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Differential Release of Mast Cell Interleukin-6 Via c-kit

By Eleni Gagari, Mindy Tsai, Chris S. Lantz, Lisa G. Fox, and Stephen J. Galli

Mast cells represent a potential source of interleukin-6 (IL-
6) and other cytokines that have been implicated in host
defense, tissue maintenance/remodeling, immunoregula-
tion, and many other biologic responses. In acquired im-
mune responses to parasites or allergens, the extensive IgE-
dependent activation of mast cells via Fc.Rl can result in the
release of large quantities of biogenic amines that are stored
in the cells’ cytoplasmic granules as well as the production
of lipid mediators and many cytokines; these products to-
gether can orchestrate an intense inflammatory response.
We now report that activation of mouse mast cells via c-kit,
the receptor for the pleiotropic survival/growth factor, stem
cell factor (SCF), can induce the release of IL-6. Upon chal-

AST CELLS ARE widely distributed throughout vas-
cularized tissues and certain epithelia, where they
function as major effector cells in IgE-dependent immune
responses to parasites and disorders of immediate hypersen-
sitivity.® Recent evidence suggests that mast cells can also
contribute importantly, as a component of native immunity,
in host resistance to certain bacterial pathogens.>** In addi-
tion, mast cells have been implicated in the pathogenesis of a
diverse group of immunologically nonspecific inflammatory
responsesS'&lz
The expression of mast cell function in these settings is
thought to reflect, largely if not entirely, the actions of the
mediators released by these cells in response to their activa-
tion by immunologically specific or nonspecific stimuli.**?
The most extensively studied stimulus, activation of the cells
by aggregation of their high-affinity 1gE receptors (Fc.RI),
eg, by IgE and specific antigen,®* results in the release of
biogenic amines and other mediators that are stored pre-
formed in the cells' cytoplasmic granules, the generation of
newly synthesized products of the cyclooxygenase and/or
lipoxygenase pathways of arachidonic acid metabolism, and
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lenge with SCF, bone marrow-derived cultured mouse mast
cells (BMCMCs) released amounts of IL-6 that were greater
than 100-fold more than those produced by unstimulated
cells, but that were substantially less than those produced
in response to IgE and specific antigen. Moreover, BMCMCs
released IL-6 upon challenge with concentrations of SCF that
resulted in little or no detectable release of tumor necrosis
factor-«, leukotriene C,, histamine, or serotonin. These find-
ings indicate that SCF, a widely expressed protein that is
critical for mast cell development and survival, can also regu-
late the differential release of mast cell mediators.

© 1997 by The American Society of Hematology.

the secretion of many immunoregulatory and/or proinflam-
matory cytokines.» 213 When released together, rapidly and
in large quantities, these mast cell-derived mediators can
orchestrate intense inflammatory responses,*%'213

However, it has been proposed that expressions of mast
cell function distinct from those observed in IgE-dependent
responses might be elicited in response to agents that induce
a pattern of mast cell mediator release that is qualitatively
or quantitatively different from that of cells that have been
activated via the Fc.RI.*** In light of the potentia ability
of mast cell-derived cytokines to influence diverse biologic
responses,>*? the identification of agents that can promote
therelatively selective release of mast cell-derived cytokines
has been of particular interest.

Notably, only a few actual examples of such agents have
yet been reported, and al of these factors induce mast cells
to produce interleukin-6 (IL-6). Thus, Leal-Berumen et al*+**
have shown that lipopolysaccharide (LPS),** prostaglandin
E,,*® and cholera toxin'® each can stimulate IL-6 secretion,
but not detectable histamine release, from highly purified
populations of rat peritoneal mast cells. However, there have
been no reports showing that endogenous mammalian pro-
teins can promote mast cells to secrete IL-6 in preference to
preformed mediators such as histamine or serotonin.

In this report, we show that stem cell factor (SCF), the
major growth factor for mast cell development and sur-
vival,Y"*® can induce bone marrow-derived cultured mouse
mast cells to release IL-6 to a greater extent than tumor
necrosis factor-a (TNF-«), leukotriene C, (LTC,), hista-
mine, or serotonin; that the amounts of IL-6 or TNF-a re-
leased by these mast cells in response to SCF are substan-
tialy less than those that can be released in response to IgE
and specific antigen; and that this SCF-induced mast cell
cytokine production requires a functionally adequate SCF
receptor (c-kit [or SCFR], the product of the c-kit protoonco-
gene)."*8 These findings thus identify SCF as a product that
can promote the differential release of mast cell mediators
as well as regulate mast cell development and survival.

MATERIALS AND METHODS

Mice. BALB/c and C57BL/6 mice (Charles River Laboratory,
Wilmington, MA) and normal WBB6F;-+/+ mice and the congenic
genetically mast cell-deficient WBB6F,-KitV/Kit" (Kit"/Kit")
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SCF INDUCES DIFFERENTIAL RELEASE OF MAST CELL MEDIATORS

mice (Jackson Laboratory, Bar Harbor, ME) were purchased at 4 to
6 weeks of age. Kit"/Kit"¥ mice, which contain less than 1.0% the
number of dermal mast cells present in the skin of the congenic
normal (+/+) mice,* were locally and selectively repaired of their
mast cell deficiency in the left ear (+/+ MC—Kit"/Kit"" mice) by
the intradermal injection of +/+ bone marrow-derived cultured
mouse mast cells (BMCMCs) at least 8 weeks before their use in
experiments, as described.’>?# All animal care and experimentation
was conducted in accord with current National Institutes of Health
and Beth Israel Deaconess Medical Center Institutional Animal Care
and Use Committee guidelines.

