
REFERENCES AND NOTES 

1. M. Schlesinger et al., Heat Shodz: From Bacteria to Man 
(Cold Spring Harbor Laboratory, Cold Spring Har- 
bor, NY, 1982). 

2. E. A. Craig, C R C  Crit. Rev. Biochem. 18, 239 
(1985). 

3. J. R. Subjeck and T.-T. Shyy, Am. J .  Physiol. 250, 
C1 (1986). 

4. E. W. Gerner, R. Boone, W. G. Connor, J. A. 
Hicks, M. L. Boone, Cancer Res. 36, 1035 (1976). 

5. L. McAlister and D. Finkelstein, Biochem. Biophys. 
Res. Commun. 93, 819 (1980). 

6. J. D. Landry et al., Cancer Res. 42, 2457 (1982). 
7. J. R. Subjeck, J. J. Sciandra, R. J. Johnson, Br. J. 

Radiol. 55, 579 (1982). 
8. B. D. Clark and I. R. Brown, Brain Res. 247, 97 

(1982); Neurochem. Res. 11, 269 (1986); J. W. 
Cosgrove et al., J. Neurochem. 36, 1037 (1981). 

9. I. R. Brown, J. J. Heikkila, J. W. Cosgrove, in 
Molecular Approaches to Neurobiology, I. Brown, Ed. 
(Academic Press, New York, 1982), pp. 221-253; 

I. R. Brown, J .  Neurochem. 40, 1490 (1983). 
10. M. Tytell and M. F. Barbe, in Axonal Transport, M. 

A. Bisbp and R. S. Smith, Eds. (Liss, New York, 
1987), pp. 473-492. 

11. T. S. Nowak, J. Neurochem. 45, 1635 (1985). 
12. I. R. Brown and S. J. Rush, Biorhem. Biophys. Res. 

Commun. 120, 150 (1984). 
13. R. W. Currie and F. P. White, Science 214, 72 

(1981). 
14. D. J. Gower, M. F. Barbe, M. Tptell, K. S. Lee, 

J .  Cell Biol. 103, 78a (1986). 
15. W. K. O'Steen, K. Anderson, C. Shear, Invest. 

Ophthalmol. 13, 334 (1974). 
16. W. K. O'Steen and J. E. Donnelly, ibid. 22, 252 

(1982). 
17. T. Duncan and W. K. O'Steen, Exp. Eye Res. 41, 

497 (1985). 
18. W. K. Noell et al., Invest. Ophthal. 5, 450 (1966); 

J. Lanum, Surv. Ophthalmol. 22, 221 (1978). 
19. W. K. O'Steen et al., Neurobiol. Aging 8,449 (1987). 
20. W. M. Bonner and R. J. Laskey, J. Cell Biol. 86, 

616 (1974). 

21. U. K. Laemmli, Nature 227, 680 (1970). 
22. R. J.  Mans and G. D. Novelli, Arch. Biorhem. 

Biophys. 14, 45 (1968). 
23. W. J. Welch and J. P. Suhan, J. Cell Biol. 103,2035 

(1986). 
24. W. J. Welch et al., J. Biol. Chem. 258,7102 (1982); 

W. J. Welch and J. R. Feramisco, Mol. Cell. Biol. 5, 
1229 (1985). 

25. M. Tj~ell,  unpublished obsenration. 
26. L. Hightower and F. P. White, J. Cell. Physiol. 108, 

261 (1981). 
27. H. Towbin, T. Staehelin, J. Gordon, Proc. Natl. 

Acad. Sci. C1.S.A. 76, 4350 (1979). 
28. M. Tj~el l  et al., Brain Res. 353, 161 (1986). 
29. We thank W. K. O'Steen for advice and for the use 

of equipment for the heat treatment and light expo- 
sure and C. R. H o h a n  for technical assistance. 
Suooorted in Dart bv NSF erant BNS 85-20828 and 
NIH grant 1 k 0 1 ~ ~ 0 7 6 i k  (M.T.) and NIH grant 
GM 33551-06 (W.J.W.). 

