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IL-10 Suppresses Mast Cell IgE Receptor Expression and
Signaling In Vitro and In Vivo'

Sarah Kennedy Norton,* Brian Barnstein,* Jennifer Brenzovich,* Daniel P. Bailey,*
Mohit Kashyap,* Kelly Speiran,* Jill Ford,” Daniel Conrad,” Stephanie Watowich,*
Matthew R. Moralle,® Christopher L. Kepley,® Peter J. Murray," and John J. Ryan®*

Mast cells are known for their roles in allergy, asthma, systemic anaphylaxis, and inflammatory disease. IL-10 can regulate
inflammatory responses and may serve as a natural regulator of mast cell function. We examined the effects of IL-10 on in
vitro-cultured mouse and human mast cells, and evaluated the effects of IL-10 on FceRI in vivo using mouse models. IgE
receptor signaling events were also assessed in the presence or absence of IL-10. IL-10 inhibited mouse mast cell FceRI
expression in vitro through a Stat3-dependent process. This down-regulation was consistent in mice tested in vivo, and also
on cultured human mast cells. IL-10 diminished expression of the signaling molecules Syk, Fyn, Akt, and Stat5, which could
explain its ability to inhibit IgE-mediated activation. Studies of passive systemic anaphylaxis in IL-10-transgenic mice
showed that IL-10 overexpression reduced the IgE-mediated anaphylactic response. These data suggest an important reg-
ulatory role for IL-10 in dampening mast cell FceRI expression and function. IL-10 may hence serve as a mediator of mast

cell homeostasis, preventing excessive activation and the development of chronic inflammation.
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ast cells are important in protection against parasitic
M and bacterial infections (1), and have recently been
shown to play a role in resistance to snake and hon-
eybee venom (2). However, when inappropriately activated, mast
cells have the ability to induce allergy, asthma, and systemic ana-
phylaxis (1). A role for these cells is also suspected in inflamma-
tory diseases such as multiple sclerosis, arthritis, cardiovascular
disease, and colitis (3—7). Thus, mechanisms that regulate mast cell
function are of increasing clinical importance.

In allergic disease, mast cells are most commonly activated by
the cell surface high-affinity IgE receptor, FceRI. FceRI is ex-
pressed on mast cells as a tetramer, consisting of an a-chain that
binds IgE, a B-chain that amplifies receptor signaling (8), and two
y-chains that are responsible for signal initiation (9). FceRI ag-
gregation by multivalent Ag leads to degranulation, production of
arachidonic acid metabolites, and cytokine secretion, which col-
lectively elicit inflammation. Recently, the signaling cascades link-
ing IgE-Ag interactions with cellular activation have been viewed
as two major branches. The best characterized is activation of the
tyrosine kinases Lyn and Syk, leading to phosphorylation of the
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adapter protein linker for activation of T cells. This pathway prin-
cipally leads to activation of the Ras-MAPK and phospholipase
Cry-protein kinase C cascades. A second branch of the FceRI-sig-
naling cascade is triggered by Fyn phosphorylation, which acti-
vates the PI3K pathway (9, 10). In addition to these major cas-
cades, we recently found that activation of the transcription factor
STATS is necessary for normal IgE signaling (11). Although these
pathways have some overlapping functions, loss of a single com-
ponent (e.g., Syk, Fyn, STATS) can have potent deleterious effects
on mast cell activation. Hence, these signaling proteins are a po-
tential means by which mast cell function may be regulated.

Among the possible natural regulators of FceRI signaling is IL-
10, which belongs to a family of related cytokines that includes
IL-19, IL-20, IL-22, IL-24, and IL-26 (12). IL-10 can be produced
by cells involved in the allergic response, including T cells and
mast cells. Its well-documented ability to inhibit macrophage ac-
tivation and Ag-presenting function suggested an important role in
regulating the immune response. This was clearly confirmed by the
phenotype of IL-10-deficient mice, which develop severe autoim-
mune disease (13). IL-10 has been shown to regulate inflammatory
responses to pathogen infection (14, 15), to protect from endotoxic
shock (16, 17), and to control both acute and chronic inflammatory
responses (18). Clinically, IL-10 inhibits progression of rheuma-
toid arthritis when delivered directly to the site of inflammation
(19). As such, IL-10 and its methods of suppression have become
increasingly important areas of study, with the hope of eventually
developing a more effective inflammatory therapeutic (20).

