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Abstract

Mast cell development in mice is critically regulated by stem
cell factor (SCF), the term used here to designate a product of
fibroblasts and other cell types that is a ligand for the tyrosine
kinase receptor protein encoded by the proto-oncogene c-kit.
However, the factors which regulate the size of mast cell popu-
lations in primates are poorly understood. Here we report that
the subcutaneous administration of recombinant human SCF
(rhSCF) to baboons (Papio cynocephalus) or cynomolgus mon-
keys (Macaca fascicularis) produced a striking expansion of
mast cell populations in many anatomical sites, with numbers
ofmast cells in some organs ofrhSCF-treated monkeys exceed-
ing the corresponding values in control monkeys by more than
100-fold. Animals treated with rhSCF did not exhibit clinical
evidence of mast cell activation, and discontinuation of treat-
ment with rhSCF resulted in a rapid decline of mast cell num-
bers nearly to baseline levels. These findings are the first to
demonstrate that a specific cytokine can regulate mast cell de-
velopment in primates in vivo. They also provide the first evi-
dence, in any mammalian species, to indicate that the cytokine-
dependent expansion of tissue mast cell populations can be re-
versed when administration of the cytokine is discontinued. (J.
Clin. Invest. 1993. 91:148-152.) Key words: Macaca fascicu-
laris * mast cell hyperplasia - Papio cynocephalus - stem cell
factor * tyrosine kinase receptors

Introduction

Mast cell development has been analyzed in more detail in
mice than in any other species (for review see references 1-4).
This work has demonstrated that mast cells are derived from
precursors which arise in the bone marrow, circulate in the
blood, and mature in virtually all vascularized tissues ( 1-4).
Several aspects of mast cell development in mice are critically
regulated by a growth factor, herein designated stem cell factor
(SCF) l (5-7), which represents a ligand for the tyrosine kinase
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1. Abbreviations used in this paper: rhSCF, recombinant human stem
cell factor; SCF, human stem cell factor.

receptor encoded by the proto-oncogene c-kit (5-10). Thus,
we showed that the subcutaneous administration of recombi-
nant rat SCF'64 not only locally repaired the profound mast
cell deficiency expressed by WCB6F,-Sl/Sld mice (7), which
have mutations at the Sl locus that encodes SCF (2, 4), but also
resulted in a significant (up to 150-fold) expansion ofmast cell
populations at the injection site in normal mice ( 11 ). Evidence
from in vivo (7, 1 1 ) and in vitro ( 12) studies indicates that the
SCF-dependent expansion ofmast cell populations in mice re-
flects the ability of this cytokine to induce mast cell prolifera-
tion and to promote mast cell survival and maturation. SCF
also can increase the numbers of mast cell precursors which
migrate to and/or survive at sites of SCF administration in
vivo (7, 11), perhaps in part by promoting the c-kit recep-
tor-dependent attachment of mast cell precursors to these
sites ( 13 ).

Despite great progress in our understanding of mast cell
development in mice, it has been difficult to identify cytokines
which regulate mast cell development in man and other pri-
mates (for review see reference 14). Certain cytokines which
clearly influence the development of some mast cell popula-
tions in mice, such as IL-3 and IL-4, have little or no effect on
human mast cell development in vitro (for review see reference
14). By contrast, coculture of human umbilical cord blood
leukocytes with fibroblasts augments mast cell development in
vitro ( 14). Although fibroblasts represent a potential source of
SCF (5-10), the effects of SCF on human mast cell develop-
ment in vitro may vary significantly, depending on the details
of the experiment. For example, preliminary evidence indi-
cates that recombinant human SCF (rhSCF) promotes the pref-
erential growth ofmast cells from human umbilical cord blood
cells ( 15) or human fetal liver cells ( 16). However, the addi-
tion ofrhSCF and rhIL-3 to interphase cultures ofadult human
CD34+ bone marrow cells promotes the growth of multiple
hematopoietic lineages including mast cells, but does not signif-
icantly change the proportion of mast cells in these cultures
(. 3% of all cells) (17).

In the present study, we investigated the effects ofrhSCF on
mast cell development in primates by administering the cyto-
kine directly to baboons and cynomolgus monkeys.