Mast cells. BMCMCs were obtained by maintaining the femoral
BM cdlls of 4- to 6-week-old BALB/c, WBB6F,-+/+ or WBB6F,-
Kit"/Kit"¥ mice in suspension in IL-3—containing conditioned me-
dium, consisting of 10% heat-inactivated fetal calf serum (FCS;
Sigma Chemical Co, St Louis, MO), 5 X 10~° mol/L 2-mercaptoeth-
anol (Sigma), and 2 mmol/L L-glutamine (GIBCO Laboratories,
Grand Island, NY) in Dulbecco’ s modified Eagle’ s medium (GIBCO
Laboratories; complete medium) supplemented with 20% (vol/vol)
of either supernatants from Concanavalin A (Con A)-activated spleen
cells (for BALB/c BMCMCs®?%) or WEHI-3 cell-conditioned me-
dium (for WBB6F,-+/+ or -KitY/Kit*V BMCMCs**%). The cells
were resuspended in fresh conditioned medium 1 to 2 times a week.
After 4 to 5 weeks, at least 95% of cellsthat remained in the cultures
were identifiable as mast cells, as determined by neutral red or May-
Grinwal d/Giemsa staining.2% Cl.MC/C57.1 cells, a cloned growth
factor-independent mouse mast cell line”® of BALB/c origin,?” were
maintained in complete medium.?

Activation of mast cells in vivo. WBB6F-+/+ or -Kit"/Kit""
mice were injected intradermally (ID) with 20 pL of recombinant
rat SCF (rrSCF; 30 pg/kg/site) into the left ears (L) or vehicle alone
(0.9% sterile, pyrogen-free NaCl) into the right (R) ears.?? To assess
whether mast cells could influence the expression of responses to
rrSCF in the skin of Kit"/Kit"* mice, rrSCF was injected into both
the L (mast cell-reconstituted) and R (mast cell-deficient) ears of
+/+ MC=Kit"/Kit"" mice.?? The rrSCF preparations that were in-
jected into the ears of our mice to provide 30 pg of rrSCF/kg/site
also provided approximately 13 pg/kg/site of LPS, as determined
using the Limulus amebocyte assay (LAL Assay; Whitaker Bio-
products, Inc, Walkersville, MD). Accordingly, in some experi-
ments, we injected mice ID with E Coli bacterial LPS (Sigma) at
13 pg/kglear site (in 20 L of 0.9% sterile, pyrogen-free NaCl).

Ear swelling was measured with amicrometer 2 hours after rrSCF,
LPS, or vehicle injection, and swelling was expressed as the incre-
ment of thickness (postinjection value minus preinjection baseline
value) in units of 10~*inch.? Central strips of the ears were obtained
after the mice were killed 2 hours after injection and processed into
1-um Epon-embedded, Giemsa-stained sections for morphometric
assessment of mast cell degranulation as extensive (=50% of the
cytoplasmic granules exhibiting fusion, staining alterations, and/or
extrusion from the cell), moderate (10% to 50% of the granules
exhibiting changes), or none (<10% of granules exhibiting
changes).?? The rest of the tissue was stored at —80°C until pro-
cessing for RNA extraction.

Reverse transcriptase-polymerase chain reaction (RT-PCR) and
Southern hybridization. Total RNA was isolated from ear tissue
according to the manufacturer’s specifications using Ultraspec RNA
isolation solution (Biotecx, Houston, TX). Semiquantitative RT-PCR
was performed using seria dilution of heparinase-treated RNA with
primers specific for mouse IL-6 and G3PDH (Clontech, Palo Alto,
CA).” RT-PCR products were analyzed on 1% agarose gels and
then transferred to a nylon membrane and hybridized with a ¥P-
labeled IL-6 or G3PDH cDNA probe.

Activation of mast cdls in vitro. BMCMCs derived from BALBIc,
WBB6F;-+/+, or WBB6F-Kit"/Kit"v mice were washed, resus-
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pended at 3 x 10° cells/mL of complete medium, and then stimulated
for 2 hours with various concentrations of rrSCF (Escherichia coli-
derived recombinant rat SCF*®*; Amgen Inc, Thousand Oaks, CA;
asin Tsa et d*) or E Coli bacterial LPS (Sigma). For analysis of
the kinetics of IL-6 release in response to challenge with rrSCF,
LPS, or IgE and specific antigen, CI.MC/C57.1 mast cells or BALB/
¢ BMCMCs were stimulated with rrSCF at 50 or 250 ng/mL or LPS
at 250 mg/mL or were sensitized for 2 hours at 37°C with ascitesfluid
containing a mouse monoclonal anti-DNP IgE® at approximately
8 ug/mL and then washed and resuspended in complete medium
containing DNPx; 4-HSA (Sigma) at 10 ng/mL. Supernatants were
collected at various intervals after stimulation and frozen at —80°C
until assayed for cytokines and mediators. Cell pellets were stored
at —80°C until processing for RNA isolation or (after 3 cycles of
freezing and thawing) assay for IL-6 protein (see below).

Measurement of mediators. IL-6 and TNF-a were assayed using
enzyme-linked immunosorbent assay (ELISA) kits (ENDOGEN,
Boston, MA). Histamine and L TC, were assayed using a radioimmu-
noassay kit (Immunotech Inc, Westbrook, ME) or an enzyme immu-
noassay kit (Cayman Chemical Co, Ann Arbor, MI), respectively,
according to the manufacturers’ instructions. Serotonin release was
measured by the specific release of [*H]-hydroxytryptamine creati-
nine sulfate (°*H-5HT; NEN, Boston, MA).%®

Measurement of IL-6 bioactivity. The IL-6—dependent 7TD1
mouse B-cell hybridomacell line was maintained in | L-6—containing
medium as previously described® and was deprived of I1L-6 for 3
days before experiments. Supernatants collected 2 hours after rrSCF
(50 ng/mL) or IgE/DNP-HSA (10 ng/mL) stimulation of BALBI/c
BMCMCs were diluted and added to 96-well plates containing 2 X
10° 7TD1 cells/well. Aliquots of the supernatants were preincubated
with 10 ug/mL of a rabbit antimouse IL-6 polyclonal neutralizing
antibody (R&D Systems, Minneapolis, MN) for 1 hour before addi-
tion to the cells. The plates were incubated at 37°C for 24 hours,
SH-thymidine ([°*H]-TdR, 6.7 Ci/mmol/L; NEN) was then added to
afinal activity of 2.0 uCi/mL for 4 hours, and cultures were then
collected onto glass filter strips using a PHD cell harvester and
counted by liquid scintillation. rrSCF induced no significant prolifer-
ation of 7TD1 cells.