We and others have shown that IL-10 can inhibit FceRI expres-
sion and IgE-mediated cytokine production in murine mast cells
(21-25). In the present study, we have examined the mechanisms
by which IL-10 inhibits mast cell activation, and extend our ob-
servations to include primary human mast cells and an in vivo
mouse model of anaphylactic shock. Our findings indicate that
IL-10 suppresses FceRI expression and function both in vitro and
in vivo and suggest that this cytokine may be a natural regulator of
the mast cell response.
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Materials and Methods

Animals

C57BL/6 mice were purchased from The Jackson Laboratory. CD68-IL-10
transgenic (Tg)® mice have been described previously (26). Passive sys-
temic anaphylaxis (PSA) was performed using unanesthetized mice at 12
wk of age or older, with approval from the university animal care and use
committee. STAT3 fl and Tie2-Cre mice were provided by Drs. Takeda
(Osaka University, Osaka, Japan) and Koni (Yale University, New Haven,
CT) (27, 28) and were bred to yield fl/A Cre* and Cre™ littermates as
described (29).

Bone marrow-derived mast cell (BMMC) cultures

BMMC were derived from C57BL/6 and C57BL/6 X 129 mice by culture
in complete RPMI (cRPMI) 1640 medium (Invitrogen Life Technologies)
(containing 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 ug
streptomycin, 1 mM sodium pyruvate, and 1 mM HEPES; Biofluids),
supplemented with 30% WEHI-3 cell-conditioned medium as described
previously (30).

Tissue-culture conditions for human mast cells

All study protocols involving human tissues were approved by the Human
Studies Internal Review Board at Virginia Commonwealth University
(Richmond, VA). Surgical skin samples were obtained from Virginia Com-
monwealth University Medical Center, the Cooperative Human Tissue
Network of the National Cancer Institute, or the National Disease Research
Interchange. After removing s.c. fat by blunt dissection, residual tissue was
cut into 1- to 2-mm fragments and digested with type 2 collagenase (1.5
mg/ml), hyaluronidase (0.7 mg/ml), and type 1 DNase (0.3 mg/ml) in
HBSS for 2 h at 37°C. The dispersed cells were collected by filtering
through a no. 80 mesh sieve and resuspended in HBSS containing 1% FCS
and 10 mM HEPES. Cells were resuspended in HBSS, layered over a
Percoll cushion, and centrifuged at 700 X g at room temperature for 20
min. Nucleated cells were collected from the buffer/Percoll interface, while
erythrocytes sediment to the bottom of the tube. Cells enriched by Percoll
density-dependent sedimentation were resuspended at a concentration of
1 X 10° cells/ml in serum-free AIM-V medium (Invitrogen Life Technol-
ogies) containing 100 ng/ml recombinant human stem cell factor (SCF; a
gift from Amgen). Skin mast cells were split into separate wells every 4-5
days. Total cell numbers and viabilities were assessed by trypan blue stain-
ing. Cultures of skin-derived mast cells were maintained for up to 3 mo and
were ~100% mast cells. Alternatively, freshly dispersed, Percoll-enriched
mast cells were labeled with anti-FceRI-a and anti-CD117 mAbs (5 ug/
ml), and then with FITC-labeled anti-mouse F(ab’), at 4°C. Labeled cells
were purified to =95% by sorting in a MoFlo high-performance cell sorter
(Cytomation). Lung mast cells were cultured in similar conditions, and
were used in some experiments.

