CSF-1 when col-
onies were scored after 4 d of incubation (Table II). The results
shown in Tables I and II have been reproduced in at least three
different experiments.

Effects of IL-3 in vivo. IL-3 was assessed for effects on the
cycling status of bone marrow CFU-GM in mice pretreated with
sterile pyrogen-free saline or with endotoxin-depleted iron-sat-
urated human LF. Mice were given saline or 100 ug LF i.v. and
were inoculated i.v. 15 h later with 500 U IL-3 or control diluent.
The cycling status of control mice given saline and control diluent
was similar to that of mice not previously injected with any
material (30-40% of CFU-GM in S-phase). In two separate ex-
periments, LF significantly decreased (P < 0.0001) the percent
of CFU-GM in S-phase from 314 and 30+5% to 49 and
—4+2%. IL-3 significantly increased (P < 0.005) the percent of

Colony morphology as a percent
Colonies per Granulocyte-

Stimull 7.5X 10*cells  Granulocyte Macrophage  macrophage
Plates scored after 4 d of incubation
100 U CSF-1 90+3 12 60 28
50 U CSF-1 93+7 17 48 35
25 U CSF-1 576 23 58 19
5% vol/vol

PWMSCM* 705 33 42 25
Plates scored after 7 d of incubation
100 U CSF-1 1466 3 84 13
50 U CSF-1 1216 5 79 16
25 U CSF-1 95+4 11 61 28
5% vol/vol

PWMSCM* 78+1 42 19 39

* PWMSCM is used for comparison with the effects of CSF-1 on col-
ony formation.

CFU-GM in S-phase to 59+4 and 54+4% in mice pretreated
with saline. The stimulatory effect of IL-3 was even more ap-
parent when the percent of CFU-GM in S-phase in mice given
both LF and IL-3 (51%2 and 52+6%) was compared with the
percent of CFU-GM in S-phase in mice given LF and then con-
trol diluent (4+9 and —4+2%).

Since LF decreases the cycling status and absolute numbers
of marrow CFU-GM, BFU-E, and CFU-GEMM when admin-
istered to mice (55, 61, 62), and pretreatment of mice with LF
resulted in a more sensitive assay for detection of the effects of
IL-3 in vivo, the rest of the studies with IL-3 were done by
evaluating the effects of IL-3 in mice pretreated with 50 ug LF,
which was as effective as 100 ug LF (data not shown). In LF-
pretreated mice, 500 U IL-3 increased the cycling status of bone
marrow CFU-GM, BFU-E-2, BFU-E-1, and CFU-GEMM
within 3 h of IL-3 administration (Table III). This effect was still
apparent after 24 h, but was decreased substantially by 48 h
(Table III). IL-3 (500 U) increased the absolute numbers of BFU-
E and CFU-GEMM, but not CFU-GM, within 24-48 h, with
no significant effect within 3-48 h noted on the total nucleated
marrow cell population (Table III).

A dose response study of IL-3 on marrow (Table IV) and
splenic (Table V) hematopoiesis within 22 h, after IL-3 admin-
istration to LF-pretreated mice, demonstrated that 2,000 U of
IL-3 increased the absolute numbers and cycling status of both
femoral and splenic CFU-GM, BFU-E-2, BFU-E-1, and CFU-
GEMM, without a detectable effect on the total nucleated cel-
lularity of these organs (Tables IV and V) or on the peripheral
blood cell counts (data not shown). The dose response data in
Tables IV and V demonstrate also that: (@) BFU-E and CFU-
GEMM are more sensitive to the effects of IL-3 in vivo than are
CFU-GM, (b) cycling status of progenitors is a more sensitive
parameter than progenitor cell numbers for detecting the effects
of IL-3, and (c) the marrow is a more sensitive target organ than
the spleen to the hematopoietic enhancing effects of IL-3 in mice

pretreated with LF.
Effects of CSF-1 in vivo. To determine if pretreatment of
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Table III. Influence of Purified Recombinant Mouse IL-3 In Vivo on Nucleated Cells, Hematopoietic
Progenitor Cells, and Cycling of Progenitors in Mice Pretreated with Lactoferrin

Colonies X 1073/femur (%A)