Methods

Experiments in baboons. The animals analyzed in the present study
were two healthy juvenile male Papio cynocephalus baboons that were
treated by a daily subcutaneous injection of rhSCF at 10 or 200 ,gg/kg
per d in the study reported in ( 18), which provides details concerning
production of Escherichia coli-derived unmodified rhSCF (consisting
of a mixture of the 164 and 165 amino acid forms), animal care, and
treatment. As a control, we also analyzed a healthy juvenile male ba-
boon which had received no subcutaneous injections. 1 d after the last
of28 injections ofrhSCF, the baboons were anesthetized with a combi-
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nation of ketamine and xylazine and then were killed by intravenous
injection of an overdose of sodium pentobarbital. Autopsies were per-
formed immediately after the animals died. Tissues were fixed in 10%
neutral buffered formalin, and 6-7-,um thick sections of paraffin-em-
bedded tissue were stained overnight in 0.5% toluidine blue in 0.5 N
HCI (pH 0.5) and counterstained with 1.0% eosin in 70% ethanol for
20 s ( 19). Mast cells were counted at a magnification of 400 using a
computer-assisted morphometric approach, and the results were ex-
pressed as number of mast cells per square millimeter of tissue (20).

Experiments in cynomolgus monkeys. Healthy young male or fe-
male Macaca fascicularis monkeys, which weighed 1.8-5.5 kg at the
beginning of the study, were randomized by weight class into three
groups consisting of six male and six female monkeys. Monkeys were
treated on 21 consecutive days by two daily subcutaneous injections
(two injections of0.5 ml/kg per day, given at least 6 h apart, ofunmodi-
fied E. coli-derived rhSCF (as above) at 0.1 or 6.0 mg/kg per d, or
vehicle alone, delivered to sites in an area clipped of hair between the
shoulders and hips. Animals were housed individually, maintained
under a 12-h light/dark cycle, and provided with water and standard
commercially available chow supplemented with fresh produce, ad li-
bitum. Injection sites were examined immediately after injection for
possible wheal and flare responses, and monkeys were examined twice
daily for abnormal clinical signs. Four male and four female animals
from each group were killed by intravenous injections ofan overdose of
sodium pentobarbital on day 22, whereas the remaining two male and
two female animals (the "recovery group") were killed on day 36, 15 d
after the last injection of rhSCF or vehicle. Autopsies were performed
immediately after death, and the tissues were fixed, stained, and ana-
lyzed for mast cell numbers as described above.

Results and Discussion
The baboon that received rhSCF at 200 gg/kg per d developed
increased numbers of peripheral blood erythrocytes, granulo-
cytes, lymphocytes, and monocytes; the other baboon, which
received rhSCF at 10 ,ug/kg per d, developed no significant
changes in numbers of peripheral blood erythrocytes or leuko-
cytes ( 18). In comparison to a control baboon not treated with
SCF, the baboons that had been treated with rhSCF, particu-
larly the animal that received rhSCF at 200 ,ug/kg per d, exhib-
ited high mast cell densities at several anatomical sites (Ta-
ble I).

Because it was not practical to perform a thorough study of
the effects of rhSCF on mast cell populations in baboons, we
continued our investigation using the smaller primate, M. fas-
cicularis. Treatment with rhSCF at 6.0 mg/kg per d for 21 d
resulted in striking expansions of mast cell populations in vir-
tually all of the tissues examined (Fig. 1 and Fig. 2 a-p). The
increases in mast cells compared to values in vehicle-treated
control animals were especially prominent in the skin at the
injection site (Fig. 2 a vs. 2 b), spleen (Fig. 2 c vs. 2 d), mesen-
teric lymph nodes (Fig. 2 e vs. 2f ), thymus (Fig. 2 g vs. 2 h),
liver (Fig. 2 i vs. 2j), lung (Fig. 2 k vs. 21), trachea (Fig. 2 m vs.
2 n), and gastric mucosa (Fig. 2 o vs. 2 p), where in some areas
mast cells appeared to occupy much of the available space in
the lamina propria (Fig. 2 p). When the mast cell content of
these organs was expressed as the number of mast cells per
square millimeter, the values in animals treated with rhSCF at
6.0 mg/kg per d were 11- to 1,500-fold those in the control
monkeys treated with vehicle (Fig. 1). Striking mast cell hyper-
plasia also occurred in certain tissues of monkeys treated with
rhSCF at 100 Ag/kg per d. Mast cell numbers in these animals
were elevated 128-fold in the spleen, 20-fold in the liver, and
three- to sevenfold in the dermis at the injection site, mesen-
teric lymph nodes, and the bone marrow (Fig. 1 ).