Cytokines and reagents

DNP-specific mouse IgE was purified as described previously (31). Murine
IL-3 and IL-10 were purchased from R&D Systems. Murine SCF was
purchased from PeproTech. Cell Permeable STAT3 inhibitor peptide
(STAT3i) was purchased from Calbiochem. Akt, p-Akt, STATS, p-STATS,
Lyn, Syk Abs were purchased from Cell Signaling. Phospho-p38 was
purchased from New England Biolabs. Anti-B-actin was purchased
from Sigma-Aldrich. Rat anti-mouse FcyRII/RIII (2.4G2), purified
mouse IgE, purified anti-mouse IgE, FITC-conjugated rat IgG isotype
control, and FITC-conjugated anti-mouse CD117 (c-kit) were pur-
chased from BD Pharmingen. PE-conjugated rat IgG2b isotype control
and PE-conjugated anti-mouse IgE were purchased from eBioscience.

Tissue-culture conditions for inhibition of BMMC FceRI
expression

BMMC were washed to remove WEHI-3 cell-conditioned medium, and
incubated at 37°C for 4—6 h in cRPMI without cytokines. Cells were then
plated at 3 X 10° cells/ml, 200 ul/well in 96-well flat-bottom plates. 1L.-3
was added to 5 ng/ml, followed by IL-10 and/or STAT3i. We have pre-
viously shown that IL-10 at concentrations of 1-10 ng/ml suppresses
mouse mast cell FceRI expression (25). IL-10 was used at 10 ng/ml.
STAT3i was added daily at 5 uM final concentration. Cultures were in-
cubated for the indicated times. Every 4 days, half of the medium and

3 Abbreviations used in this paper: Tg, transgenic; BMMC, bone marrow-derived
mast cell; SCF, stem cell factor; NFDM, nonfat dry milk; PSA, passive systemic
anaphylaxis; cRPMI, complete RPMI.
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cytokines were replaced. FceRI expression was observed by flow cytom-
etry. Human mast cells were cultured using the same protocol, with the
exception of using Aim V-based medium.

Flow cytometric analysis

To detect FceRI expression on BMMC, cell pellets were incubated with
2.4G2 rat anti-mouse FcyRII/III culture supernatant for 10 min at 4°C,
followed by 10 wg/ml IgE for 45 min at 4°C in PBS/3% FCS/0.1% sodium
azide (FACS buffer). Cells were then washed twice and stained with
secondary Abs for 30 min at 4°C, washed twice, and analyzed with a
FACScan (BD Biosciences). Control samples were stained with PE-IgG
in place of anti-IgE.

Western blot analysis

Western blotting was performed using 50 ug of total cellular protein per
sample. Protein was loaded and separated over a 10% polyacrylamide gel
(Bio-Rad). Proteins were transferred to nitrocellulose (Pall Corporation),
and blocked for 30 min in 5% nonfat dry milk (NFDM) in TBS plus 0.1%
Tween 20 (TBST). Blots were incubated in 5% NFDM/TBST with a
1/1,000 dilution of Akt, p-Akt, Lyn, Syk, STATS, p-STATS, or p38, or
with a 1/5,000 dilution of B-actin overnight at 4°C with gentle rocking.
Blots were washed five times for 10 min each in TBST, followed by in-
cubation in 5% NFDM/TBST containing a 1/2,000 dilution of HRP-linked
anti-rabbit IgG (Cell Signaling), or HRP-linked rabbit anti-mouse IgG at
1/2,000 (p38) or 1/10,000 (B-actin; Jackson ImmunoResearch Laborato-
ries). Size estimates for proteins were obtained using m.w. standards from
Bio-Rad.

ELISA

IL-10, TNF-a, MIP-1¢, and histamine were detected by standard ELISA
kit as described by the manufacturer. IL-10 and TNF-« ELISA kits were
purchased from BD Biosciences. A MIP-1« kit was purchased from R&D
Systems. A Histamine kit was purchased from Neogen. Serum IgE levels
were measured by ELISA, as described previously (32).