Percent of cells in S-phase

Nucleated cells
Test material X 1075/femur CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM
Exp. 1 LF, 12 h later test material, 3 h later sacrifice mice
Control diluent 17.7+3.9 242+43 2.7+04 3.2+0.5 2.1+0.9 1613 318 4+7 9+6
IL-3 (500 U) 18.5+4.0 (+5) 29.1+8.8 (+20) 3.1+0.6 (+15) 3.5%0.6 (+9) 2.6+0.4 (+24) 53+7* 67+8* 47+8* 59+11*
Exp. 2 LF, 12 h later test material, 24 h later sacrifice mice
Control diluent 15.3+1.3 24.0+0.3 2.6+0.4 1.1+0.1 1.2+0.2 15+2 213 133 105
IL-3 (500 U) 15.5+1.7 (+1) 27.2+4.0 (+13) 4.0+0.4 (+54)* 2.0+0.2 (+82)* 2.5+0.6 (+108)* 43+1* 59+7* 45+6% 58+3*
Exp. 3 LF, 12 h later test material, 48 h later sacrifice mice
Control diluent 20.8+0.4 16.120.5 3.0+0.1 5.1+£0.7 1.1+0.1 32+6 3546 1212 2+14
IL-3 (500 U) 20.3+0.4 (—2) 18.6+14 (+16) 4.9+0.7 (+63)* 7.3+£1.0 (+43) 2.3+0.2 (+109)* 41+3 58+2% 2546  45+2*

Mice were pretreated with 50 ug endotoxin-depleted human lactoferrin i.v. and then treated i.v. with control diluent or IL-3 as described. Each
experiment is the average of three mice per group. Numbers in parentheses designate the percent change (%A) from control. * Significant percent

change (%A) from mice injected with control diluent, P < 0.05.

mice with LF also made them more sensitive to the effects of
CSF-1, mice were given sterile pyrogen-free saline or 100 ug LF
i.v. and were injected i.v. 15 h later with 20,000 U CSF-1 or
control diluent. Mice were sacrificed 3 h later. In two experi-
ments, LF significantly decreased (P < 0.001) the percent of
marrow CFU-GM in S-phase from 35+5% and 40+2% to
—2+10% and —8+4%. CSF-1 significantly increased (P < 0.005)
the percent of CFU-GM in S-phase to 66+4 and 61+2% in mice
pretreated with saline. The stimulating effect of CSF-1 was even
more apparent when the percent of CFU-GM in S-phase in mice
given both LF and CSF-1 (62+10% and 63+8%) was compared
to the percent of CFU-GM in S-phase in mice given LF and
then control diluent (—2+10% and —8+4%).

A time sequence study evaluating the effects of CSF-1 in
LF-pretreated mice (Table VI, experiments 1-4) demonstrated
that 20,000 U of CSF-1 increased the cycling status of bone
marrow CFU-GM, BFU-E-2, BFU-E-1, and CFU-GEMM
within 3 h, with this increase still apparent after 12 and 24 h.
By 48 h, the cycle enhancing effects of CSF-1 were no longer

apparent. CSF-1 caused increases in the absolute numbers of
these progenitors by 12-24 h with no detectable effect apparent
by 48 h. Because the suppressive effects of LF in vivo are lost
with time (60), mice were given sequential treatments with LF
and CSF-1 (Table VI, experiment 5) and the mice were evaluated
24 h after the second injection with CSF-1, which was 39 h after
the first administration of CSF-1. These mice received a total
dosage of 100 ug LF and 40,000 U CSF-1. Under these conditions
both the cycling status and absolute numbers of marrow pro-
genitors were enhanced significantly. No significant effect on
total nucleated cellularity was apparent in the five separate ex-
periments shown in Table VI.

By assessing the marrow and splenic effects of varying con-
centrations of CSF-1 given to mice pretreated with LF (Tables
VII and VIII) it was apparent that CSF-1, at concentrations of
10,000 and 20,000 U, significantly increased the percent of mar-
row and splenic CFU-GM, BFU-E-2, BFU-E-1, and CFU-
GEMM that were in S-phase. CFU-GM were more sensitive to
the effects of CSF-1 than were BFU-E and CFU-GEMM (Tables

Table IV. Influence of Purified Recombinant Murine IL-3 In Vivo on the Numbers of Femoral Nucleated Cells,
Hematopoietic Progenitor Cells, and the Cycling Status of Progenitor Cells in Mice Pretreated with Lactoferrin

Colonies X 1073/femur (%4)