2 February 1988; accepted 17 June 1988 

Human IL-3 and GM-CSF Act Synergistically 
in Stimulating Hematopoiesis in Primates 

Interleukin-3 (IL-3) is a member of a family of  growth factors, each of which supports 
the proliferation and development of hematopoietic precursors in culture. Although 
the biologic effects of the different hematopoietic growth factors have been well 
documented in different culture systems, it has only recently become possible to study 
the activities of these molecules in vivo. In comparison with the later acting hematopoi- 
etic growth factors granulocyte-macrophage colony-stimulating factor (GM-CSF) and 
granulocyte colony-stimulating factor, IL-3 elicited a delayed and relatively modest 
leukocytosis when continuously infused intravenously in primates. The IL-3 infusion, 
however, greatly potentiated the responsiveness of the animal to subsequent adminis- 
tration of a low dose of GM-CSF. These results suggest that IL-3 expands an early cell 
population in vivo that subsequently requires the action of a later acting factor such as 
GM-CSF to complete its development. Optimal stimulation of hematopoiesis may be 
achieved with combinations of hematopoietic growth factors. 

I NTERLEUKIN-3 (IL-3) (I), ALSO 

known as multilineage colony-stimulat- 
ing factor (multi-CSF), is a member of 

a complex network of interactive cytokines 
that an important role in regulating the 
hematopoietic and immune systems (2). 
Previous studies have shown that IL-3 inter- 
acts with early progenitor cells common to 
most if not all of the myeloid cell lineages 
(3-7). We, as well as others, have reported 
on the effects of GM-CSF (8, 9) and granu- 
locyte colony-stimulating factor (G-CSF) 
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(10) in nonhuman primates. We now report 
the effects of IL-3 alone and in combination 
with GM-CSF on hematopoiesis. 

Continuous intravenous infusion of 
recombinant human IL-3 expressed either in 
mammalian cells or bacteria, at a rate of 20 
pg kg-' day-', elicited a modest and de- 
layed leukocytosis in normal macaques (Fig. 
1). Typically, the white cell counts increased 
gradually during the 7-day inhsion from a 
mean baseline of 7,750 cells per microliter 
(range 6,000 to 8,000) to a mean maximum 
of 17,000 (range 12,000 to 26,000), 1 to 3 
days after termination of the treatment in 
four animals. The increase in leukocyte 
count was predominantly due to increased 
levels of neutrophils, eosinophils, and lym- 
phocytes, and an unusual population of 
leukocytes containing toluidine blue-stain- 

ing granules (Fig. 2). Although toluidine 
blue staining is characteristic of normal ba- 
sophilic granulocytes, the morphology of 
these cells is atypical in that they are hypo- 
granulated and have a more d i ~ s e  chroma- 

Flg. 1. Effects of continuous infusion of human 
IL-3 on the levels of circulating blood cells in the 
cynomolgus macaque (Macacafasiculavis). The IL- 
3 was continuously infused intravenously for 7 
days in four different animals (21). Daily blood 
samples were drawn for complete and differential 
blood cell count analysis. The results from the 
sample drawn immediately before the infusion 
was started are indicated as day 0. The data 
represent the actual values for (A) complete white 
blood cell, (6) platelet, and (C) corrected reticu- 
locyte counts for four different animals, each 
infused with IL-3 at the rate of 20 kg kg-' day-'. 
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Fig. 2. (A) The atypical basophils /- ?- r" 
from blood smears of IL-3aeated A I - B n* 3dbc 
animals, were stained with Wright- 7 7 .. P-- Giemsa and photographed (x  100). - 
These cells also stained positively - 
with toluidine blue. (6) The typical 
basophil was similarly stained and 
photographed. 

tin pattern in comparison with normal baso- 
phils. Although human IL-3 has been found 
in vitro to support the proliferation of 
mixed colonies containing basophilic granu- 
locytes (6), the origin of the atypical baso- 
phils in the primates remains to be deter- 
&ed. with& the lineages that were most 
consistently expanded by IL-3 treatment (in 
four of the four animals of Fig. l) ,  the 
eosinophil levels increased from a mean 
baseline of 350 per microliter (range 150 to 
700) to a mean maximum of 2100 per 
microliter (range 1400 to 3700); the lyrn- 
phocyte levels increased from a mean b&e- 
line of 3700 (range 2500 to 4200) to a 
mean maximum of 6000 (range 4900 to 
8100); and the atypical basophils increased 
from less than 100 per microliter to a mean 
maximum of 1850 (range 500 to 3700). 