IL-10 injection and ex vivo mast cell activation assay

C57BL/6 X 129 mice were injected i.p. twice daily for 5 days with 2 ug
of IL-10/injection (PeproTech) in 100 ul of sterile PBS. Injections were 8 h
apart, with the last injection 3 h before sacrificing animals. Peritoneal cells
were harvested, resuspended at 2 X 10° cells/ml in cRPMI, and either
analyzed for FceRI expression (as indicated above) or activated ex vivo.
Peritoneal cells activated ex vivo were plated at 200 wl/well and incubated
with IgE (10 ug/ml) for 45 min at 4°C in cRPMI, washed, and resuspended
in cRPMI supplemented with IL-3 (5 ng/ml) and SCF (50 ng/ml). Cells
were activated with rat anti-mouse IgE (10 pg/ml) for 16-24 h. Cytokines
were measured by ELISA.

Passive systemic anaphylaxis

C57BL/6 mice were injected i.p. with 50 wg of DNP-specific mouse IgE.
Mice were injected i.p. 16 h later with 100 wg of DNP-albumin in PBS
(Sigma-Aldrich). Body temperature was measured every 10 min for 30 min
by rectal probe. After 30 min, mice were sacrificed, and blood was col-
lected by cardiac puncture for serum analysis. Control mice were injected
with PBS in place of IgE. These mice showed no significant change in body
temperature (=1°C), and had blood histamine levels near the limit of de-
tection, ~50 ng/ml.

Results
IL-10-mediated FceRI suppression requires STAT3 expression

IL-10 effects have been shown to be largely dependent on STAT3
expression in macrophages (33-35). To determine the importance
of STAT3 in IL-10 effects on mast cells, we first used a population
of STAT3-deficient mouse mast cells. We noted that these STAT3-
deficient bone marrow cells did not develop into a uniform mast
cell population, retaining some FceRI-negative cells unlike the
wild-type control population. However, we did find that the FceRI-
positive STAT3-deficient population showed no change in FceRI
expression when cultured =IL-10. By comparison, mast cells de-
rived from littermate animals showed the expected decrease in
FceRI expression when treated with IL-10 (Fig. 1A), suggesting
that STAT3 expression is required for IL-10-mediated FceRI sup-
pression. The importance of STAT3 was further supported by
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FIGURE 1. IL-10-mediated FceRI inhibition is STAT-3 dependent. A,
Littermate or STAT3-deficient (knockout (KO)) BMMC were cultured in
IL-3 = IL-10 for 4 days. FceRI expression was determined by flow cy-
tometry. Dotted line is isotype control; thin line is anti-FceRI staining of
cells cultured in IL-3; heavy line is anti-FceRI staining of cells cultured in
IL-3 + IL-10. B, BMMC were cultured as in A in the presence or absence
of 5 uM STAT3i, which was added daily. FceRI expression was deter-
mined by flow cytometry. Results are representative of two independent
experiments using four to five populations each.

treating wild-type mouse BMMC with a cell-permeable STAT3
peptide inhibitor (STAT3i). The addition of STAT3i to BMMC
prevented IL-10-mediated FceRI suppression, corroborating our
results with STAT3-deficient BMMC (Fig. 1B). Collectively, these
data demonstrated the importance of STAT3 in IL-10-mediated
IgE receptor inhibition.

IL-10 inhibits FceRI expression and function on human
mast cells

Although we have previously found that IL-10 suppressed murine
mast cell FceRI expression, its effects on human mast cell IgE
receptor expression were not examined. As shown in Fig. 2, the
addition of IL-10 to human mast cell cultures derived from either
lung (Fig. 2A) or skin (Fig. 2B) suppressed FceRI expression.
These results indicated that IL-10 can inhibit FceRI expression in
both mouse and human mast cells.

Because the effect of IL-10 on human FceRI expression was
somewhat less than the 40—-50% inhibition we have observed with
mouse mast cells (25), we tested skin mast cells for [gE-mediated
degranulation and cytokine production in the presence and absence
of IL-10. As shown in Fig. 2, human skin mast cells cultured for
4 days in SCF plus IL-10 exhibited reduced B-hexosaminidase
release and GM-CSF secretion. These suppressive effects were
similar to previous reports showing IL-10-mediated inhibition of
degranulation or cytokine production in cord blood-derived mast
cells (23, 24). Our data with skin-derived mast cells supports that
contention that IL-10 suppresses IgE responses in human mast
cells.