Northern hybridization. Total RNA was prepared according to
the manufacturer’s specifications using Ultraspec RNA isolation so-
lution (Biotecx); 10 or 15 ug of total RNA was loaded per lane and
electrophoresed in 1% agarose-formal dehyde denaturing gel and then
transferred onto Zetabind nylon membrane (Cuno, Meriden, CT).
RNA blots were hybridized at 42°C for 16 to 18 hours with 10° cpm/
mL of *P-labeled IL-6, TNF-a, or G3PDH cDNA probes, washed at
42°C to a fina stringency of 0.2x SSC, then exposed to Kodak
XAR-5 films (Eastman Kodak, Rochester, NY) at —80°C. The films
were scanned using a densitometer (Molecular Dynamics, Sun-
nyvale, CA) and the specific signals were quantitated by ImageQuant
software (Molecular Dynamics). Relative IL-6 or TNF-« intensities
were calculated after normalization with the corresponding G3PDH
signals.

Satistical analysis. Theresults were analyzed for statistical sig-
nificance by the unpaired Student’s t-test (two-tailed; for the ear
swelling assay or differences in mediator release), or the x? test (for
the extent of mast cell degranulation). All results are expressed as
the arithmetic mean + SEM.

RESULTS AND DISCUSSION

SCF induces mast cell-dependent enhancement of IL-6
mMRNA expression in vivo. We first wished to assess
whether the SCF-induced, c-kit—dependent mast cell degran-
ulation that can be elicited in mouse skin in vivo? is associ-
ated with evidence of mast cell-dependent cytokine produc-
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Fig 1. Induction of ear swelling (A and B) and mast cell activation (C) by intradermal injection of rrSCF (30 ng/kg/site) or vehicle alone in
the ear skin of WBBG6F,-Kit"/Kit"" mice or Kit"/Kit" mice that had been selectively and locally reconstituted, in the left ear, with BMCMCs
derived from the congenic normal +/+ mice (+/+ MC — Kit"/Kit"" mice). (A) Ear swelling measured 2 hours after injection of rrSCF or vehicle.
*P < .001 versus values for vehicle-injected +/+ mice or SCF-injected Kit"/Kit"* mice. (B) Ear swelling determined 2 hours after injection of
rrSCF into the left (mast cell-reconstituted) or right (mast cell-deficient) ears of +/+ MC — Kit"/Kit" mice. *P < .005 versus values for
contralateral mast cell-deficient ears. (C) Extent of mast cell activation in the ear skin of +/+ mice after injection of SCF or vehicle or in the
left (mast cell-reconstituted) SCF-injected ears of +/+ MC — Kit"/Kit" mice. *P < .0001 versus values for the SCF-injected +/+ mice or SCF-
injected +/+ MC — Kit"/Kit"" mice. The differences between values for SCF-injected +/+ or +/+ MC — Kit"/Kit""" mice are not statistically

significant (P > .1).

tion. We therefore confirmed that intradermal injection of
recombinant rat SCF*** (rrSCF), at 30 ug/kg/site, can induce
a significant local tissue swelling response in normal
(WBB6F;-+/+) mice but not in the congenic mast cell-defi-
cient WBBG6F,-Kit"/Kit"" mice (Fig 1A). To demonstrate
that this rrSCF-induced tissue swelling is mast cell-depen-
dent, we showed that injection of rrSCF induced a swelling
response in ears of Kit"/Kit"" mice that had been locally
and selectively repaired of their mast cell deficiency, but not
in the contralateral, mast cell-deficient, ears of the same mice
(Fig 1B). Morphometric analysis of the ears of the mice
shown in Fig 1A and B indicated that injection of rrSCF
resulted in extensive degranulation of dermal mast cells in
the ears of WBB6F;-+/+ mice and in the mast cell-reconsti-
tuted ears of WBB6F,-Kit"/Kit" mice (+/+ MC-Kit"/Kit"
mice), whereas little mast cell degranulation was observed
in the vehicle-injected control ears of WBB6F;-+/+ mice
(Fig 1C). At thetime interval examined (2 hours), little or no
leukocyte recruitment was observed at sites of I1D injection of
rrSCF or vehicle (data not shown).

Preliminary studieswith in vitro-derived mouse mast cells
indicated that rrSCF can induce a marked increase in the
cells' steady statelevel of IL-6 mRNA, aswell astherelease
of IL-6 protein, at concentrations that produce little or no
release of TNF-a. We therefore used RT-PCR to evaluate
levelsof IL-6 mRNA in serial dilutions of total RNA isolated
from the ears of the same mice shown in Fig 1. We found
that intradermal injection of rrSCF induced more substantial
increases in levels of IL-6 mMRNA in the skin of WBB6F;-
+/+ normal mice (Fig 2A) or WBBG6F,-Kit"/Kit"" mice that
had undergone selective local repair of their dermal mast cell
deficiency (Fig 2C), than in the skin of mast cell-deficient
WBB6F,-Kit"/Kit"" mice (Fig 2B). However, injection of
rrSCF did not detectably increase local levels of TNF-«
mRNA (not shown).

