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Abstract

Interleukin-3 (IL-3) is a hematopoietic growth factor that sup-

ports the growth of early hematopoietic progenitors in vitro. In
vivo administration of recombinant human interleukin-3
(rhIL-3) to normal primates results in a modest and delayed
leukocytosis secondary to increases in neutrophils, basophils,
and eosinophils. Wepostulated that the effects of rhIL-3
might be more pronounced in hematologically stressed pri-
mates, and therefore administered rhIL-3 to primates after
intensive myelosuppressive therapy. Primates received either
cyclophosphamide (CPM) at 60 mg/kg or 5-fluorouracil
(5-FU) at 75 mg/kg i.v. on two consecutive days. Subsequently,
rhIL-3 was administered intravenously or subcutaneously at 20
,Ag/kg per d for 14 d. Compared to controls, all rhIL-3 treated
primates experienced higher absolute neutrophil count (ANC)
nadirs and dramatic decreases in the period of severe neutro-
penia (ANC < 500) after myelosuppressive therapy. RhIL-3
administration resulted in a significant basophilia and eosino-
philia, which resolved after discontinuation of the drug.
RhIL-3 did not enhance erythroid recovery. Platelet recovery

was earlier in rhIL-3-treated animals. However, variations in
the platelet recovery observed in control animals, precluded
accurate estimation of this effect or its significance. Our re-

sults indicate that the administration of rhIL-3 following in-
tensive myelosuppressive therapy dramatically enhances my-
eloid recovery and ablates the predicted period of prolonged
severe neutropenia. (J. Clin. Invest. 1990. 85:1560-1565.) in-
terleukin-3 * cytokine * neutropenia * myelosuppression - eosin-
ophilia. basophilia

Introduction

Interleukin-3 is a hematopoietic growth factor produced by
activated T lymphocytes (1). The recent cloning of the human
IL-3 gene (2), and subsequent production of purified recombi-
nant human interleukin-3 (rhIL-3)1 has enabled investigators
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1. Abbreviations used in this paper: ABC, absolute basophil count;
AEC, absolute eosinophil count; ANC, absolute neutrophil count;
CPM, cyclophosphamide; 5-FU, 5-fluorouracil; GM-CSF, granulocyte
macrophage-colony stimulating factor; rhIL-3, recombinant human
IL3.

to define the effects of rhIL-3 on human bone marrow pro-
genitor cells in vitro (3-8). In serum-free bone marrow culture,
rhIL-3 supports the growth of early hematopoietic progenitors
and synergistically acts with more restricted cytokines, such as
erythropoietin or granulocyte colony-stimulating factor (G-
CSF), in promoting the formation of erythroid, myeloid,
mixed, and megakaryocytic colonies (3-5). In bone marrow
suspension cultures, IL-3 is a potent stimulator of eosinophil
and basophil differentiation (6-8).

The effects of rhIL-3 administration on hematopoiesis in
normal healthy primates has also been recently described (9,
10). rhIL-3 treatment resulted in a modest and delayed leuko-
cytosis secondary to increases in neutrophils, basophils, and
eosinophils. In addition, increases in corrected reticulocyte
counts and variable increases in platelet counts were observed.

Although the hematopoietic effects of rhIL-3 in the intact
primate are not as impressive as those of the more lineage-re-
stricted cytokines such as G-CSF ( 11) or granulocyte-macro-
phage colony-stimulating factor (GM-CSF) (12), we postu-
lated that the effects of rhIL-3 might be more pronounced in
hematologically stressed animals. In this study, rhIL-3 was
administered to cynomolgus primates after myelosuppressive
chemotherapy. Wereport that rhIL-3 administered to cyno-
molgus primates post-myelosuppressive therapy ablates the
predicted period of prolonged severe neutropenia.

Methods

Animals. Healthy young juvenile male cynomolgus primates (Macaca
fascicularis) (Hazelton Research Animals, Reston, VA) were main-
tained according to National Institutes of Health (NIH) guidelines for
the use and care of laboratory animals. Study protocols were approved
by the Memorial Sloan-Kettering Cancer Center Institutional Animal
Use and Care Committee. Before all manipulations, primates were
anesthetized with ketamine hydrochloride (Parke-Davis Co., Morris
Plains, NJ). Indwelling intravenous Broviac catheters (Quinton In-
struments, Seattle, WA)were placed sterilely in the jugular veins of the
animals before myelosuppressive treatment. The indwelling catheters
connected to intravenous tubing were threaded through durable nylon
vests worn by the animals and then through a flexible steel coil that
served as a tether allowing the animals to roam freely in their cages.
After myelosuppressive treatment (as described below), animals were
treated aggressively with parenteral fluids, antibiotics, and irradiated
blood products. Animals received whole blood transfusions from pre-
viously crossmatched donors for hemoglobin values < 9 g/dl.