IL-10 decreases Syk, Fyn, Akt, and STATS expression

In addition to its effects on FceRI expression, we reasoned that
IL-10 may alter the expression or activation of signaling molecules
activated by the IgE receptor. Because signal transduction down-
stream of the IgE receptor proceeds via a central Lyn-Syk pathway
and a complementary Fyn-Akt pathway (9), we assessed expres-
sion of these key signaling intermediates. We recently showed that
STATS expression is critical for FceRI function (11), and hence
we also determined the effects of IL-10 on STATS.

IL-10 SUPPRESSES IgE RECEPTOR EXPRESSION AND SIGNALING
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FIGURE 2. IL-10 inhibits FceRI expression and function on human
mast cells. Human lung (A) or skin (B) mast cells were cultured for 4 days
in medium containing SCF * IL-10 as described in Materials and
Methods. FceRI expression was determined by flow cytometry. Results
are the average mean fluorescence intensity (MFI) value of three sam-
ples that are representative of four independent experiments using three
populations of lung mast cells and four populations of skin mast cells.
In C and D, skin mast cells were cultured for 4 days in SCF * IL-10,
then activated with IgE +Ag for 1 h (C) or 24 h (D), and analyzed for
B-hexosaminidase release (C) or GM-CSF secretion (D) as described in
Materials and Methods. Data shown are means and SEs of three sam-
ples per group analyzed in one experiment that is representative of two
to three total experiments.

We assessed protein expression after culture for 4 days in IL-
3 = IL-10, using Western blot analysis. Because Lyn is known to
be a negative regulator of mast cell function (36-38), it was in-
teresting to note that IL-10 treatment had no effect on Lyn expres-
sion (Fig. 3A). In contrast, IL-10 significantly suppressed expres-
sion of the activating kinases Syk and Fyn (Fig. 3A). Densitometry
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FIGURE 3. IL-10 selectively inhibits expression of FceRI-related sig-
naling proteins. Cells were cultured for 4 days in IL-3 * IL-10. On day 4,
cells were lysed and blotted to detect Lyn, Syk, and Fyn (A), or cells were
activated with IgE +Ag for 0, 5, or 15 min and blotted to detect tyrosine-
phosphorylated STATS or p38, and serine-phosphorylated Akt (B). The
same membranes were stripped and reprobed to detect total proteins. Data
shown are representative of three separate populations.
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showed an average 49.22% inhibition of Syk expression and
42.54% inhibition of Fyn expression in three BMMC separate pop-
ulations. Thus, IL-10 had potent but selective inhibitory effects on
downstream signaling proteins.

Because Syk and Fyn are involved in signal initiation, we ex-
pected IL-10 to inhibit the activation of downstream signaling
molecules. To study this, mouse BMMC were cultured for 4 days
in IL-3 = IL-10, then stimulated with IgE + Ag for 5-15 min.
Total and phosphoprotein expression was measured by Western
blotting. As expected, FceRI-mediated phosphorylation of both
STATS and Akt was inhibited by IL-10. In contrast, p38 activation
was unchanged (Fig. 3B). A striking aspect of this selective inhi-
bition was that the reduction in STATS and Akt phosphorylation
was matched by a loss of overall protein expression. Stat5 activa-
tion was the most affected, with densitometry showing an average
79.26% inhibition of STATS expression in three experiments.
Thus, IL-10 appeared to suppress FceRI signaling largely by
blocking the expression of key signaling proteins, rather than by
preventing their activation.

