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Abstract

IL-10 is a key pleiotropic cytokine that can both promote and curb Th2-dependent allergic 

responses. Herein we demonstrate a novel role for IL-10 in promoting mast cell expansion and the 

development of IgE-mediated food allergy. Oral ovalbumin challenge in sensitized BALB/c mice 

resulted in a robust intestinal mast cell response accompanied by allergic diarrhea, mast cell 

activation, and a predominance of Th2 cytokines, including enhanced IL-10 expression. In 

contrast, the development of intestinal anaphylaxis including diarrhea, mast cell activation, and 

Th2 cytokine production was significantly attenuated in IL-10−/− mice compared to WT controls. 

IL-10 also directly promoted the expansion, survival, and activation of mast cells, increased FcɛRI 

expression on mast cells, and enhanced the production of mast cell cytokines. IL-10−/− mast cells 

had reduced functional capacity, which could be restored by exogenous IL-10. Similarly, 

attenuated passive anaphylaxis in IL-10−/− mice could be restored by IL-10 administration. The 

adoptive transfer of WT mast cells restored allergic symptoms in IL-10−/− mice, suggesting that 

the attenuated phenotype observed in these animals is due to a deficiency in IL-10-responding 

mast cells. Lastly, transfer of WT CD4 T cells also restored allergic diarrhea and intestinal mast 

cell numbers in IL-10−/− mice, suggesting that the regulation of IL-10-mediated intestinal mast 

cell expansion is T cell-dependent. Our observations demonstrate a critical role for IL-10 in 

driving mucosal mast cell expansion and activation, suggesting that in its absence, mast cell 

function is impaired, leading to attenuated food allergy symptoms.
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Introduction

Activation of intestinal mast cells is a crucial and defining step in the development of 

anaphylactic responses to ingested food allergens (1, 2). Mast cells drive acute episodes of 

food allergy resulting in muscular contractions, allergic diarrhea, and anaphylaxis, and their 

activation is dependent on the production of an effective allergen-specific Th2 response that 

elicits elevated levels of IgE antibodies. Furthermore, both, Th2 cytokines such as IL-4 and 

IL-9, as well as IgE, play a central role in promoting intestinal mast cell expansion and 

driving the allergic response in experimental food allergy models and patients with food 

allergy (3–6).

IL-10 is an important immunoregulatory cytokine that plays a critical role in the propagation 

and suppression of immune responses (7–11). Although, first isolated as a mediator of Th2 

cell responses (12), it is a pleiotropic cytokine that is produced by many cell types including 

macrophages, epithelial cells, mast cells and regulatory T cells (Tregs), and has both pro- 

and anti-inflammatory effects during immune responses (7–9). This is evidenced from its 

distinctive effects in both promoting the generation of plasma cells from centrocytes (13–
15), as well as inducing suppression mediated by Tregs and other T cells (11, 16).

The effects of IL-10 on the development of allergic inflammation have been previously 

examined using animal models of allergic asthma and atopic dermatitis. While some studies 

showed that IL-10 is involved in regulating the extent of allergic inflammation and 

suppressing Th2-mediated effects (consistent with its known immunoregulatory functions), 

others suggest that IL-10 can promote the development of eosinophilia, airway 

hyperreactivity (AHR), mucus metaplasia, and IL-5 production during the allergic response 

(17–25). Furthermore, Geha and colleagues demonstrated that IL-10 can skew dendritic cell 

function in favor of a Th2-specific response (26), suggesting that IL-10 may play a critical 

role in maintaining the balance between the progression and resolution of allergic responses. 

However, the role of IL-10 in the regulation of food allergy remains to be elucidated.

Herein, we demonstrate that IL-10 has proinflammatory effects and modulates the 

development of food allergy to the experimental food allergen ovalbumin (OVA). 

Intragastric (i.g.) administration of OVA to sensitized BALB/c mice resulted in a robust 

intestinal mast cell response accompanied by allergic diarrhea, mast cell activation, and a 

predominance of Th2 cytokines in the gut. In contrast, IL-10−/− animals were resistant to the 

development of food allergy. Furthermore, we demonstrate that IL-10 can directly promote 

mast cell expansion, and has proinflammatory effects resulting in enhanced production of 

mast cell-derived cytokines. Lastly, adoptive transfer experiments demonstrated that the 

allergic phenotype as well as intestinal mast cell numbers in IL-10−/− mice can be restored 

by the transfer of either CD4 T cells or bone marrow-derived mast cells (BMMCs) from WT 

mice, suggesting that the suppression of intestinal anaphylaxis in IL-10−/− animals may be 

due to an impairment of mast cell function in the absence of IL-10. Taken together, our 

observations demonstrate for the first time a critical role for IL-10 in the expansion and 

function of mast cells as well as in the development of food allergy.