To asses the possibility that our results may have been
influenced by the small amount of LPSin our rrSCF prepara-

tions, we injected some C57BL/6 mice in the left ears with
rrSCF (30 upg/kg/site) and in the contralateral (right) ears
with the amount of LPS (13 pg/kg/site) that was present in
the solution of rrSCF that had been injected into the left
ears. Another group of C57BL/6 mice were injected in the
left ears with LPS (13 pg/kg/site) and in the right ears with
vehicle (0.9% NaCl) alone. As assessed at 2 hours after
challenge, rrSCF induced tissue swelling responses (Fig 3A)
and levels of mast cell degranulation (Fig 3B), which were
similar to those observed in identically challenged WBB6F;-
+/+ or +/+ MC-KitV/Kit"" mice (Fig 1A through C),
whereas the sites injected with LPS exhibited responses that
were statistically indistinguishable from those in sites that
had been injected with vehicle aone (Fig 3A and B). In
accord with these results, our RT-PCR analysis indicated
that rrSCF induced a more substantial increase in cutaneous
levels of IL-6 mRNA than did LPS (Fig 3C). Indeed, in a
separate experiment, the IL-6 mMRNA signal in ears that had
been injected with LPS was similar to that obtained in the
contralateral, vehicle-injected ears (Fig 3D).

These findings indicate that LPS contamination of our
rrSCF preparations accounted for neither the ability of these
preparations to induce extensive mast cell degranulation or
tissue swelling nor their ability to induce local upregulation
of tissue levels of IL-6 mMRNA. Our results instead suggest
that rrSCF, and perhaps other agents, may be able to induce
increased local levels of IL-6 mMRNA in proportion to their
ability to promote cutaneous mast cell degranulation. In ac-
cord with this hypothesis, we found that rrSCF that had been
boiled for 20 minutes, when injected at 30 pg/kg/site, also
induced extensive mast cell degranulation, significant tissue
swelling, and increased levels of IL-6 mMRNA (as detected
by RT-PCR), whereas alow dose of unboiled rrSCF (0.3 ug/
kg/site) induced neither significant mast cell degranulation,
increased tissue swelling, nor detectably enhanced levels of
IL-6 mMRNA (data not shown).

rrSCF induces mast cells to release IL-6 in vitro. The
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Fig 2. Detection of IL-6 mRNA by RT-PCR in serial dilutions of RNA from the ear skin of the same WBB6F,-+/+ (A), WBB6F,-Kit"/Kit"" (B),
and +/+ MC—Kit"/Kit"" (C) mice that are shown in Fig 1. Note that +/+ MC — Kit"/Kit""" mice (C) were injected with SCF in both the L (mast

cell-reconstituted) and R (mast cell-deficient) ears.

results shown in Figs 1 through 3 indicate that rrSCF can
induce elevations in levels of IL-6 mMRNA in the skin of
mice and that such rrSCF-induced increases in IL-6 mMRNA
levels are both mast cell-dependent and associated with mor-
phologic evidence of mast cell degranulation. However,
these findings do not prove that rrSCF can directly induce
the production of IL-6 protein from mast cells. For example,
even though little or no leukocyte recruitment occurred
within 2 hours of ID injection of rrSCF, we cannot exclude
the possibility that mediators released from the mast cells
that degranulated in response to rrSCF directly or indirectly
enhanced levels of IL-6 mMRNA in other cell types that are
normally resident in the skin. Thisin vivo system a so cannot
be readily used to quantify the amounts of IL-6 protein (or
other mediators) that might be produced in this context.

501

404 1

Fig 3. Induction of ear swell-
ing (A), mast cell activation (B),
and IL-6 mRNA expression (C
and D) by ID injection of rrSCF
(30 mg/kg/site), LPS (13 pg/kg/
site), or vehicle alone in the ear
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skin of C57BL/6 mice (n = 5 to
10 per treatment group). (A) Ear
swelling measured 2 hours after
injection of rrSCF into the left

To assess whether rrSCF can directly induce mast cells
to release IL-6 protein and to determine the extent to
which such cytokine release is associated with degranula-
tion and release of preformed or lipid mediators, we ana-
lyzed the responses of BMCMCs in vitro. In BALB/c
BMCMCs, rrSCF induced markedly increased steady-
state levels of IL-6 mMRNA (not shown) as well as the
dose-dependent release of IL-6 protein (Fig 4A). In con-
firmation of a previous report,® rrSCF also induced
BMCMCsto release LTC, (Fig 4B), albeit at higher con-
centrations than those required to induce IL-6 production
(Fig 4A) and in smaller amounts than those produced in
response to IgE and specific antigen (Fig 4, legend). Anal-
ysis of the same BMCM Cs shown in Fig 4A and B showed
that rrSCF challenge resulted in only low-level release of

100 -

[] none

H

_H
_H

75

[F] moderate

Mast Cell Degranulation (%)

[l extensive

ears or LPS alone (in the same SCF LPS
amount as was present in the

rrSCF solution) into the right A

ears or 2 hours after injection of

LPS into the left ears and vehicle

alone into the right ears. *P =

.001 versus values for LPS-in-

jected or vehicle-injected ears.

LPS Vehicle

SCF (30ug/kg)

LPS (13pg/kg)

(B) Extent of mast cell activation
in the rrSCF-, LPS-, or vehicle-in-
jected ear skin. *P < .0001 ver-

sus LPS- or vehicle-injected ears. IL-6 -v

The differences between values
for LPS- or vehicle-injected ears
(in A or B) are not statistically
significant (P > .1).