IL-10 injection decreases FceRI expression and IgE-mediated
cytokine production

To assess the in vivo effects of IL-10 on FceRI, mice were injected
with IL-10. To confirm the functionality of this model, IL-10 se-
rum levels were quantified from IL-10- and PBS-injected mice.
After 4 days of injections, IL-10-injected mice had significantly
higher serum IL-10 levels than PBS-injected mice (Fig. 4A). Peri-
toneal mast cells harvested from IL-10-injected mice had lower
FceRI expression than PBS-injected littermates (Fig. 4B), demon-
strating that IL-10 consistently suppressed FceRI expression in
vitro and in vivo.

Importantly, the changes in IgE receptor expression were not
caused by altered IgE levels. Mean IgE levels in PBS-injected
mice were 74.1 = 7.3 ng/ml, which was not different from IL-10-
injected mice with mean IgE levels of 70.1 = 12.4 ng/ml (p =
0.78). In addition to its effects on FceRI, IL-10 has been shown to
inhibit Kit expression (39). We observed a slight but significant
inhibition of Kit receptor expression, between 18 and 26% (data
not shown). IL-10 injection also increased peritoneal cell numbers
from 8.0 X 10° to 14.7 X 10° (n = 4, p = 0.002), and also

increased the percentage of mast cells in the peritoneum (Fig. 4C).
These effects are in keeping with the ability of IL-10 to induce
mast cell proliferation (40).

To assess the effects of decreased FceRI expression on mast cell
function, peritoneal cells were harvested from PBS- or IL-10-in-
jected mice, and activated with anti-IgE ex vivo. In contrast to the
effect of IL-10 on human mast cells (Fig. 2), mast cells harvested
from IL-10-injected mice did not demonstrate reduced IgE-medi-
ated degranulation (Fig. 4D; p = 0.18 when comparing activated
cells harvested from PBS- or IL-10-injected mice). However, peri-
toneal cells from IL-10-injected mice produced significantly less
TNF than their PBS-injected littermates, indicating that IL-10 in-
hibited the late stage of FceRI function (Fig. 4E). These results are
in keeping with previous in vitro studies performed by our group
and others with rodent cells (21, 22, 25), which demonstrated
IL-10 inhibitory effects on cytokine production but not
degranulation.

Chronic overexpression of IL-10 inhibits mast cell FceRI
expression and suppresses anaphylaxis

Although IL-10 injection demonstrated the consistent effects of
IL-10 in vivo, we sought a model that could be used for long-
term studies. To observe the effects of chronic IL-10 overex-
pression, we used CD68-IL-10-transgenic mice. Transgenic
mice expressed an average of 1626 pg/ml IL-10 in serum sam-
ples, while their wild-type littermates had undetectable IL-10
levels (Fig. 5A). This concentration of IL-10 is similar to the
amount required for FceRI suppression in vitro (25). We noted
a trend toward higher IgE levels in naive IL-10-transgenic mice
compared with their littermates, although no significant differ-
ence was noted. Littermates had mean IgE levels of 236.7 =
47.28 ng/ml, while IL-10 transgenics had mean IgE levels of
856.1 = 401.9 ng/ml. This is consistent with the stimulatory
effects of IL-10 on B cells (41, 42). In contrast to IL-10 injec-
tion, transgene expression did not affect mast cell numbers (data
not shown).

Despite the fact that elevated IgE levels are known to enhance
FceRI expression (43), CD68-IL-10Tg mice demonstrated lower
FceRI expression on peritoneal mast cells compared with litter-
mates (Fig. 5B), consistent with our in vitro and IL-10 injection
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studies. To further assess the effects of IL-10 overexpression on
mast cell function in vivo, we used IgE-mediated PSA. CD68-1L-
10Tg mice demonstrated a reduced anaphylactic response com-
pared with littermates. This was noted by a mitigated drop in body
temperature 30 min after Ag challenge (Fig. 5C). Surprisingly, this
improvement was not matched by changes in serum histamine lev-
els, which were elevated in both littermate and transgenic mice.
IL-10 transgene expression did suppress IgE-mediated cytokine
production, as CD68IL-10Tg mice had much lower serum MIP-1«
levels post-Ag challenge. These data support the contention that
IL-10 can suppress mast cell activation and related anaphylactic
shock.