We have also observed consistent in- 
creases in the corrected reticulocvte counts 
and occasional increases in platelet counts 
(Fig. 1, B and C). AU animals in this study 
experienced a modest fall in hemoglobin 
(from a mean of 11.6 g/dl, range 11.3 to 
12.2 g/dl before the study to a mean of 10.2 
gldl, range 9.9 to 10.5 g/d on day 14) and 
hematocrit levels (from a mean of 40.9%, 
range 37.3% to 41.5% before the study to a 
mean of 37.8%, range 36.4% to 39.1% on 
day 7; the hemat&rits had returned to 
normal by day 14), with the red blood cells 
becoming slightly macrocytic, perhaps be- 
cause of repeated bleeding. To minimize the 
effects of repeated bleeding, the reticulocyte 
counts were corrected by multiplying the 
actual counts by the ratio of the hemoglobin 
values on each day to the value at the start of 
the infusion. For the group receiving 20 pg 
kg-' day-', all four individuals and four of 
the five in a lower dosage group (10 pg 
kg-' day-') experienced increases in cor- 
rected reticulocyte counts (mean baseline 
60,000, range 25,000 to 100,000, to a 
mean maximum of 175,000, range 80,000 
to 260,000). At the higher dosage, three of 
tbur animals also displayed an increase in 
platelet count (for the .group, the mean 
baseline value of 310,000 per microliter, 
range 240,000 to 390,000, to a mean maxi- 

mum of 550,000, range 300,000 to 
740,000). When IL-3 was tested at a lower 
dose (10 pg kg-' day-'), only one of five 
animals had an increase in platelet count 
(11). 

The continuous administration of IL-3 
was well tolerated, and no systemic toxicity 
was observed over the dosage range studied 
(5 to 50 pg kg-' day-'); circulating liver 
and kidney enzyme levels remained unal- 
tered. However, the four animals that re- 
ceived I L 3  at the rate of 20 pg kg-' day-' 
developed modest increases in serum levels 
of the acute phase reactants a'-antitrypsin 
(from a mean of 33% of normal values, 
range 25 to 40% before the study to a mean 
of 51% of normal on day 7), orosomucoid 
(from a mean of 47% of normal, range 22 to 
75% before the study to a mean of 80% of 
normal; range 51 to 107% on day 7), and 
haptoglobin (from a mean of 207 mgldl, 
range 160 to 254 mg/d before the study, to 
a mean of 287 mgldl, range 253 to 320 
mgldl on day 7), without evidence of fever. 
The levels of all of the acute phase reactants 
declined to normal values by day 14. 

The low magnitude of the IG3-induced 
leukocytosis and the delayed response time 
when compared with the effects of either G- 
CSF or GM-CSF suggested that IL-3 alone 
may expand the number of early progenitors 
but is not sufficient for generating mature 
cells that are released into the periphery. To 
test this possibility, we examined the effect 
of IG3 administration on the ability of GM- 
CSF to elicit leukoqtosis in primates. In 
these experiments, IL-3 was administered 
continuously for 7 days (20 pg kg-' day-') 
before the infusion of a low dose of GM- 
CSF (2 pg kg-' day-') for 4 days (Fig. 
3C). The low-dose GM-CSF treatment elic- 
ited a dramatic leukocytosis in the IL-3- 
mated animal far greater than achieved with 
this dose of IL-3 alone (Fig. 3A) or with 
GM-CSF alone (Fig. 3B). The leukocytosis 
resulted from substantial increases in the 
levels of neutrophils, banded neutrophils, 
eosinophils, lymphocytes, monocytes, and 
basophils. As has been observed with higher 
doses of GM-CSF (8, 9), the leukocytosis 

resolved within 3 days after termination of 
the infusion. In one experiment in which the 
order of administration of the IL-3 and 
GM-CSF was reversed, the magnitude of 
the resulting leukocytosis was not different 
from that achieved with IL-3 alone (11). 
These studies provided M e r  evidence that 
IG3 acts predominantly on earlier popula- 
tions of hernatopoietic progenitors than 
does GM-CSF. 