0.01
0.001
0.01
0.001
1.0
0.01
0.001

]
-

L ad o s ool

20z dunr g0 uo isanb Aq Jpd y592/.GE L L LI¥S9Z/8/68/4Pd-Bl01E/PO0|qABU"SUOHEDIIgNdYSE//:dY WOy papeojumog



2658 GAGARI ET AL
10,000 -30 6 - 50
1,000 54 L 40

1004 - 30

- 20

IL-6 (pg/106 cells)

% Histamine Release
LTC4 (ng/106 cells)
w
1
) [3H]-Ser0t0nin Release

- 10

T T T T
10 50 250 1250 0 04 2 10 50 250 1250

A SCF (ng/ml) B SCF (ng/ml)

Fig 4. Release of (A) IL-6 and histamine and (B) [*H]-5HT and LTC, from BALB/c BMCMCs that had been stimulated with various concentra-
tions of rrSCF. Release of IL-6, histamine, and LTC, was measured at 2 hours (from the same aliquots of cells), whereas [*H]-5HT release was
measured at 10 minutes (in separate aliquots of the same cell preparations, but which had been incubated before challenge with [*H]-5HT;
see the Materials and Methods). #P < .05 or *P < .001 versus values for unstimulated control cells. After sensitization with anti-DNP IgE and
challenge with DNP30-40-HSA at 10 ng/mL (see the Materials and Methods), the same population of BMCMCs shown in (A) and (B) released
5,510 + 270 pg IL-6 and 165 = 10 ng LTC, per 10° cells (at 2 hours) and gave 20% =+ 2.3% specific release of histamine (at 2 hours) and 38% +
0.7% specific release of [*H]-5HT (at 10 minutes). Data are shown as mean + SEM (n = 4 to 5 per point) but, in many instances, error bars are

0 04 2

too small to be seen in the figures.

two preformed mediators, histamine (Fig 4A), or serotonin
(5-hydroxytryptamine [5-HT]; Fig 4B).

In al, we performed 12 experiments with BALB/c
BMCMCs and 3 experiments with an IL-3—independent
mouse mast cell clone of BALB/c origin (CI.MC/C57.1) to
assess the ability of rrSCF, in concentrations of up to 250
or 1,250 ng/mL, to induce the release of IL-6 as opposed to
histamine or 5-HT. In each of these experiments, rrSCF
either failed to increase significantly the release of histamine
or 5-HT or did so only modestly and at the higher concentra-
tions of rrSCF tested. However, the amounts of |L-6 release
detected at 2 hours after rrSCF challenge varied in different
experiments. For example, in 9 experiments using BALB/c
BMCMC:s that had been derived in medium that contained
supernatants of Con A-stimulated spleen cells as a source
of IL-3, rrSCF (at 250 ng/mL) induced the production of 19
+ 1to 841 + 30 pg of IL-6/10° cells (mean = SEM = 297
+ 88 pg/10° cells) at 2 hours after challenge.

When administered in the presence of FCS, bacterial LPS
can induce IL-6 release from rat peritoneal mast cells in
the absence of detectable histamine release.** According to
analysis of our reagents with the Limulus amebocyte assay
(LAL Assay; Whitaker Bioproducts, Inc), none of the mast
cells stimulated with rrSCF in vitro could have been exposed
to greater than 10 pg of LPS/mL. Nevertheless, in 2 experi-
ments, we challenged BMCMCs for 6 and/or 2 hours with
LPS (in medium containing 10% FCS) at a range of doses
from 50 ng to 500 ug/mL. Incubation of BMCMCs with
LPS a 50 pg/mL for 2 hours induced release of low levels
of IL-6(22.9 + 0.8 pg/10° cells; Fig 5) but no specific release
of 5-HT (not shown); no increased release of IL-6 was de-
tected from cells incubated with LPS at <0.5 pg/mL. When
aliquots of these same BMCM C populations were challenged

with rrSCF at 50 ng/mL for 2 hours, they released 253 + 9
pg of IL-6/10° cells. Thus, on a weight basis, rrSCF in this
experiment was at least 1,000 times more potent than LPS
as an inducer of 1L-6 release from BMCMCs.

Comparison of the kinetics and magnitude of mast cell
IL-6 release in response to rrSCF, LPS, or IgE and specific
antigen. To assess the kinetics of IL-6 production in re-
sponse to different types of mast cell stimulation and to
evaluate the extent to which the IL-6 produced in response to
various types of challenge was cell-associated, we evaluated
BALB/c BMCMCs that had been derived in complete me-
dium supplemented with supernatants from Con A-stimu-
lated spleen cells. BMCMCs stimulated with rrSCF (250 ng/

10,000

1,000

100

IL-6 (pg/106 cells)
*

10

T T T T T T
0 005 05 5 50 500
LPS (ug/ml)

Fig 5. Dose-dependent release of IL-6 in BALB/c BMCMCs stimu-
lated for 2 hours with LPS. *P < .001 versus values for unstimulated
control cells (n = 4 to 5 per point).
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Fig 6. Kinetics of IL-6 production, as assessed by measurements of (A) supernatant- or (B) cell-pellet-associated IL-6, or (C) total (supernatant-
plus cell-pellet-associated) IL-6 in BALB/c BMCMCs after stimulation with rrSCF (250 ng/mL; W), LPS (250 ng/mL; ), IgE and DNP-HSA (10
ng/mL; E), or vehicle alone (C]). *P < .001 versus corresponding values for vehicle-challenged cells (n = 3 to 5 per point). Please note that IL-
6 associated with cell pellets from vehicle-challenged cells was below the limit of detection of the ELISA assay (ie, < 1 pg/10° cells).

mL) or LPS (250 pg/mL) released much less IL-6 than did
cells activated viathe Fc.RI (Fig 6A). However, for al three
stimuli, substantial 1L-6 production was detectable in the
cell supernatants at 2 hours and near maximal levels were
present by 6 hours (Fig 6A). No IL-6 was detectable in the
cell pellets of the control BMCMCs that had been incubated
in vehicle alone (Fig 6B), indicating that little or no pre-
formed IL-6 was present in these cells. However, cell-associ-
ated IL-6 was detectable in BMCMCs &fter their activation
by rrSCF, LPS, or IgE and specific antigen (Fig 6B). At 2
hours after addition of the stimuli, this cell-associated |L-6
represented approximately 33% of total 1L-6 production in
BMCMCs that had been stimulated with rrSCF, approxi-
mately 28% in cells that had been stimulated with LPS, and
approximately 15% in cells that had been challenged with
IgE and antigen (Fig 6C). The proportion of total IL-6 pro-
duction that was present in the cell pellet fraction had de-
clined to 5.5% or less by 6 hours after challenge and de-
creased to even lower proportions of the total I1L-6 at later
intervals (Fig 6B and C).