Percent of cells in S-phase

Nucleated cells

Test material X 107¢/femur CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM
Control medium 15.5+0.8 13.1+1.0 5.0+0.5 2.5+0.1 3.0+0.2 21+4 14+5 9+5 2+3
2,000 U IL-3 15.8+0.7 (+2) 17.9+0.8 (+37)* 8.1+£0.4 (+62)* 3.8+0.2 (+52)* 5.0+0.3 (+67)* 63+£3* 61+3* 54+3* 59+2*
1,000 U IL-3 12.8£0.8 (—17) 10.7+0.8 (—18) 5.4+0.1 (+8)  3.8+0.7 (+52)¢ 4.8+0.2 (+60)* 47+2* 55+6* 44+4* 50+3*

500 U IL-3 13.7£0.6 (—12) 10.2+2.7 (—22) 5.3+0.8 (+6)  3.2+0.2 (+28)* 3.6+0.1 (+20)* 45+8* 54+1* 50+4* 66+8*

250 U IL-3 16.1£0.1 (+4) 11.4+0.1 (—13) 5.5+£0.2 (+10) 3.0+0.6 (+20) 3.7+0.1 (+23)* 2242  45+4* 35+5% 53+2*

125 U IL-3 13.8£1.0 (—11) 10.4+1.6 (—21) 4.0+0.8 (-20) 2.5+0.5 (0) 2.1+0.5(-30) 7+l 43+9* 37x4%  5240%

Mice were pretreated with 50 ug endotoxin-depleted human lactoferrin i.v. 3 h later they were treated i.v. with control medium or various concen-
trations of IL-3. Mice were sacrificed 22 h later. Results for control diluent and 2,000 U IL-3 are averages of nine mice per group (in a total of
three experiments) and results for 125-1,000 U are averages of six mice per group (two experiments). Numbers in parentheses designate the per-
cent change (%4) from control. * P < 0.005 compared with control medium. * P < 0.05 compared with control medium.

724  Broxmeyer et al.



Table V. Influence of Purified Recombinant Murine IL-3 In Vivo on the Numbers of Splenic Nucleated Cells,
Hematopoietic Progenitor Cells, and the Cycling Status of Progenitor Cells in Mice Pretreated with Lactoferrin

Colonies X 10~*/spleen (%4) Percent cells in S-phase
Nucleated cells -
Test material X 10%/spleen  CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM CFU-GM BFU-E2 BFUE-l CFU-GEMM
Control medium 134+8 3.7+0.7 4.4+1.8 3.5+0.4 1.3+£0.3 16x1 18+9 —-3x14 -2%19
2,000 U IL-3 135£1 (+1) 5.74£0.9 (+54)* 7.9+0.6 (+80)* 4.6+0.4 (+31)* 2.8+0.8 (+115)* 56+0% 47+2% 32+1# 60+10%
1,000 U IL-3 126+13 (—6) 3.4+0.1(—8) 6.7£1.8(+52) 3.9+1.0(+11) 2.2+0.7(+69) 46+10* 46+6* 38454 60+1*
500 U IL-3 116+26 (—13) 3.120.8 (—16) 6.2+0.8 (+41) 5.1+0.9 (+46) 1.9+0.3 (+46) 33+1% 48+2% 43+4* 48+5%
250 U IL-3 160+21 (+19) 4.1£0.9 (+11) 7.1£1.5(+61) 5.5+1.0 (+57) 1.7+0.3(+31) 15+11 40+4* 4110 23+13*
125 U IL-3 145+4 (+8) 4.8+1.4(+30) 6.4+0.1 (+45) 3.0+0.3(—14) 0.8+0.1(-38) 12+2 1610 —15+8 —14+4

Mice were pretreated with 50 ug endotoxin-depleted human lactoferrin i.v. 3 h later they were treated with control medium or various concentra-
tions of IL-3. Mice were sacrificed 22 h later. Results are the average of six mice (in a total of two experiments). Numbers in parentheses designate
the percent (%A) from control. * P < 0.05 compared with-control medium. * P < 0.005 compared with control medium.

VII and VIII) and the marrow progenitors (Table VII) were more
sensitive than the splenic progenitors (Table VIII) to the en-
hancing effects of CSF-1. These experiments (Tables VII and
VIII) were performed differently from those reported in Table
VI in that the growth factor was given to mice 3 h, rather than
12 h, after the LF inoculation. Under these conditions a signif-
icant increase in the numbers of bone marrow CFU-GM, BFU-

shown). There was no detectable effect of up to 10,000 U of
CSF-1 on marrow progenitor cell numbers and of up to 20,000
U of CSF-1 on splenic progenitor cell numbers. No effect was
detected on marrow or splenic total nucleated cellularity or on
peripheral blood counts with up to 20,000 U CSF-1 (data not
éhown).