Polukort et al. Page 2

J Immunol. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Animals

BALB/c mice were purchased from Taconic Farms and Harlan. IL-10−/− mice were a kind 

gift of Dr. Hans Oettgen (Harvard Medical School) and also purchased from Jackson. All 

mice were bred in our facility and all animal research was approved by the IACUC of 

Western New England University.

Food allergy regimen

To induce food allergy, BALB/c and IL-10−/− mice were i.p. immunized with 50 µg chicken 

egg OVA in 1 mg alum twice as previously described (27). Mice were challenged i.g. with 

50 mg OVA on 6 alternating days. One hour after the 6th challenge, mice were sacrificed and 

assessed as previously described (1, 4).

Measurement of intestinal anaphylaxis

Intestinal anaphylaxis was assessed in challenged mice by scoring the percentage of animals 

exhibiting allergic diarrhea (27). Briefly, mice were observed for the presence of diarrhea for 

one hour after the 6th OVA-challenge and were scored as diarrhea-positive or negative.

Histological analysis and enumeration of mast cells

Intestinal mast cells were enumerated as previously described (6). Tissue sections were 

stained with chloroacetate esterase (CAE) and mast cells were counted in complete cross-

sections of jejunum.

Quantitative PCR analysis and ELISAs

Quantitative RT-PCR was performed as previously described (27). Expression of cytokine 

genes was calculated relative to GAPDH transcripts. ELISAs for mMCP-1 (Affymetrix), 

IL-4, IL-5 (BD Biosciences), IL-13 (R&D Systems), TNF-α, IL-6, IFN-γ (Biolegend) and 

OVA-IgE were performed according to manufacturers’ protocols as previously described (6, 
27).

Spleen and MLN stimulation

Spleen and mesenteric lymph node (MLN) cells were cultured with medium, 200 µg/ml 

OVA or anti-CD3 and anti-CD28 and cytokines were enumerated in supernatants as 

previously described (6).

Flow cytometry

Spleen and MLN cells and BMMCs were incubated with monoclonal antibodies (Biolegend 

and Affymetrix) against CD3, CD4, CD8, B220, c-Kit and FcɛRI. Flow cytometric analysis 

was performed using an Accuri C6 cytometer and Flow jo software.

Intracellular cytokine staining

Spleen and MLN cells from experimental mice were isolated and stimulated with 200 µg/ml 

OVA in the presence of brefeldin A for 6 hours. Surface staining for CD3+CD4+ cells was 
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performed and cells were fixed and permeabilized using a kit from Affymetrix. Intracellular 

staining for IL-10 (Biolegend) was performed and compared with isotype control.

BMMC culture

BMMCs were generated from naïve WT and IL-10−/− mice and cultured with 10 ng/ml of 

IL-3 and SCF for 4–8 weeks as previously described (28). Harvested BMMC were > 99% 

positive for c-Kit and FcεRI.

Carboxyfluorescien succinimidyl ester (CFSE) labeling and transfer of mast cells

WT and IL-10−/− BMMCs were treated with 5 µM CFSE and 1.0×106 labeled cells were 

injected i.p. into BALB/c and IL-10−/− mice as previously described (27). On the 6th day, 

mice were sacrificed, and peritoneal cells were examined for the presence of CFSE+c-

Kit+FcεRI+ cells by flow cytometry.

In vitro studies

1.0×106 BMMCs were cultured in triplicate with IL-3 and SCF for 7 days. 20 ng/ml 

recombinant IL-10 (rIL-10) (Peprotech and Biolegend) was added to cell cultures for either 

24 hours or 7 days. The number of live cells/well was enumerated. To induce activation, 

cells were primed with 2 µg/ml DNP-IgE overnight and stimulated with 200 ng/ml DNP-

BSA for 1h to assess cytokine expression or for 6 hours to assess cytokine secretion.

β-Hexosaminidase (β-Hex) Assay

BMMCs were cultured in the presence or absence of 20 ng/ml rIL-10 for 24 hours or 6 days 

as described above. Cells were activated and β-hex activity was assessed as previously 

described (29).

Passive Anaphylaxis

WT and IL-10−/− were sensitized i.v. with 10 µg DNP-IgE (clone SPE7, Sigma). 24h later, 

they were challenged i.v. with 100 µg of DNP-BSA, and changes in core body temperature 

were recorded using subcutaneously placed transponders (Biomedic Data Systems). To 

assess the effects of IL-10 on the development of passive anaphylaxis, some mice were 

injected i.p. with 3 µg rIL-10 starting 5 hours before injection with DNP-IgE, followed by 4 

µg rIL-10 i.v. concurrently with the DNP-IgE injection. A final dose of 3 µg rIL-10 was 

administered i.p. one hour before challenge with DNP-BSA.