We also found that, for all three types of stimulation, total
IL-6 measured 24 hours after challenge was actualy less
than that measured at the peak of the response for that type
of stimulation (42% less for rrSCF-challenged cells at 24 v
6 hours [P < .2), 10% less for LPS-stimulated cells at 24 v
12 hours[P < .3], and 20% less for IgE and specific antigen-
challenged cells at 24 v 6 hours [P < .03]). These results
might be due to any of a number of factors. For example,
some of the released IL-6 might have been degraded over
time (eg, by mast cell-derived proteases). In addition, we
removed the BMCMCs from IL-3—containing conditioned
medium before challenging them for measurement of 1L-6
production. At late intervals after their removal from IL-
3—containing medium, such BMCMC populations undergo
apoptosis. 3%

In light of the finding of substantial release of 1L-6 as early
as 2 hours after mast cell activation, we performed additional

experiments to examine the kinetics of IL-6 release at early
intervals after challenge with rrSCF or IgE and specific anti-
gen in both BALB/c BMCMCs and a growth factor-indepen-
dent cloned mast cell line of BALB/c origin, CI.MC/C57.1
(Fig 7). The kinetics of rrSCF-induced or Fc RI-dependent
release of IL-6 were similar in both BMCMCs and CI.MC/
C57.1 cdlls, with release significantly above that from vehicle-
treated control cells detectable as early as 30 minutes after
challenge and with levels of IL-6 in the cells supernatants
increasing steadily thereafter (Fig 7).

However, as in our other experiments (eg, Fig 6), the
maghitude of cytokine release with these two types of signal -
ing was very different (note that 1L-6 production is shown
on a logy scale). In 5 or 8 independent experiments, the
amount of 1L-6 released from BMCMCs 2 hours after stimu-
lation with rrSCF at 50 or 250 ng/mL was 37- + 13-fold
(mean = SEM, n = 8) or 166- = 85-fold (n = 5) higher
than baseline release from control cells, but only 2.6% =
1.0% or 7.0% + 3.0% that released by cells sensitized with
IgE anti-DNP antibody and then stimulated for 2 hours with
DNP-HSA a 10 ng/mL. In growth factor-independent
cloned mast cells (CI.MC/C57.1 cells; Fig 7B), both baseline
and rrSCF-induced levels of |L-6 production (and aso levels
of IL-6 production in response to IgE and specific antigen)
were higher than those observed in BMCMCs, but the extent
to which rrSCF stimulation increased levels of IL-6 release
over those observed in vehicle-treated cells was less in
Cl.LMC/C57.1 cells than in BMCMCs (compare Fig 7A and
B). Moreover, the proportional increases in levels of IL-6
secretion over time, in response to either rrSCF or IgE and
specific antigen, occurred somewhat more slowly in CI.MC/
C57.1 cellsthanin BMCMCs. Nevertheless, asin BMCMCs,
levels of secretion of IL-6 by CI.MC/C57.1 cellsin response
to rrSCF were much lower than those observed in cells acti-
vated via the Fc.RI (Fig 7B).

Thus, athough rrSCF challenge markedly increased the
release of 1L-6 compared with that observed in unstimul ated
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control mast cells, the amount of IL-6 produced by mast
cellsin response to rrSCF generally represented only asmall
fraction of that released by mast cells in response to chal-
lenge with IgE and specific antigen.

To determine whether the relatively small amounts of IL-
6 that can be released from mast cells by rrSCF are sufficient
to express biologic activity, we assessed the ability of super-
natants derived from rrSCF-challenged mast cells to induce
proliferation in the IL-6—dependent B-cell hybridoma cell
line, 7TD1. As shown in Fig 8, the amounts of IL-6 detected
by ELISA in supernatants of BMCMCs stimulated with
rrSCF at 50 ng/mL were biologically active. Moreover, virtu-
ally all of this bioactivity was abolished by a neutralizing
antibody against mouse IL-6.

rr SCF-dependent release of mast cell IL-6 Is c-kit—depen-
dent. To evaluate the mechanism of rrSCF-induced cyto-
kinerelease from BMCMZCs, we analyzed BMCM Cs derived

3000

2000

[BHI-TdR (cpm)

1000

Dilution of 0 - i :
Supernatant: 107 107 102 102 102 102 10° 107

Anti-IL-6 Antibody: - + - + - + - +
Stimulation: SCF IgE/DNP-HSA

Fig 8. IL-6 bioactivity, measured by [*H]-TdR uptake in 7TD1 cells,
in supernatants from BALB/c BMCMCs that had been stimulated for
2 hours with rrSCF or IgE/DNP; supernatants were tested with (+)
or without (—) prior incubation with an anti-IL-6 antibody. The mean
baseline value for 7TD1 cells incubated without a source of IL-6 (898
cpm) was subtracted before showing cpm data as mean = SEM (n
= 3). ¥*P < .05, **P < .005 versus corresponding values without anti-
IL-6 antibody; T, not significant (P > .05) versus baseline values (898
+ 114 cpm) for negative control 7TD1 cells incubated without IL-6.

GAGARI ET AL

CLMC/C57.1

Fig 7. Kinetics of IL-6 produc-
tion in (A) BALB/c BMCMCs or
(B) CI.LMC/C57.1 cells that had
been stimulated with rrSCF (50
ng/mL; H) or IgE and DNP-HSA
(10 ng/mL; E; n = 4 to 5 per
point). *P < .001 versus values
for unstimulated control cells (CJ;
n = 4 to 5 per point); TP < .0001
versus values for IgE/DNP-HSA-
stimulated cells.