Effects of GM-CSF in vivo. The administration of 10,000 U
GM-CSF i.v. to previously untreated mice, in two separate ex-

E-2, BFU-E-1, and CFU-GEMM was only detected in one of

these three experiments using 20,000 U of CSF-1 (data not periments; resulted after 24 h in significant increases (P < 0.05)

Table VI. Influence of Purified Mouse CSF-1 In Vivo on Numbers of Femoral Nucleated Cells, Hematopoietic
Progenitor Cells, and on Cycling Status of Progenitors in Mice Pretreated with Lactoferrin

Colonies X 10~*/femur (%4) Percent of cells in S-phase
Nucleated cells

Test material X 107%/femur CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM CFU-GM BFU-E-2 BFU-E-l CFU-GEMM
Exp. 1 LF, 12 h later test material, 3 h later sacrifice mice
Control diluent 21.5+1.8 35.2+2.4 2.410.5 2.8+0.2 4.1+0.2 1243 24+6 28+6  25+3
CSF-1

(20,000 U)  16.8+1.6 (—22) 36.4+5.0 (+3) 2.840.3(+17) 2.3+0.3(—18) 5.3+0.6 (+29)* 68+3* 8l+1* 47+5* 57+6*
Exp. 2 LF, 12 h later test material, 12 h later sacrifice mice
Control diluent 20.2+1.4 10.9+1.5 4.3+0.8 2.510.1 2.0+0.2 11£3 4+2 3+3 4+3
CSF-1 . )

(20,000 U)  19.5+0.5 (—3) 16.3£2.9 (+50)* 4.3+0.6 (0) 3.8+0.3 (+52)* 4.0+0.2 (+100)* 45+10* 50+7* 47+3* 61+7*

Exp. 3 LF, 12 h later test material, 24 h later sacrifice mice
2345 15+5 5+5 1+3

Control diluent 16.3+0.9 13.9+1.2 5.5+£0.6 2.5+0.1 3.3+0.1
CSF-1 A
(20,000 U)  14.4£1.0(—12) 18.5£1.5 (+33)* 7.5+0.7 (+36)* 3.3£0.4 (+32)* 4.7+0.5 (+42)* 67£3* 62x5* 49+7* 56+3*

Exp. 4 LF, 12 h later test material, 48 h later sacrifice mice

Control diluent 20.7+1.2 12.710.5 3.0+0.3 4.3+0.6 0.9+0.3 206  31%5 67  12%7
CSF-1

(20,000 U)  20.0+1.0 (—3) 15.8£1.2(+24) 4.2+0.7 (+40) 6.0+1.0 (+40) 1.1+0.3(+22) 348 38+4 25+19 20+10
Exp. 5 LF, 12 h later test material, 12 h later LF (3 h) test material (24 h), sacrifice mice
Control diluent 19.7+0.7 9.8+0.9 7.5+0.2 2.1+0.2 1.4+0.4 102 17%2 6+6 3+3
CSF-1

(20,000 U)  18.5+1.0(=6) 18.4+1.5 (+88)* 6.5t1.4(—13) 3.1+0.2 (+48)* 3.1+0.2 (+121)* 61+5* S51+5* 61+11* 71+11*

Mice were pretreated with 50 ug endotoxin-depleted human lactoferrin i.v. and then treated i.v. with control diluent or CSF-1 as described. Each
experiment is the average of three mice per group. Numbers in parentheses designate the percent (%4) from control. * Significant percent change
(%A) from mice injected with control diluent, P < 0.05. None of the decreases were significant.
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Table VII. Influence of Purified Mouse CSF-1 on the Cycling
Status of Bone Marrow Hematopoietic Progenitor Cells In Vivo
after Mice have been Pretreated with Purified Human Lactoferrin

Table IX. Influence of Pure Recombinant Murine GM-CSF In
Vivo on Cycling Status of Femoral Hematopoietic
Progenitor Cells in Mice Pretreated with Human Lactoferrin

Percent of cells in S-phase

Percent of cells in S-phase

Test material CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM Test material CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM
Control diluent 21+4 134 2+4 0+0.3 Control diluent 2342 1615 8+7 0.3x10
20,000 U 65+3* 61+4* 46£5* 58+3* 20,000 U GM-CSF 597+ 24+7 0.5+12 62+8*
10,000 U 53+1* 39+1* 25+0* 25+14% 10,000 U GM-CSF ~ 64+3* 8+5 2+8 45+4*
5,000 U 31+4% 13+15 13+4 2+8 5,000 U GM-CSF 47+5* 16+7 249 31+10*
2,500 U 29+1% 3+13 10£1 8+5 2,500 U GM-CSF 47+4* 12+5 1+4 1+4
1,250 U 201 613 16+2 -0.5+18 24+3 9+6 0.2+5 0.2+3