Interleukin-3. Recombinant human interleukin-3 (Genetics Insti-
tute, Cambridge, MA) expressed in Escherichia coli was purified as
previously described (9). The purified rhIL-3 had a specific activity of
4.3 X 106 U/mg measured in the chronic myelogenous leukemia blast
proliferation assay (2) and < I U of endotoxin per milligram as mea-
sured by the Limulus amebocyte lysate assay (Whittaker Bioproducts,
Walkersville, MD). Before administration, rhIL-3 was diluted to the
appropriate concentration in saline containing 0.1% heat inactivated
autologous serum.
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Treatment protocols. Animals received either cyclophosphamide
(CPM) at 60 mg/kg or 5-fluorouracil (5-FU) at 75 mg/kg via intrave-
nous bolus on two consecutive days. CPM-treated animals received
two cycles of chemotherapy separated by a 32-d interval. 5-FU-treated
animals were able to tolerate only one cycle of chemotherapy due to
gastrointestinal toxicity. 24 h after the last dose of each cycle of chemo-
therapy, rhIL-3 treatment was initiated at 20 Ag/kg per d for 14 consec-
utive days. CPM-treated animals received rhIL-3 by continuous intra-
venous infusion utilizing an external calibrated balloon pump (Tra-
venol Laboratories, Deerfield, IL). However, because of the difficulty
in maintaining two patent central lines in each animal, in the 5-FH
trial, the same total daily dose of rhIL-3 was divided into two equal
doses and administered every 12 h subcutaneously. Comparison of the
Donahue study (9) using the continuous intravenous route and the
Meyer study (10) using the subcutaneous route show no significant
differences in the hematopoietic effects observed with these two
methods of administration when rhIL-3 doses were within the same
range. Control animals received sham doses of normal saline.

Analysis of hematopoietic recovery and rhIL-3 toxicity. Animals
were weighed, examined, and vital signs measured twice daily. Auto-
mated peripheral blood counts (Coulter S; Coulter Instruments, Hia-
leah, FL), manual 100 cell differentials and corrected reticulocyte
counts were obtained daily for 30 d after each cycle of chemotherapy.
In addition, serum electrolytes, biochemical profiles, and coagulation
parameters were measured twice weekly during the same period.

Granulocyte-macrophage colony forming units (CFU-GM) assay.
Bone marrow was aspirated from primate femurs into heparinized
syringes and erythrocytes were removed by differential sedimentation
in 3% gelatin. Low density bone marrow mononuclear cells were fur-
ther isolated by separation on Ficoll-Hypaque, and were plated at a
concentration of I X 105/ml in 35-mm tissue culture dishes containing
a 1-ml mixture of IMDM (Gibco Laboratories, Grand Island, NY),
0.36% Agarose (FMS, Rockland, ME), 20% fetal calf serum (HyClone
Labs, Logan, UT), in the presence of rhGM-CSF (1,000 U/ml) (Ge-
netics Institute, Cambridge, MA). Cultures were incubated at 37°C in
humidified 5%CO2 in air and CFI-GM colonies/clusters were scored
on day 7.

Results

CPMtrial. Three primates received two sequential cycles of
CPM. One of the primates received rhIL-3 after each CPM
cycle and two primates served as controls. The total white
blood counts (WBC) of the rhIL-3-treated animal remained
higher than those of the control animals throughout the study
(Fig. 1 A). After CPMtreatment, all animals experienced a
decline in WBC, which reached a nadir 6-12 d later. The
control animals experienced WBCnadirs of 1.3 X 103/mm3
and 1.0 X 103/mm3 after CPMcycle 1, and 0.9 X 103/mm3 and
0.5 X 103/mm3 following CPMcycle 2 (Table I). In contrast,
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the WBCnadirs of the rhIL-3 treated animal were 3.7 X 103/
mm3and 3.6 X 103/mm3 following CPMcycles I and 2, re-
spectively. The absolute neutrophil counts (ANC) of the
rhIL-3 treated animal also remained greater than those of the
control animals throughout the study (Fig. 1 B). After each
CPMcycle, the control animals developed severe neutropenia,
defined as an absolute neutropenia count below 0.5 X I03/
mm3. The ANCnadirs of both animals were 0.4 X 103/mm3
and 0.1 X 103/mm3 after CPMcycles 1 and 2, respectively
(Table I). The duration of neutropenia in the control animals
after CPMcycle 1 was 1 and 4 d, and following CPMcycle 2, 7
and 12 d (Table I). The rhIL-3-treated animal did not develop
severe neutropenia. The ANCremained > 1.0 X 103/mm3
after both cycles of CPM.