Table I. Mast Cell Density (Number per Square Millimeter)
in Various Tissues ofBaboons Treated with rhSCF$

rhSCF
Area of section

Site 200 10 0 examined$

ug/kg per d per mm2

Lung 136 16 6 6.5±0.8
Trachea 88 70 9 1.2±0.4
Mesenteric lymph node 28 2 ND 7.2
Liver 144 5 ND 4.2
Spleen 243 0 ND 4.9
Stomach
Mucosa 32 10 4 2.2±.03
Submucosa 79 26 6 1.9±0.6
Muscularis propria 15 6 4 1.8±0.3

Jejunum
Mucosa 9 3 0.5 1.8±1.0
Submucosa 72 15 4 0.6±0.2
Muscularis propria 4 6 5 0.9±0.2

* The tissues were obtained for quantification of mast cell 1 d after the
last of 28 daily subcutaneous injections of rhSCF (see Methods).
* Mean±SEM or, for mesenteric lymph node, liver, and spleen, mean
values. ND, not determined.

At least three factors may have contributed to the differ-
ences in the effects of treatment with rhSCF on mast cell num-
bers in different tissues: variation in the numbers of mast cells
or their precursors in different anatomical sites at the start of
treatment, the nature ofthe organ's vasculature, and the effects
of other cytokines. Studies in mice ( 1-4) and humans ( 14, 15,
17), indicate that the bone marrow represents a source ofmast
cell precursors; certain other organs, such as the skin and gas-
tric mucosa, normally contain relatively large numbers of ma-
ture mast cells (see values for vehicle-treated monkeys in Fig.
1). Organs that have sinusoids or capillaries with a discon-
tinuous endothelial cell lining, such as the liver, spleen, and
bone marrow (21), would be expected to develop relatively
high interstitial levels of SCF upon systemic administration;
this type of vasculature might also favor egress of circulating
mast cell precursors or mast cells. Although morphologically
identifiable mast cells ordinarily are not detectable in the circu-
lation of mammals ( 1-4), mast cells were present within the
lumens of occasional blood vessels in the liver (Fig. 2 j) or
lungs (Fig. 2 1) of monkeys treated with 6.0 mg rhSCF/kg per
d. This finding, which was not observed in vehicle-treated con-
trol monkeys, indicates that treatment with rhSCF not only
increased mast cell levels in the bone marrow, but also resulted
in the appearance of mast cells in the peripheral blood. We
found that both primates (this study) and rats ( 11 ) treated with
SCF developed striking relative increases in mast cell numbers
in the spleen, liver, and bone marrow. By contrast, the mid-
brain of monkeys treated with rhSCF exhibited no detectable
mast cells. Not only does this site ordinarily lack a significant
population of mast cells (no mast mast cells were observed in
the midbrain specimens from vehicle-treated animals), but the
vasculature ofthe central nervous system is relatively imperme-
able to macromolecules (21). Finally, SCF exhibits synergistic
effects with several hematopoietic cytokines in vitro (5 ); ana-
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Mast Cell Density (No./mm2) in Various Tissues of
Monkeys Treated with rhSCF or Vehicle
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Figure 1. Numbers of mast cells (number per square
millimeter of tissue, mean±SEM, shown on a loga-
rithmic scale) in various organs/tissues of monkeys
treated for 21 d with twice daily subcutaneous injec-
tions of vehicle or rhSCF (0.1 or 6.0 mg/kg per d).
Monkeys were killed for autopsy 1 d (day 22 values)
or 15 d (day 36 values, "recovery group") after the
last injection of vehicle or rhSCF. * or **, P < 0.05
or 0.01 vs. corresponding value for vehicle-treated
animals; t or *, P < 0.05 or 0.01 for comparisons be-
tween day 22 and day 36 values in the same treatment
group (Mann-Whitney U test, two-tailed). The figures
in parentheses refer to the ratio of the mean value in
the indicated group to the mean value of the com-
bined day 22 and day 36 vehicle-treated groups. The
areas of tissue examined (square millimeter,
mean±SEM) were as follows: skin at injection site,
dermis: 0.22±0.02, subcutis: 0.37±0.01; skin of
mammary gland, dermis: 0.34±0.02, subcutis:
0.36±0.01; spleen: 2.7+0.3; mesenteric lymph node:
2.3±0.3; thymus: 2.1±0.2; liver: 3.2±0.3; heart:
3.3±0.2; lung 3.6±0.2; trachea: 0.34+0.01; stomach,
mucosa: 0.65±0.08, submucosa: 0.22±0.02, muscula-
ris propria: 1.00±0.2; and bone marrow: 0.61±0.05.

tomical variation in the production of other cytokines with
actions on mast cells, therefore, may also influence the effects
of SCF treatment on the numbers and/or phenotype ( 11) of
mast cells in different sites in vivo.