1,250 U GM-CSF

Mice were pretreated with 50 ug endotoxin-depleted human lactofer-
rin i.v. 3 h later they were treated i.v. with control medium or various
concentrations of CSF-1. Mice were sacrificed 22 h later. Results for
control diluent and 20,000 U CSF-1 are averages of nine mice per
group (in a total of three experiments) and results for 1,250-10,000 U
are averages of six mice per group (two experiments).

* P < 0.005 compared with control medium.

# P < 0.05 compared with control medium.

in the cycling status of marrow CFU-GM (54+1% and 57+3%
in S-phase) when compared with the cycling status of CFU-GM
(34+4% and 44+3% in S-phase) in mice given control diluent.
No significant effect was detected on the cycling status of BFU-
E-2 in these mice with 18+5% and 12+5% of cells in S-phase in
mice given GM-CSF compared with 13+4% and 7+2% of cells
in S-phase in mice receiving control diluent. In these mice, GM-
CSF had no effect on the total nucleated cellularity or on the
absolute number of CFU-GM and BFU-E-2 in the marrow. Be-
cause the effects of GM-CSF given to previously untreated mice
were only minimal, and based on the experience using LF-pre-
treated mice as a more sensitive assay to detect the stimulating
effects in vivo of IL-3 and CSF-1, the effects of varying concen-
trations of GM-CSF were evaluated on marrow and splenic nu-
cleated cellularity, numbers of progenitors per organ and on the

Table VIII. Influence of Purified Mouse CSF-1 on the Cycling
Status of Splenic Hematopoietic Progenitor Cells In Vivo after
Mice Have Been Pretreated with Purified Human Lactoferrin

Mice were pretreated with 50 ug endotoxin-depleted human
lactoferrin i.v., given control diluent or GM-CSF i.v. 3 h later, and
sacrificed 24 h later. Results are the average of 6-8 mice/group (from
a total of two experiments).

* Significant change from mice given control diluent, P < 0.001.
Other changes are not significant, P > 0.05.

cycling status of progenitors in these organs in mice pretreated
with LF. The results on the cycling status of marrow and splenic
progenitors are shown respectively in Tables IX and X. GM-
CSF increased the percent of marrow and splenic CFU-GM and
CFU-GEMM in S-phase, but had no significant effect on the
cycling status of BFU-E-2 and BFU-E-1. The cycling status of
CFU-GM was more sensitive to the enhancing effects of GM-
CSF than was the cycling status of CFU-GEMM and at least for
CFU-GEMM, the marrow appeared to be a more sensitive organ
than the spleen to these effects. Not shown is that concentrations
of 1,250-20,000 U of GM-CSF had no significant effect on the
nucleated cellularity, on numbers of CFU-GM, BFU-E-2, BFU-
E, or CFU-GEMM per femur or spleen, or on peripheral blood
counts.

Comparative effects of IL-3, CSF-1, and bacterial lipopoly-
saccharide (LPS) in vivo in mice pretreated with LF. No con-
tamination of endotoxin could be detected in the CSF samples

Table X. Influence of Pure Recombinant Murine GM-CSF
In Vivo on Cycling Status of Splenic Hematopoietic
Progenitor Cells in Mice Pretreated with Human Lactoferrin

Percent of cells in S-phase

Test material CFU-GM

Percent of cells in S-phase

BFU-E-2 BFU-E-1 CFU-GEMM Test material CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM
Control medium 66 7+4 —-11x16 4+8 Control diluent 15+1 6+2 3+6 4+1
20,000 U 515 3510 42+5* 41+9* 20,000 U GM-CSF 53+3* 10+7 135 40+12*
10,000 U 37+3* 12410 1619 45+10* 10,000 U GM-CSF ~ 46x10* 1+£5 1945 38+9*
5,000 U 35+4* 4+1 —4+10 4+16 5,000 U GM-CSF 51+6* —2+8 919 4+1
2,500 U 7+3 64 12+4 8+2 2,500 U GM-CSF 37+5* —4+7 —5+0 —6+6
1,250 U .16+l 0+4 1,250 U GM-CSF 18+2 9+1 —12+3 —12+3

Mice were pretreated with 50 ug endotoxin-depleted human lactofer-
rin i.v. 3 h later they were treated i.v. with control medium or various
concentrations of CSF-1. Mice were sacrificed 22 h later. Results are
the averages of six mice (in a total of two experiments).