Qualitatively, the WBCrecovery post-CPM was different
between the two groups. WBCrecovery in control animals was
composed primarily of neutrophils, lymphocytes and mono-
cytes, in proportions comparable to those in normal cyno-
molgus peripheral blood (Fig. 2 A). No significant eosinophilia
or basophilia was observed. In contrast, the rhIL-3-treated an-
imal developed a marked eosinophilia and basophilia (Fig. 2
B). After each CPMcycle (Fig. 3), absolute eosinophil counts
(AEC) and absolute basophil counts (ABC) rose above the
normal baseline values (0-505/mm3 and 0-213/mm3, respec-
tively, based on peripheral white blood counts and differential
obtained in 25 normal cynomolgus primates in our colony) by
days 6-8 and reached a maximum on days 15-21. The AEC
and ABCreturned to normal baseline values by day 28 of each
CPMcycle.

S-FU trial. 5-FU was administered to six primates. Subse-
quently, two of these primates (A and B) received a 14-d
course of rhIL-3, and four control animals (C-F) received
sham doses of normal saline over the same time period.
rhIL-3-treated animals experienced a significant acceleration
of both total white blood cell and neutrophil recovery after
5-FU compared with controls (Fig. 4). Control animals devel-
oped a prolonged neutropenia, lasting 18-25 d, with ANC
nadirs of 0.0-0.1 X 103/mm3 (Fig. 4 B, Table II). In contrast,
both rhIL-3-treated animals experienced only one day of se-
vere neutropenia and ANCnadirs of 0.4 X 103/mm3 (Fig. 4 B,
Table II). WBCrecovery in rhIL-3-treated primates was asso-
ciated with significant eosinophilia and basophilia, which was
not observed in control animals. In primates A and B, an
absolute eosinophilia developed between days 11-24, peaking
on days 14 and 15 at 3.2 X 103/mm3 and 2.3 X 103/mm3,
respectively (Fig. 5 A). An absolute basophilia was observed in
primates A and B on days 8-21, reaching maximal levels on

Figure 1. Time course of peripheral blood white
blood count (WBC) (A) and absolute neutrophil
count (ANC) (B) in cynomolgous primates treated
with two cycles of cyclophosphamide (CPM) sepa-
rated by an interval of 32 d. A cycle consisted of
CPMgiven at 60 mg/kg intravenously on two con-
secutive days (days -1, 0 and days 32, 33-depicted
by vertical arrows). After each CPMcycle, primate
(A) received rhIL-3 via continuous intravenous infu-
sion at 20 pg/kg per d for 14 consecutive days (days
1-14 and 34-47, depicted by crosshatched bar). Pri-
mates (o, *) served as controls and received only
sham doses of normal saline. (B) Note log scale and
dotted line, which depicts ANCof 500.
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Table I. Effect of rhIL-3 Administration on Myeloid Recovery
after Two Cycles of Cyclophosphamide Therapy

WBCNadir* ANCNadir* Days ANC< 500

Primate Cycle I Cycle 2 Cycle I Cycle 2 Cycle 1 Cycle 2

IL-3 3.7 3.6 1.1 1.3 0 0

Control 1 1.3 0.9 0.4 0.1 1 7
Control 2 1.0 0.5 0.4 0.1 4 12

* Cells X 103/mm3.

days 12 and 15 of 4.7 X 103/mm3 and 3.6 X 103/mm3, respec-
tively (Fig. 5 B).

The incidence of rhGM-CSF stimulated CFU-GMper 1
X 105 bone marrow mononuclear cells following 5-FU with or
without rhIL-3 treatment is depicted in two representative pri-
mates (Fig. 6). Animals receiving rhIL-3 experienced a more
rapid recovery of CFU-GM, achieving baseline values by day
14 compared to day 21 in controls. Similar results were ob-
tained with in vitro stimulation of CFU-GMwith rhG-CSF
and rhIL-3.