Discontinuation of rhSCF treatment for 15 d resulted in a
precipitous decline in mast cell numbers which, in most ana-
tomical sites, returned to values that were statistically indistin-
guishable from those in vehicle-treated control animals (Fig.
1). This finding indicates that maintenance of the greatly in-
creased populations of mast cells present in animals treated
with SCF may require continued treatment with this cytokine.
It also permits speculation that local variation in levels of en-
dogenous SCF may contribute to both the anatomical differ-
ences in tissue mast cell densities observed in normal animals
and the mast cell hyperplasia observed in association with cer-
tain immunologic or pathologic responses.

Recombinant rat SCF'64 can induce mediator release from
some populations of mouse mast cells in vitro (22) or in vivo
(23), and concentrations of rhSCF which are similar to the
levels of endogenous SCF in the serum of normal subjects
(3.5±1.6 ng/ml, K. Zsebo et al., unpublished data) can induce
mediator release from isolated human skin (24) but not lung
(25) mast cells. rhSCF also can significantly augment Fc,RI-
dependent mediator release from human lung (25) or skin
(24) mast cells. However, the ability ofmast cells to respond to
a given stimulus of activation can vary significantly according
to species and/or site of origin of the mast cells, and according

to whether the cells are challenged in vitro or in vivo (3). Nei-
ther the baboons nor the monkeys treated with rhSCF in this
study exhibited wheal and flare reactions at the subcutaneous
injection sites, and the rhSCF-treated animals appeared well
upon twice daily visual inspection. While clinical observations
may not detect relatively low levels of mast cell mediator re-
lease, our observations do indicate that the rhSCF-treated ani-
mals in this study did not develop clinically obvious problems
related to extensive mast cell activation.

Our findings may have implications beyond their relevance
to the regulation ofnormal mast cell development in primates.
Systemic mastocytosis is rare disorder (or group of disorders)
of unknown cause which is characterized by the development
of greatly expanded populations of mast cells in a distribution
very similar to that observed in monkeys treated with high
doses ofrhSCF (for review see references 26, 27). Patients with
systemic mastocytosis, like some of our monkeys treated with
rhSCF at 6.0 mg/kg per d, also can exhibit occasional mast
cells in the peripheral blood (26). While our findings raise the
possibility that the excessive or dysregulated production ofSCF
could produce findings similar to those observed in some cases
ofsystemic mastocytosis, analysis ofthe serum ofpatients with
systemic mastocytosis has not demonstrated significant eleva-
tions in levels of SCF (Zsebo, K., and D. D. Metcalfe, unpub-
lished data). Alternatively, some cases of mastocytosis might
reflect changes that result in the constitutive activation ofmast
cell c-kit receptors (28) or that increase the receptor's sensitiv-
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Figure 2. Histologic sections of tissues ofa monkey treated for 21 d with twice daily subcutaneous injections of vehicle (a, c, e, g, i, k, m, and o)
and a monkey treated for 21 d with twice daily subcutaneous injections of rhSCF at 6.0 mg/kg per d, (b, d, f, h, j, 1, n, and p). Note the
striking differences in the numbers of mast cells (cells with purple-black appearing cytoplasmic granules, some indicated by short arrows) in the
sections from vehicle- or rhSCF-treated animals. All sections x250. (a, b) Subcutaneous tissue at injection site; (c, d) spleen; (e,f) mesenteric
lymph node; (g, h) thymus; (i, j) liver (note cluster of mast cells [long arrows] within a blood vessel in [j]); (k, 1) lung (note mast cells [long
arrow] within a blood vessel in [1]; (m, n) trachea; (o, p) gastric mucosa.
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ity to SCF. Although it is not yet clear whether the c-kit recep-
tor or its ligand have any role in disorders associated with the
abnormal proliferation of mast cells, understanding of the
pathogenetic mechanisms responsible for some of the clinical
problems exhibited by patients with systemic mastocytosis
would be facilitated by a suitable animal model for this dis-
order. Monkeys treated chronically with high doses of rhSCF
may provide such a model system. Such monkeys may also be
useful for analyzing the contributions of mast cells to a wide
variety of other pathological conditions or physiological re-
sponses.
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