* P < 0.005 compared with control medium, other numbers are not
significantly different from control (P > 0.05).
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Mice were pretreated with 50 ug endotoxin-depleted iron-saturated
human lactoferrin i.v., given control diluent or GM-CSF i.v. 3 h later
and sacrificed 24 h later. Results are for three mice per group (one ex-
periment).

* Significant change from mice given control diluent, P < 0.005.
Other changes are not significant, P > 0.05.



Table XI. Comparative Influences of Purified Murine CSF-1, Purified Recombinant
Murine IL-3, and E. Coli Lipopolysaccharide In Vivo on Numbers of Femoral Nucleated Cells, Hematopoietic Progenitor

Cells, and on Cycling Status of the Progenitors in Mice Pretreated with Lactoferrin

Colonies X 10~3/femur (%4)

Percent of cells in S-phase

Nucleated cells

Test material X 10~%/femur  CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM
Control medium 17+1 15+0.4 2.0+0.2 3.5+0.1 3.5+0.5 6+2 —5+5 29+2 32+6
20,000 U CSF-1 1943 (+12) 2743 (+80)* 4.4+0.1 (+120)* 3.3+0.5(—6) 4.7+0.3 (+34)* 69+4* 62+2*  46+8* 50+3*
500 U IL-3 17£1 (0) 142 (-7) 3.0+£0.4 (+50)* 3.2+0.3(-9) 4.7+0.2 (+34)* 49+1* 49+13* 41+6* 68+9*

100 ng LPS 14+1 (—18) 141 (=7) 2.4+0.1 (+20) 3.4+0.5(-3) 2.6+0.6 (—26) 21+2* 0+6 15+9 23+13

10 ng LPS 15£2 (-12) 14+2(-7) 2.3+0.3 (+15) 3.0£1.0(—14) 29409 (—-17) 18%1* 3+3 11+11 0+0*

1 ng LPS 14£1 (—18) 12+2(-20) 1.9+0.4 (-5) 2.5+0.3 (-29) 2.4x+0.1 (=31 8%6 0+1 16+9 2+19%
0.1 ng LPS 1941 (+12) 141 (-7) 2.2+0.1 (+10) 3.3+0.1 (—6) 2.7+0.4 (—23) 1+2 —9+9 1416 8+18

Mice were given 50 ug endotoxin-depleted lactoferrin i.v. at time 0. 12 h later three mice per group were given test material i.v. Mice were sacri-
ficed 24 h after test material. Numbers in parentheses designate the percent (%A) from control. * Significant percent increase when compared
with control medium, P < 0.05. *Significant percent decrease when compared with control medium, P < 0.05.

using the Limulus lysate assay (< 0.1 ng/sample) and it was
therefore unlikely that the effects of IL-3, CSF-1, and GM-CSF
noted in vivo were due to contaminating endotoxin. However,
the effects of varying concentrations of E. coli LPS were assessed
in mice pretreated with 50 ug LF. The results comparing the
effects of 20,000 U CSF-1, 500 U IL-3, and 0.1-100 ng LPS on
marrow and splenic hematopoiesis are shown respectively in
Tables XI and XII. The stimulating effects of CSF-1 and IL-3
were similar to the effects noted above, but these stimulating
actions were not mimicked by 0.1-100 ng LPS, except for a few
isolated and very slight effects.

Discussion

When administered to mice, recombinant IL-3, natural CSF-1,
and recombinant GM-CSF have a stimulating effect on marrow
and splenic hematopoietic progenitor cells that is consistent with
known direct and indirect effects of these molecules on the pro-
genitor cells in vitro. The effects in vivo are most apparent when
myelopoiesis in the test mice is first suppressed by administration
of purified fully iron-saturated human LF. It has also been shown
elsewhere that marrow and spleen progenitor cells in mice 6-7