To test the duration of the IL-3-induced 
enhancement of the responsiveness to GM- 
CSF, we continuously infused the low dose 
of GM-CSF to an animal for 14 days after a 
7-day treatment with IL-3 (Fig. 4). We 
expected that as the population of IL-3- 
stimulated cells became depleted during the 
GM-CSF administration, the peripheral 
white cell count would gradually return to 
the level achievable with GM-CSF alone 

u 
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Fig. 3. IL-3 enhancement of the hematopoictic 
stirnulatory effects of GM-CSF. The same individ- 
ual was (A) administered IG3 alone (20 pg kg-' 
day-') for 7 days; (6) GM-CSF alone for 4 days 
(2 ccg kg-' day-'); or (C) IL-3 (20 p.g kg-' 
day- ) on days 1 through 7 followed by GM-CSF 
(2.pg kg-' day-') on days 7 through 10. The 
anunal was rested for at least 14 days between 
each set of infusions. The preparation of mamma- 
lian cellderived human GM-CSF (8) was pyro- 
gen-fiee and had a specific activity of 1.2 x 107 
U/mg measured in the CML. proliferation assay 
(1). The differential cell counts were pehrmed 
on daily blood samples (21). 
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(about 20,000 cells per microliter). Howev- 
er, the leukocytosis was maintained at 
45,000 cells per microliter or above for the 
duration of the GM-CSF administration 
(Fig. 4 4 ,  demonstrating that the treatment 
with IL-3 primed the hematopoietic system 
to respond to GM-CSF for at least 14 davs. 
There were also increases in the platelet and 
corrected reticulocyte counts of this animal 
(Fig. 4, B and C). 

The inability of IL-3 alone to elicit a 
substantial leukocytosis in primates is con- 
sistent with many of the biologic effects of 
this cytokine in different culture systems. 
For example, IL-3 has been more effective 
than GM-CSF in supporting colony forma- 
tion by multipotential blast cells, supporting 
the hypothesis that the targets of IL-3 in- 
clude more primitive progenitors than those 
of GM-CSF (6). In addition, Sonada et al. 
(12) found that IL-3 alone in serum-free 
culture is ineffective in supporting colony 
formation and that stimulation by a second 
late-acting growth factor such as G-CSF or 
erythropoietin is also required to yield colo- 
nies. Detailed mapping analysis of the IL-3- - -  - 

containing cultures revealed that IL-3 done 
supports several divisions of the progenitor 
cells but the resulting cluster of cells rapidly 
regresses and disappears in the absence of 
the second growth factor. This synergy be- 
tween growth factors has also been observed 
in serum-containing cultures: IL-3 acts syn- 
ergistically with IL-6 in support of early 
blast cell colony formation (13, 14), with G- 
CSF in support of neutrophilic granulocyte 
colony formation (7), and with GM-CSF in 
support of both granulocyte and macro- 
phage colony formation (7). Lopez et al. (3) 
reported that mature eosinophils but not 

neutrophils can be activated by exposure to 
IL-3, providing further evidence that IL-3 
responsiveness is lost during neutrophil dif- 
ferentiation. Although eosinophils retain 
IL-3 responsiveness, these cells also appear 
to grow optimally in the presence of both 
IL-3 and IL-5 (15), thereby implicating 
multiple factors in the development of cells 
within this lineage. These results are consis- 
tent with a requirement for the participation 
of several factors for supporting the com- 
plete developmental program of early hema- 
topoietic progenitors in the primate system. 