1 2 4 6
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from WBBG6F,-Kit"/Kit"" mice and the congenic normal
(WBB6F,-+/+) mice. WBB6F,-Kit"/Kit"*¥ BMCMCs ex-
press normal amounts of c-kit receptors (SCFR) encoded by
the Kit" allele; these receptors have a wild-type extracellu-
lar ligand-binding domain, but have a Thr660 — Met substi-
tution in the tyrosine kinase domain that results in markedly
diminished ligand-dependent c-kit autophosphorylation and
signal transduction.® In two experiments, one of which is
shownin Fig 9, rrSCF (in concentrations of up to 250 ng/mL)
induced little or no specific release of 5-HT from BMCMCs
derived from either WBB6F;-+/+ or WBB6F,-Kit"/Kit""
mice (Fig 9A). By contrast, both types of BMCMCsreleased
5-HT in response to Fc.RI-dependent challenge (Fig 9A).
However, WBB6F;-+/+ BMCMCs expressed increased
amounts of I1L-6 (Fig 9C and D) and, to alesser extent, TNF-
a (Fig 9F and G) mRNA in response to rrSCF and aso
released the corresponding proteins (Fig 9B and E), whereas,
by comparison, WBB6F,-Kit"/Kit"¥ BMCMCs exhibited
very attenuated responses (Fig 9B through G). WBBG6F,;-
Kit"/Kit"” BMCMCs did not have a global defect in recep-
tor-dependent enhancement of cytokine production, in that
WBB6F-Kit"/Kit" or -+/+ BMCMCs released very simi-
lar amounts of 1L-6 (Fig 9B) or TNF-« (Fig 9E) in response
to Fc.RI-dependent activation.

Conclusions. We have found that rrSCF can promote
IL-6 release from mouse mast cells via a cognate interaction
with c-kit (the SCFR), even at concentrations that produce
little or no detectable release of LTC, or biogenic amines.
rrSCF can also induce the c-kit—dependent release of TNF-
«, but this was detectable only at the higher concentrations
of rrSCF tested. Moreover, rrSCF can induce IL-6 releasein
both primary populations of mouse BMCMCsandin CI.MC/
C57.1 mouse mast cells, a cloned cell line devoid of even
small numbers of contaminating cell types. These findings
add SCF, the major endogenous regulator of murine and
human mast cell survival and development,*’3* to the rela-
tively short list of agents that can induce the differential
release of mast cell cytokines. Leal-Berumen et al**® have
reported that LPS,* prostaglandin E,,* and cholera toxin'®
can induce IL-6 secretion in the absence of detectable hista-
mine release in highly purified preparations of rat peritoneal
mast cells.

20z dunr g0 uo isanb Aq Jpd y592/.GE L L LI¥S9Z/8/68/4Pd-Bl01E/PO0|qABU"SUOHEDIIgNdYSE//:dY WOy papeojumog



SCF INDUCES DIFFERENTIAL RELEASE OF MAST CELL MEDIATORS 2661
801 BMCMCs
% —e— /4
;3 60 1 —o— KiWikiW-v
B
5
S 40
%
g
S 20
0 T T T ; \-'
0 001 1 10 010 50 250
A DNP-HSA (ng/ml) SCF (ng/ml)
10,000 ~ BMCMC mRNA
T
50 - +/;V W.
| 0 KitW/KitW-
1,000 t MCMC IL-6 mRNA .
0
2 DNP-HSA SCF 2
3 (ng/ml) (ng/ml) 2
t 100 t i 30
=3 —
3 e~ & o B 8 %E 20
o I
2 107 X
o - e . 5% 1.0
=8
1 T T T T TT T T K“W/Ki‘w.v " 0
0 001 1 10 010 50 250 ];)NP HSlA( ;0 ) 0scF (521 l)250
DNP-HSA (ng/ml) SCF (ng/ml) - ng/m’ ng/ml
B C D
1,000 7
0.8
1004 BMCMC TNF- A
R t DNP-HSA SCF 0.6
2 (ng/ml) (ng/ml) §
3 : o~ 2 o8& & -
3 1 1 EQ
. e ' £3 02
r KitW/KitW-v P . gE
3 001 1 10 010 50 250 0o 1 10 0 50 250
DNP-HSA (ng/ml) SCF (ng/ml) DNP-HSA (ng/ml) SCF (ng/ml)
E F G

Fig 9. Release of (A) *H-serotonin, (B) IL-6, and (E) TNF-a (all shown as mean + SEM, n = 4 to 5 per point) or expression of mRNA for IL-6
(C and D) or TNF-a (F and G) by rrSCF or IgE/DNP-HSA-stimulated BMCMCs derived from WBBG6F,-Kit"/Kit" mice or the congenic +/+ mice.
(A) Release of serotonin (assessed as percentage of specific release of [*H]-5HT) at 10 minutes after challenge. (B) IL-6 production 2 hours after
challenge. (C) Northern blot of IL-6 mRNA induction 2 hours after stimulation. (D) Densitometric analysis of IL-6 mRNA expression, presented
as the ratio of density of IL-6 mRNA and G3PDH mRNA in the same specimens shown in (C). (E) TNF-a production 2 hours after challenge.
(F) Northern blot of TNF- mRNA induction 2 hours after stimulation. (G) Densitometric analysis of TNF-a mRNA expression (ratio of density
of TNF-a v G3PDH mRNA) in the same specimens shown in (F). TP < .001 versus values for Kit"/Kit""* BMCMCs.

We are not aware of reports of other endogenous mamma-
lian proteinsthat can induce mast cellsto release IL-6 prefer-
entially with respect to preformed mediators such as hista-
mine or 5-HT. However, after the submission of this
manuscript, Lu-Kuo et al*® reported that high levels of IL-6
(~9 ng/10° cells) could be released from IL-3—derived
mouse BMCMCs that had been stimulated for 7 to 24 hours
with a combination of SCF (50 ng/mL), IL-10 (20 U/mL),
and IL-18 (5 ng/mL). Lu-Kuo et al* also noted that substan-
tialy less IL-6 (~0.2 ng/10° BMCMCs) was released by
such cells in response to SCF and IL-10 without IL-13 and
that negligible amounts of IL-6 (data not shown) were re-
leased in response to challenge with each of these three
cytokines when they were tested individually. However, that
study did not report the amounts of IL-6 that were released
by mast cells challenged with SCF aone or the extent to
which such IL-6 secretion was associated with the release
of preformed or lipid mediators.