Weobserved no obvious differences in erythroid recovery
post-5-FU in rhIL-3-treated versus control animals, as mea-
sured by recovery of corrected reticulocyte counts and the red
cell transfusion requirements of the animals.

5-FU administration, unlike CPM, resulted in a significant
depression of platelet counts below baseline levels (Fig. 7).
Among the four control animals platelet counts fell from 273
to 553 X 103/mm3 on day -2 to nadir counts of 96-150
X 103/mm3 between days 14 and 19 (Table II). Platelet counts
remained depressed greater than 30 days in two control ani-
mals (C, D). However, two controls (E, F) experienced abrupt
increases in platelet counts beginning on days 17 and 15,
reaching maximum levels of 668 and 808 X 103/mm3, respec-
tively. Nadir platelet counts in the IL-3-treated primates (A,
B), of 117 and 368 X 103/mm3 occurred on days 11 and 12,
respectively (Table II). Abrupt platelet count recovery oc-
curred in both animals beginning on days 11 and 14, resulting
in maximum platelet counts of 830 and 838 X 103/mm3.
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Figure 2. Time course of peripheral white blood cell differentials in
primates receiving one cycle of CPM(days -1, 0). (A) Differential
counts from a control animal and (B) differential counts from an an-
imal who received a 14-d infusion of rhIL-3 (days 1-14).
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Figure 3. Time course of absolute basophil counts (o) and absolute
eosinophil counts (v) in a primate treated with two cycles of CPM
followed by 14-d intervals of rhIL-3.

RhIL-3 toxicity. All rhIL-3-treated primates developed lo-
calized facial and extremity swelling 8 to 11 days after the
initiation of rhIL-3 treatment. The swelling was non-pitting
and not associated with weight gain. Concurrently, a pruritic
rash developed consisting of 1-2 cm yellow to pink indurated
papules. Biopsy of the affected dermis revealed perivascular
infiltration of neutrophils and eosinophils. No life-threatening
allergic symptomatology was noted. The rash and swelling re-
solved within one week of rhIL-3 discontinuation. All rhIL-3
treated primates also developed mild splenomegaly without
hepatomegaly. No hepatic or renal toxicity was observed.

Discussion

To examine the effect of rhIL-3 on hematopoiesis in hemato-
logically stressed primates, we administered two different and
diverse cytotoxic agents: cyclophosphamide, an alkylating
agent that is cycle nonspecific and relatively platelet sparing;
and 5-fluorouracil, an antimetabolite, which is cycle specific
and at doses employed in this study extremely myelosuppres-
sive. In mice, this dose of 5-FU has been shown to spare only
those primitive marrow progenitors with high proliferative
potential (13, 14). Weattempted to administer two cycles of

Table II. Effect of rhIL-3 Administration on Myeloid and
Platelet Recovery after 5-Fluorouracil Therapy

Primate ANCNadir* Days ANC< 500 Nadir platelet count (Day)t

IL-3 (A) 0.4 1 117 (11)
IL-3 (B) 0.4 1 368 (12)
Control (C) 0.0 20 96 (19)
Control (D) 0.0 18 99 (14)
Control (E) 0.1 25 105 (16)
Control (F) 0.0 19 150 (14)

* Cells X 103/mm3.
* Day post 5-FU of nadir platelet count.
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each chemotherapeutic agent in order to mimic pulse repeti-
tive cytotoxic therapy as it is commonly used in human trials,
however the animals receiving 5-FU were only able to tolerate
one cycle of therapy due to severe gastrointestinal toxicity.

The administration of rhIL-3 following both cytotoxic
agents clearly resulted in a marked enhancement of myeloid
recovery. In both experiments, rhIL-3-treated primates com-
pared to controls experienced higher absolute neutrophil
count nadirs and an ablation or a significant decrease in the
period of severe neutropenia following myelosuppression. In
addition to changes in the peripheral counts, we also observed
evidence of earlier recovery of myeloid progenitors in sequen-
tial clonal assays of bone marrow in rhIL-3-treated primates
compared to controls following 5-FU treatment.

In the CPMexperiment, rhIL-3 administration after two
consecutive cycles of high-dose alkylator therapy did not lead
to demonstrable enhanced depletion of marrow progenitors
capable of reconstituting hematopoiesis or significantly en-
hance the sensitivity of early hematopoietic progenitors to
subsequent cytotoxic therapy, since the hematopoietic re-
sponse seen after the second cycle of CPMwas equivalent or
even perhaps better, than that observed after the first CPM
cycle.