Although it has been difficult to compare 
hematopoiesis in primates and rodents di- 
rectly, the effects of IL-3 in the mouse have 
been similar to our results in monkevs. Dailv 
intraperitoneal injection of IL-3 in mice had 
a relatively small effect on the levels of 
circulating blood cells, with the most con- 
sistent increases observed in the numbers of 
circulating granulocytes (1 6-18). In normal 
mice. the IL-3 administration had little ef- 
fect on the cellularity and progenitor num- 
bers in the bone marrow, but increases were 
noted both in the spleen weight and the 
frequency of erythroid and myeloid progeni- 
tors in the spleen. These effects were greatly 
amplified in irradiated mice in which splenic 
progenitor cell numbers were in 
animals treated with IL-3 than in untreated 
controls (16). One of the major effects of IL- 
3 administration in normal mice was the 
appearance in the spleen of large numbers of 
small, incompletely granulated mast cells 
(17). These cells were not found in the 
circulation of the mice, but it will be of 
interest to determine whether they are relat- 
ed to baso~hils that we have observed in the 
peripheral blood from monkeys treated with 

Fig. 4. Serial (A) differential 
cell, (B) platelet, and (C) 
corrected retidccyte counts 
of a healthy qnomolgus 

drawn dailv durine the in&- t; 1 c i  
sion and tor 7 vdays after 2% 
termination of the GM-CSF 
treatment. Similar results 55 
have been obtained with Z S 2 
three other animals with IL- 
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IL-3. In short-term experiments, combina- 
tions of IL-3, GM-CSF, and M-CSF were 
more effective than the individual factors in 
inducing hematopoietic progenitor cells to 
cycle as well as in increasing the absolute 
numbers of colony-forming cells in the 
spleens of lactoferrin-treated mice (19). 

These results provide further evidence 
that combinations of CSFs may be most 
effective in stimulating hematopoiesis in 
vivo, an expectation supported by our stud- 
ies with IL-3 and GM-CSF in normal cyno- 
molgus macaques. It will be interesting to 
test these CSFs in combination with IL-1 or 
IL-6, cytokines that act synergistically in 
culture in supporting the growth of primi- 
tive, multilineage hematopoietic progenitor 
cells (14, 20). The ability to analyze the 
hematopoietic effect of the different recom- 
binant cytokines singly and in combination 
in primates will provide insight into the 
mechanisms regulating blood cell produc- 
tion and provide information for designing 
novel therapies for many clinical situations. 
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as measured by the Limulus amoebocyte lysate assay 14 April 1988; accepted 19 July 1988 early embryos. It consists of a microtech- 

nique for isolation of total RNA from 1 to 
100 mouse embryos, coupled with two en- 
zymatic steps (9) : reverse transcription (RT) 
and amplification of the transcribed cDNA Developmental Expression of PDGF, TGF-a , and in a polymerase chain reaction (PCR) (10). 

TGF- Genes in Preimplantation Mouse Embryos The positions of the target sequences for the 
transcripts are shown in Table 1. Fragments 
were selected for inclusion of restriction 

DANIEL A. RAPPOLBE,* CAROL A. BRENNER, RICHARD SCHULTZ,~ sites, iden~cat ion by eis,.jng cDNp, clones 
DAVID ~ R K ,  ZENA WERB by DNA blot analysis, andlor inclusion of 

introns that would generate longer frag- 
Control of growth and digerentiation during mammalian embryogenesis may be ments if DNA or unprocessed RNA con- 
regulated by growth factors from embryonic or maternal sources. With the use of taminated the reaction. When mouse cDNA 
single-cell messenger RNA phenotyping, the simultaneous expression of growth factor sequences were not available, oligonucleo- 
transcripts in single or small numbers of preimplantation mouse embryos was ade sequences from other species were cho- 
examined. Transcripts for platelet-derived growth factor A chain (PDGF-A), trans- sen to cover areas of conserved sequence 
forming growth factor (TGF)-ol, and TGF-f31, but not for four other growth factors, with nondegenerate amino acids on the 3' 
were found in whole blastocysts. TGF-a, TGF-p1, and PDGF antigens were detected inside ends. 
in blastocysts by immunocytochemistry. Both PDGF-A and TGF-a were detected as We detected p-actin RNA transcripts iso- 
maternal transcripts in the unfertilized ovulated oocyte, and again in blastocysts. TGF- lated from a single mouse blastocyst by RT- 
p l  transcripts appeared only after fedization. The expression of a subset of growth PCP, the signal became stronger when the 
factors in mouse blastocysts suggests a role for these factors in the growth and number of PCR cycles was increased from 
differentiation of early mammalian embryos. 30 to 60 (11). We then used RT-PCR to 