Discussion

Mast cells are best known for their role in allergy and asthma,
where they serve as an initiator of inflammation (1). This patho-
logical role has been expanded by the recent demonstration that
mast cells function in mouse models of multiple sclerosis, inflam-
matory arthritis, cardiovascular disease, and colitis (3—7). Mast
cells have even been suspected to play a role in sudden infant death
syndrome, due to elevated postmortem [S-tryptase levels in some
sudden infant death syndrome victims (44). Therefore, our under-
standing of how mast cell function is regulated is important for
developing treatment strategies for a variety of illnesses.

In contrast to their pathological functions, mast cells have a
protective role in bacterial and parasitic infections. In response to
infection with parasites, mast cell hyperplasia correlates with par-
asite elimination (1). Even more dramatically, mast cell-deficient
mice succumb to infection in bacterial peritonitis and pneumonia
models (45, 46). This protective function stems from rapid release
of TNF after contact with bacterial ligands, and subsequent neu-
trophil recruitment (45, 46). Collectively, mast cell activation
appears poised to rapidly respond to infection, but is also ca-
pable of significant and broad pathology when aberrantly acti-
vated. Understanding mast cell signaling is therefore a critical
aspect of developing new clinical interventions and predicting
disease progression.

Allergy and allergic asthma may be caused in part by a loss of
mast cell homeostasis, leading to chronic inflammation. We have

postulated that in a normal response, mast cells can proliferate and
induce inflammation for 3—6 days, at which point cytokines such
as IL-4, IL-10, and TGF-B1 inhibit mast cell function (47). Our
previous data showed that these cytokines suppress FceRI expres-
sion and function in vitro, and subsequently induce mast cell ap-
optosis (25, 30, 48-50). Of these cytokines, IL-10 and TGFS1 are
well-documented for their immunosuppressive capabilities. Loss
of IL-10 function has been shown to cause colitis (13), while
TGF-B1 deficiency results in widespread autoimmunity (51, 52).

Our previous work with IL-10 used mouse mast cells and in
vitro assays. In the current study, we demonstrate the consistency
of IL-10-mediated suppression, showing IL-10-mediated suppres-
sion of FceRI expression and function on human skin and lung
mast cells. This consistency is important, because some cytokine
effects vary between species. For example, IL-4 suppresses FceRI
expression on mouse mast cells (30), but has the reverse effect on
terminally differentiated human mast cells (53). There are many
variables that differ between mouse and human mast cells, partic-
ularly culture systems and growth factors. Therefore, it is compel-
ling that despite these inherent differences, IL-10 has similar ef-
fects on mouse and human mast cells.

We also found that IL-10 can act in vivo. IL-10 injection sup-
pressed mast cell FceRI expression in vivo, despite the presence of
IgE as an opposing force. The down-regulation we observed in
vivo may be at best a partial explanation for suppressing IgE-
mediated activation. We detected a 30% decrease in surface FceRI
after IL-10 injection, which would likely leave many more recep-
tors on the cell surface than are required for activation. In contrast,
omalizumab therapy, a clinically effective monoclonal anti-IgE ca-
pable of preventing IgE binding to FceRI, reduces surface IgE
receptor expression >90% (54, 55). Because this partial inhibitory
effect on surface receptor expression did not appear to fully explain
the ability of IL-10 to repress FceRI signaling, we further inves-
tigated IL-10 effects on FceRI signal transduction downstream.