Similarly, Hultner and Moeller® reported that a growth
factor-dependent mouse mast cell line and a growth factor-
independent malignant mouse mast cell line could produce
IL-6 inresponseto IL-9 and that the growth factor-dependent
cell line also secreted IL-6, abeit in smaller amounts, in
response to IL-4. However, the effects of 1L-9 (or IL-4) on
the release of other mediators from these mast cell lines
were not reported. Nevertheless, the findings of Hultner and
Moeller,* when taken together with those of Lu-Kuo et al*®
and our results, raise the possibility that the differential, low-
level release of IL-6 may represent part of the response of
mast cells to many growth factors that can influence the
cells' development, survival, or phenotype.

In BMCMCs and CI.MC/C57.1 célls, rrSCF induced sig-
nificant release of IL-6 at concentrations that resulted in little
or no release of histamine or serotonin. However, it may well
be that the extent to which mast cells can exhibit differential
mediator release in response to c-kit—dependent activation
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(like many other aspects of mast cell phenotype) is devel op-
mentally and/or microenvironmentally regulated. Mouse
BMCMCs are immature, lineage-committed mast cells with
some similarities to mucosal mast cells.**"* Whereas rrSCF
induced relatively low levels of degranulation and release
of biogenic amines in our BMCMC populations, recombi-
nant SCF can promote more extensive degranulation and/or
release of biogenic amines from certain mature mast cells,
including human® or mouse (Fig 1C and Wershil et a?)
dermal mast cells.

Accordingly, it will be of interest to assess the ability of
SCF to induce IL-6 production in various distinct mast cell
populations and to investigate the mechanisms (such as the
presence or absence of IL-4, IL-9, IL-10, IL-13, or other
cytokines®™*") that might determine the extent to which SCF-
induced IL-6 production in these cells is associated with the
release of other mediators, including the cytoplasmic gran-
ule-associated preformed products, the lipid mediators, and
additional cytokines. In this context, it should be noted that
the expression of IL-6 in mast cells may be regulated differ-
ently than that of other cytokines. For example, we pre-
viously showed that phorbol myristate acetate can induce
increased levels of 1L-6 mMRNA in mouse mast cell lines
under conditions that do not result in corresponding changes
in the mRNA of several other cytokines,® and we found in
this study that rrSCF can induce BMCMCs to release IL-6
at concentrations that promote little or no detectable release
of TNF-a.

Although the in vivo relevance of our findings remain to
be determined, the observation that SCF can induce mast
cells to release low levels of 1L-6 and, to a lesser extent,
TNF-a nevertheless has several potentially important impli-
cations. Certain reactions to pathogenic bacteriain mice are
associated with marked increases in the local production
of SCF.*° Moreover, mast cell-deficient WBBG6F,-Kit"/Kit"v
mice exhibit increased morbidity and mortality in severa
models of bacterial infection,®™° at least in part because
of their lack of mast cell-derived cytokines.’®* When taken
together with these observations, our results suggest that
SCF-induced mast cell cytokine production may contribute
to the expression of host responses to bacteria and perhaps
other pathogens. Our findings also raise the possibility that
the clinical use of recombinant human SCF* may result in
effects on mast cell cytokine production and function, even
in those subjects who do not exhibit evidence of widespread
SCF-dependent mast cell degranulation and histamine re-
lease®® Moreover, in light of the findings of Hultner and
Moeller® and Lu-Kuo et al,* it seems likely that the magni-
tude and nature of the effects of SCF on mast cell production
of IL-6 and other mediators may be significantly modulated
by the local levels of other cytokines, whether in the context
of host responses to pathogens or during the therapeutic use
of rrSCF.

Our observations aso offer a new perspective about the
potential physiologic functions of mast cells. Tissue mast
cellsthat have not been extensively activated, eg, by IgE and
specific antigen, are often regarded as resting or functionally
quiescent. However, an aternative hypothesis is that, under
physiologic conditions, mast cells can release small amounts
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of some of the same mediators that they produce in large
quantities during pathologic or immunologic responses. The
findings presented here identify the interaction between c-
kit and its ligand, which is already regarded as critical for
mast cell development, survival, and proliferation,*%* as
acandidate mechanism to regulate the physiologic, relatively
low-level production of IL-6 and perhaps other mediators
(eg, TNF-a) by tissue mast cells. Although IL-6 can mediate
a broad spectrum of biologic functions,**** examples of po-
tential consequences of c-kit—dependent IL-6 production by
mast cells include autocrine effects on mast cell develop-
ment™ as well as diverse paracrine effects on the develop-
ment or function of additional cell types, such as hematopoi-
etic or lymphoid cells*** and vascular endothelial cells.*

NOTE ADDED IN PROOF

After stimulation for 6 hours with rrSCF (50 ng/mL), IL-
10 (40 ng/mL), and IL-13 (5 ng/mL) (asin Luo-Kuo et a*),
BALB/c BMCMCs derived in either ConA-activated spleen
cell- or WEHI-3 cell-conditioned medium released 14.1 +
0.7 (n=5) or 7.8 = 0.8 (n = 3) ng of 1L-6/10° cells, amounts
that were much greater (by ~57- to 228-fold) than those
produced by aliquots of the same BMCMCs in response to
rrSCF (50 ng/mL) alone (P = .001); however, neither SCF
nor SCF + IL-10 + IL-143 induced substantial specific re-
lease of *H-5HT (=2.0% + 1.1% at 10 minutes).
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