In in vitro studies, rhIL-3 when combined with erythropoi-
etin exhibits substantial burst-promoting activity (15). How-
ever, we could not demonstrate a stimulatory effect of rhIL-3
on the erythroid lineage in the 5-FU experiments. It is possible
that the necessary transfusion of whole blood to the primates
blunted an erythroid response. Furthermore, our measures of

25 30

Figure 4. Time course of white blood counts (A) and abso-
lute neutrophil counts (B) in cynomolgus primates treated
with 5-FU at 75 mg/kg i.v. on two consecutive days (days
-1, 0). After 5-FU, primates (o, a) received rhIL-3 at 20
jAg/kg per d for 14 consecutive days (days 1-14) subcutane-
ously. The white blood counts of the four control primates
are averaged and depicted as *.

red blood cell production, which included only corrected retic-
ulocyte counts and transfusion requirements, may not have
been sufficiently sensitive to discern alterations in erythroid
precursor recovery in animals undergoing daily blood sam-
plings and experiencing gastrointestinal blood losses, thereby
requiring varying amounts of transfusion support.

In vitro serum-free marrow culture studies have also dem-
onstrated that rhIL-3 is a megakaryocyte colony stimulating
factor (16, 17). In this study, the effect of rhIL-3 on megakary-
opoiesis could only be assessed in the 5-FU experiments. In the
5-FU trial, the four control animals exhibited two very differ-
ent patterns of platelet recovery. Primates C and D displayed
very prolonged delays in platelet recovery, while primates E
and F experienced abrupt elevations in platelet counts to twice
baseline levels on days 15 and 17. This latter pattern of recov-
ery was exhibited by the rhIL-3 treated primates. However, it
occurred earlier, on days 11 and 14, suggesting that IL-3 may
also stimulate more prompt recovery of megakaryopoiesis in
vivo. Additional experiments are in progress to accurately as-
sess differences in platelet recovery times and their signifi-
cance.

In bone marrow suspension culture systems, rhIL-3 in-
duces the growth of basophils and the production of intracel-
lular histamine (18). The administration of rhIL-3 to normal
rhesus primates results in dramatic increases in blood eosino-
phils and basophils and a dose-dependent increase in intracel-
lular histamine and to a less extent plasma histamine (10).
Whether rhIL-3 induces blood basophils to release intracellu-
lar histamine is currently debated in the literature. Valent et al.
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Figure 6. Incidence of
rhGM-CSF stimulated
CFU-GMper 1 X 105
bone marrow mononu-
clear cells obtained
from two representative
primates, before 5-FU
(day -3), and then
weekly post 5-FU. The
closed bars depict data
from a primate who re-
ceived rhIL-3 post 5-FU
and open bars data
from a control animal.
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Figure 7. Time course of platelet count recovery in primates treated
with 5-FU as previously described. Open symbols (A, o) depict ani-
mals treated post-5-FU with rhIL-3, and closed symbols depict con-
trol animals.

(18) have reported that rhIL-3 is not a histamine releasing
factor, while Haak-Frendscho et al. (19) have reported the
converse. In this study, we observed significant basophilia and
eosinophilia in all rhIL-3-treated primates. This basophil in-
crease if also associated with an increase in plasma histamine,
would explain the side effects observed in the rhIL-3-treated
animals. All animals developed localized swelling and a pruri-
tic rash concomitant with the increase in basophil numbers,
which completely resolved as basophil numbers returned to
normal levels. Biopsy of the rash was consistent with an urti-
carial lesion. It is important to note, however, that in this study
and in the previously reported in vivo rhIL-3 primate trials (9,
10), animals with abnormally high basophil counts have not
developed any serious or life-threatening allergic symptoms.

These results strongly encourage the testing of rhIL-3 in
human clinical trials. rhIL-3, like G-CSFand GM-CSF, clearly
has stimulating effects on myeloid recovery postcytotoxic che-
motherapy. It is also possible that IL-3 will be more effective
than G-CSFand GM-CSFin stimulating hematopoietic recov-
ery in patients treated with myeloablative dose of agents such
as 5-FU, which effect early marrow progenitors. Further stud-
ies are required to accurately assess the effects of rhIL-3 on red
cell and platelet recovery. However, our results suggest that
IL-3 may also stimulate earlier recovery of megakaryopoiesis.
To better define these issues, we are currently evaluating the
effects of rhIL-3 on hematopoietic recovery following ablative
doses of total body irradiation and autologous transplants of
deescalating doses of marrow progenitors.
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