d after a sublethal dosage of cyclosphamide are more sensitive
than these cells in untreated mice to the in vivo cell cycle-stim-
ulating effects of natural CSF-1 (68) and natural IL-3 (69). Dif-
ferences, which may be more quantitative than qualitative, were
noted in the present report between the actions of these prepa-
rations of CSF in vivo. In contrast to purified natural murine
IL-3, which in our experience is a good stimulator of CFU-GM
colony formation in vitro (69), our preparation of recombinant
murine IL-3 was not a potent stimulator of CFU-GM colonies
in vitro. Nevertheless, the recombinant IL-3 increased the cycling
status and absolute numbers of marrow and splenic hemato-
poietic progenitor cells, and dose response curves with varying
concentrations of IL-3 demonstrated that the BFU-E and CFU-
GEMM progenitor cell compartments were more sensitive to
the effects of IL-3 than was the CFU-GM compartment. This
correlated well with the actions of the preparation in vitro. In
contrast, CSF-1, while manifesting effects on these same pro-
genitor cells, appeared to be a more effective stimulator at lower
concentrations for CFU-GM than for BFU-E and CFU-GEMM.
GM-CSF was more effective in stimulating CFU-GM than CFU-
GEMM, and had no influence on the BFU-E compartments.
Of potential physiological relevance is that the enhancement of

Table X1I. Comparative Influences of Purified Murine CSF-1, Purified Recombinant Murine IL-3, and E. Coli Lipopolysaccharide
In Vivo on Numbers of Splenic Nucleated Cells, Hematopoietic Progenitor Cells, and on Cycling Status of the Progenitors in Mice

Pretreated with Lactoferrin

Colonies X 1073/spleen (%A)

Percent of cells in S-phase

Nucleated cells

Test material X 107%/spleen CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM CFU-GM BFU-E-2 BFU-E-1 CFU-GEMM
Control medium 102+9 38+3 - 27+6 44+6 14+0.2 4+4 3+3 1317 8+1
20,000 U CSF-1 125+15(+23) 112+31 (+195)* 90+22 (+233)* 11917 (+170)* 44116 (+214)* 58+2* 58+6* 44x11* 70x1*
500 U IL-3 77+12 (-25) 33+1(—13) 38+3 (+41)* 5945 (+34)*  15+3 (+7) 58+4* 58+5 54+4* 71£8*
100 ng LPS 10912 (+7) 3241 (—16) 33+1 (+22) 475 (+7) 11£3 (-21) 4+8 3+0 9+3 13£13

10 ng LPS 13515 (+32)* 5919 (+55) 41%10 (+52) 53+6 (+20) 19+4 (+36) 71 2+2 3+0 0+8

1 ng LPS 125+15 (+23) 40+12 (+5) 53+14 (+96)* 52+17 (+18) 15£2 (+7) 102 0+6 1+1 0+1

0.1 ng LPS 86+4 (—16) 23+1 (—39)* 19+1 (—30) 35+2 (—20) 9+1 (—36)* 8+4 4+13 2+2 —2+20

Mice were given 50 ug endotoxin-depleted lactoferrin i.v. at time 0. 12 h later three mice per group were given test material i.v. Mice were sacri-
ficed 24 h after test material. Numbers in parentheses designate the percent (%A) from control. * Significant percent increase when compared
with control medium, P < 0.05. # Significant percent decrease when compared with control medium, P < 0.05.
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the percent of progenitors in the S-phase of the cell cycle was a
more sensitive parameter for assessing the actions of the CSF
preparations in vivo than were the effects of these preparations
on increasing the absolute numbers of progenitors per marrow
or spleen. IL-3 and CSF-1, at high concentrations, increased the
numbers of hematopoietic progenitors, but the effects of CSF-1
on this parameter were variable. Moreover, GM-CSF did not
enhance the absolute numbers of progenitor cells per organ at
any of the concentrations tested. Also, marrow progenitors were
more sensitive than spleen progenitors to the stimulating effects
of the CSF preparations in vivo.