IL-10 treatment of mouse BMMC revealed an interestingly se-
lective suppressive effect on FceRI signaling. We found it partic-
ularly striking that IL-10 suppressed expression of Fyn, Syk, Akt,
and STAT5—molecules with critical functions in mast cell acti-
vation—without altering Lyn expression. Lyn is argued to be a
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negative regulator of FceRI signaling, so its continued expression
may serve to inhibit [gE-mediated activation (37, 38). In contrast,
Fyn and Syk represent the apical end of IgE signaling, while Akt
and STATS are linked to mast cell cytokine production (11, 38).
Like its repression of FceRI levels, IL-10 partially reduced ex-
pression of these signaling molecules, typically in the range of
50% suppression (Fig. 3). The combined effect of fewer surface
receptors and reduced signaling resulted in reduced cytokine pro-
duction, but did not affect degranulation in the mouse system. This
is in contrast to human mast cells, which showed reduced degran-
ulation and cytokine production. These data offer two areas for
future studies. It will be interesting to dissect the suppressive ef-
fects of IL-10 on mouse vs human mast cells, to determine the
mechanism providing species-restricted inhibition of degranula-
tion, a clinically important event in mast cell activation. Related to
this issue, Gonzalez-Espinosa et al. (56) recently showed that weak
IgE-mediated signals could elicit cytokine production without de-
granulation. Their study indicates that the signaling threshold for
cytokine production is lower than that for degranulation—hence,
we would have expected IL-10 to exert its more prominent effect
on histamine release. Yet, we and others have consistently found
the reverse effect of IL-10 both in vitro and in vivo (21, 22, 25).
How this threshold effect is attained and altered by IL-10 is a focus
of our current studies.

The consistent ability of IL-10 to suppress FceRI expression and
function both in vivo and across species supports our focus on the
molecular mechanisms of IL-10 function. We are currently inves-
tigating how IL-10 suppresses protein expression and the role of
STAT3 in this process. Our current work includes studies of how
IL-10 inhibits expression of FceRI-signaling molecules, and the
role of STATS3 in this process. If these effects occur at the protein
level, they could be partly explained by induction of suppressor of
cytokine signaling family proteins and subsequent ubiquitination
(57). Although Stat3 appears to be critical for the effects of IL-10,
we found that Stat3-deficient mast cells differentiate incompletely
and hence may be a difficult model in which to study the effects of
IL-10.

Because IL-10 polymorphisms correlate with increased inci-
dence of atopic disease (58), it is tempting to speculate that loss of
IL-10-mediated suppression is part of the disease etiology, and that
IL-10 normally functions to limit mast cell activation. Our in vivo
experiments showed that raising IL-10 levels via injection or trans-
gene expression suppressed mast cell function. These experiments
also revealed an interesting effect on mast cell numbers. Although
short-term (4-day) injection with IL-10 raised mast cell numbers,
we found no such effect in the IL-10Tg mice with chronically high
IL-10 levels (Figs. 4 and 5, and data not shown). IL-10 has been
shown to both increase and decrease mast cell proliferation (40,
59). Interestingly, the suppressive effects on proliferation were
found in an in vivo model in which IL-10 levels were elevated for
>17 days (59), suggesting that chronic IL-10 may suppress mast
cell proliferation. Our own in vitro work supports this contention.
We have found that IL-10 in combination with IL-4 initially pro-
motes mast cell proliferation, but by day 6 of culture this effect has
reverted to cell cycle arrest and apoptosis (50). One wonders if the
linkage of IL-10 promoter polymorphisms to atopic disease is re-
lated to loss of this late suppressive effect on mast cell numbers
and function.

Consistent with our mouse in vitro studies (25), IL-10 had no
effect on histamine release in IgE-challenged CD68-1L-10Tg mice.
However, chronic IL-10 still improved the drop in body temper-
ature noted during the immediate vasodilatory phase of anaphy-
lactic shock. This appears to reflect some other function of IL-10,
possibly on the release of mast cell mediators other than histamine,
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or on smooth muscle cell responsiveness. A striking and consistent
effect of IL-10 was its blockade of IgE-mediated cytokine produc-
tion in vivo. We chose to measure MIP-1 « because it is a repre-
sentative inflammatory cytokine/chemokine (60). The role of mast
cells in atopy, and especially in nonallergic inflammatory diseases,
may hinge on production of cytokines and subsequent inflamma-
tory cell recruitment (61). If this is the case, IL-10 or small mol-
ecules mimicking IL-10 signaling may prove to be efficacious clin-
ical interventions.
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