detect growth factor transcripts in blasto- 

B ECAUSE PREIMPLANTATION MOUSE copy number has been impossible to obtain cysts and determined the growth factor 
embryos grow and differentiate in in preimplantation embryos, because thou- mRNA phenotype of the blastocysts. Three 
the absence of exogenous factors, sands of embryos are required to detect even growth factor genes, TGF-a, TGF-P1, and 

endogenous factors must sustain the embryo high copy number transcripts such as his- PDGF-A, were expressed in mouse blasto- 
during the first seven to eight cleavage divi- tone or actin by RNA blot analysis (7). cysts (Fig. 1A). The blastocysts were uncul- 
sions (I). Indirect evidence indicates that We recently developed a sensitive and tured; thus expression was not induced by 
preimplantation embryos may make growth quantitative method for assaying the accu- prolonged handling of embryos. The cDNA 
factors. Cultured embryos from around the 
time of implantation produce transforming 
growth factor-like bioactivity that promotes 
anchorage-independent growth (2). Terato- B 

506 
carcinoma cells, which are thought to be 
similar to primitive ectoderm, produce 
PDGF (3), insulin-like growth factor-I1 
(IGF-11) (4), and three stem cell growth 
factors (5). After implantation in the uterus, 
mouse embryos produce the fibroblast 

+ B  + B + M +  B +  B + 
growth factor homolog int-2, TGF-a, TGF- EGF ~ F G F  NGF G-CSF 

(" and IGF-I1 (')' but the presence of Fig. I. Detection of mRNA transcripts in mouse blastocysts by RT-PCR. (A) Expression of three these growth be growth factor transcripts in mouse blastocysts demonstrated by agarose gel electrophoresis of the RT- 
to the preimplantation embryo. Direct evi- PCR amplified reaction products obtained after 60 cycles of PCR. The PCR reaction mixtures for the 
dence for growth factor transcripts of low blastocysts (B) contained cDNA from the RNA of 2.2 embryo equivalents in each reaction, and the 

PCR reaction mixtures for the positive controls (+) contained cDNA from 10 ng of total RNA (9). The 
molecular size markers (M) are Hae 111-digested 4x174 replicative form DNA. (B) Restriction enzyme 

D. A. RapPolee, C. A. B r e ~ e r ,  R. SchulF Z. Werb, analysis of cDNA fragments generated by RT-PCR. Messenger RNA transcripts were expressed by 
Of Radiobiology and Environmental blastocysts incubated with the enzymes indicated in Table 1. The diagnostic fragments (arrowheads) are and Department of Anatom University of California, 

San Francisco, CA 94143-0&0. TGF-a, 159 bp; TGF-p1, 119 + 125 bp; p-actin, 151 bp; and PDGF-A, 129 bp. (C) Lack of 
D.  ark, Dep-ent of ~ ~ l & ~  Biology, ~ c t u s  b r -  expression of four growth factors in mouse blastocysts demonstrated by agarose gel electrophoresis of 
potation, Emeryville, CA 94608. the RT-PCR amplified reaction products obtained after 60 cycles of PCR. The PCR reaction mixtures 

for blastocysts (B) contained cDNA from the mRNA of 2.2 embryo equivalents in each reaction, and 
*To whom all corm~ndence should bc the PCR reaction mixtures for the positive controls (+) contained cDNA from 10 to 100 ng of total 
tPresent addrcss: Department of Biology, University of RNA. The threshold for detection of the growth factors is generally <1 to 100 pg of total RNA, for 
Pennsylvania, Philadelphia, PA 19104. NGF, as few as ten RNA molecules can be detected by RT-PCR (8) .  
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