Our reasons for using LF to pretreat the mice were two-fold.
First, we reasoned that it would be easier to detect effects of an
exogenously added preparation of CSF if myelopoiesis in the
mice was first suppressed. Human LF, when administered to
mice, decreases partially the absolute numbers of CFU-GM,
BFU-E, and CFU-GEMM and completely decreases or sub-
stantially slows the cycling status of these progenitors in vivo
(55, 61, 62). It is believed that the myelosuppressive effects of
LF in vivo may result indirectly from decreased release of growth
factors. LF decreases the release from monocytes and macro-
phages in vitro of growth factors that are necessary for the pro-
liferation and differentiation of granulocytes and macrophages
(55-60). Serum obtained from mice receiving LF contains less
CSF for granulocyte and macrophage colony formation in vitro
and organs taken from mice pretreated with LF release less of
these factors in vitro (55). It is not yet known if LF directly or
indirectly decreases the release of IL-3, or other factors with
multi-activities in vitro or in vivo. Our second reason for using
LF is that pure preparations of CSF are known to induce the
release from monocytes and macrophages in vitro of suppressor
molecules for hematopoietic progenitors, such as prostaglandin
E (45), acidic isoferritins (41), interferon-alpha (44, 46), and
tumor necrosis factor (46). Thus the possibility existed that
stimulating effects.of CSF in vivo might be masked by suppressor
molecules induced by the CSF. Since LF suppresses release of
PGE (45) and acidic isoferritins (41) from monocytes and mac-
rophages in vitro, it was possible that LF could decrease the
CSF-induced release of suppressor molecules in addition to de-
creasing the endogenous production/release of growth factors.

Endotoxins cause a number of hematopoietic effects in vivo,
including increased release of colony-stimulating activities, and
enhanced myelopoiesis due to increased blood cell production
and increased release of granulocytes from the marrow granu-
locyte reserve (56, 63, 70). For this reason we carefully controlled
for the potential effects of contaminating endotoxin. Our prep-
arations of CSF did not contain endotoxin, at least within the
sensitivity of the Limulus lysate test, and the effects of IL-3,
CSF-1, and GM-CSF in vivo were not mimicked by concentra-
tions of 0.1-100 ng E. coli LPS. Full dose response curves were
done with LPS because LPS can have both stimulating and sup-
pressing activities that can be related to the concentrations of
LPS used. Further evidence against CSF effects being due to
contamination of endotoxin is that the preparations of CSF had
no effect on the circulating levels of granulocytes, monocytes,
or lymphocytes within 3 to 48 h after administration of the CSF
to previously untreated mice (data not shown). Of interest to
the relative inactivity of LPS in these mice is that they were
pretreated with LF. LF counteracts the release of CSF induced
by LPS in vitro, but this depends on the relative concentrations
of LPS to LF present in the culture (55, 56). Other investigators
have used C3H/HEJ mice as a model to rule out the possibility
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of recombinant IL-3 effects being due to endotoxin (51-53),
however C3H/HEJ mice are less sensitive, but not resistant, to
the effects of LPS (56).

Our studies do not allow us to conclude whether the effects
of IL-3, CSF-1, and GM-CSF in vivo are direct ones on the
hematopoietic progenitors in the marrow and spleen, whether
these effects are mediated through an action on accessory cells
present in the blood, marrow, or spleen, or if the actions are
both direct and indirect. It is possible that at least some of the
effects of IL-3 noted in vivo are direct ones on the progenitors.
CSF-1 stimulates macrophage progenitors directly (71), and in
an unseparated population of marrow cells it stimulates colonies
of granulocytes and granulocytes plus macrophages, as well as
macrophages (Table II), but there is no evidence that CSF-1 can
act as a BPA or multi-CSF in vitro (Table I). GM-CSF, in ad-
dition to its direct effect on CFU-GM in vitro (71), has a pro-
liferative effect on CFU-GEMM and BFU-E (72) and there are
reports that GM-CSF may be a multi-CSF (73). However, this
latter report was based on experiments using enriched but not
pure populations of progenitors, and it is still possible that these
effects were indirect. Using an unseparated population of marrow
cells, we could not detect BPA or multi-CSF activity in our
preparation of recombinant GM-CSF at concentrations up to
those stimulating plateau levels of granulocyte and macrophage
colony formation. These results are consistent with recent reports
from two other groups using recombinant murine GM-CSF (74,
75). There are reports of CSF preparations stimulating the release
of other types of CSF from cells in vitro (46-48), and it is probable
that at least some of the effects in vivo of IL-3, CSF-1, and GM-
CSF are mediated through the induced release of other growth
factors for hematopoietic stem and progenitor cells.

Our studies were designed to study only the short term effects
of relatively low concentrations of IL-3, CSF-1, and GM-CSF
in vivo. During the time periods evaluated (up to 48 h) and
under the conditions of our experiments, we did not detect any
effect on total marrow or splenic nucleated cells or on circulating
levels or differentials of blood cells. The inability to detect changes
in the mature myeloid blood cell compartments may be a man-
ifestation of the short period of evaluation, the need for higher
concentrations of factors, multiple factors, and/or multiple ad-
ditions of one or more factors, including those that may be more
involved in differentiation as compared with proliferation.
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