Adoptive Transfer Experiments

Spleen cells were isolated from naïve BALB/c mice and CD4 T cells were negatively 

selected using microbeads from Miltenyi Biotec. Approximately, 5×106 CD4+ T cells were 

injected i.v. into IL-10−/− mice. Two days later, reconstituted mice were subject to the food 

allergy experimental regimen.

To determine whether the transfer of WT BMMCs can restore the development of intestinal 

anaphylaxis in IL-10−/− mice, 10×106 WT BMMCs were injected i.v. into IL-10−/− animals 

prior to food allergy induction. Twenty-four hours later, mice were subject to the food 
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allergy experimental regimen including sensitization and challenge. As controls, IL-10−/− 

BMMCs were also injected into IL-10−/− mice.

Statistical Analysis

Data are expressed as mean±SEM, unless stated otherwise. Statistical significance 

comparing different sets of mice (between 2 groups) was determined by the Student’s t-test. 

In experiments comparing multiple experimental groups or time points, two-way analysis of 

variance was performed and Bonferroni post-tests were used to compare replicate means.

Results

IL-10 is essential for the development of allergic diarrhea and mast cell activation in OVA-
challenged mice

In light of observations suggesting that IL-10 can modulate Th2 responses and have 

proinflammatory effects during allergic inflammation, we hypothesized that IL-10 may 

similarly modulate mast cell function during allergic responses in vivo, and chose to study 

the development of food allergy in IL-10−/− mice.

BALB/c wild-type (WT) mice as well as IL-10−/− animals were sensitized and challenged 

with OVA as described in Materials and Methods and observed for the presence of diarrhea 

for one hour after the sixth challenge. OVA-challenged WT mice exhibited profuse diarrhea 

in comparison with unchallenged controls (Fig. 1A). In contrast, no diarrhea could be 

observed in any of the similarly challenged IL-10−/− mice. Examination of jejunal tissue 

from sacrificed animals revealed the presence of many degranulating mast cells including 

intraepithelial mast cells in WT mice as assessed by chloroacetate esterase (CAE) staining 

(Fig. 1B & C). In contrast, fewer to no undegranulated mast cells were observed in the 

jejunae of similarly challenged IL-10−/− mice, suggesting that IL-10 may affect the 

homeostasis of intestinal mast cells during food allergy development (Fig. 1B & C). 

Similarly, examination of sera revealed the presence of elevated levels of mMCP-1 in OVA-

challenged WT mice compared to unchallenged controls (Fig. 1D). In contrast, the levels of 

this enzyme were significantly diminished in IL-10−/− mice, suggesting that mast cell 

activation is impaired in the absence of IL-10 (Fig. 1D). However, equivalent levels of OVA-

IgE were observed in both groups, suggesting that mast cell activation and allergic diarrhea 

are attenuated despite the presence of OVA-IgE (Fig. 1E). Further examination revealed that 

significantly fewer mast cell numbers were also observed in the spleen of IL-10−/− mice as 

compared with WT controls (Fig. 1F). Moreover, the expression of the high affinity receptor 

for IgE, FcɛRI, was also decreased in splenic mast cells from IL-10−/− mice (Fig. 1G). Taken 

together, these data suggest that in the absence of IL-10, mast cell homeostasis and function 

is impaired leading to the attenuated development of allergic diarrhea in IL-10−/− mice.

Local Th2 responses are attenuated in OVA-challenged IL-10−/− mice

Th2 cells and their cytokines drive the allergic response and play critical regulatory roles in 

the expansion of discrete mast cell populations (3–5). Assessment of jejunal tissue by RT-

PCR revealed enhanced expression of the classic Th2 cytokines IL-4, IL-5, IL-13 and IL-9 

in the jejunum of OVA-challenged WT mice compared to unchallenged controls (Figs.2A–
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D). This was accompanied by significantly increased expression of IL-10 (Fig. 2E). In 

contrast, the expression of these cytokines was decreased in the jejunae of OVA-challenged 

IL-10−/− mice (Figs.2A–E). Examination of IL-33, IFN-γ and IL-17 revealed that, while 

both groups exhibited equivalent expression of IL-33 and IFN-γ (Figs.2F–G), the expression 

of IL-17 was enhanced in both OVA-challenged IL-10−/− mice and unchallenged controls 

(Fig. 2H). These data therefore suggest that intestinal Th2 responses are attenuated in 

IL-10−/− mice during the development of food allergy, and may instead be accompanied by 

an alternate T cell expression profile such as Th17.

OVA-challenged IL-10−/− mice retain the capacity to induce systemic Th2 cytokines

Th2 responses were further assessed by examining MLN and spleen cells for cytokine 

production in response to OVA stimulation. As expected, enhanced levels of IL-5 and IL-13 

were observed in supernatants from both MLN and spleens of OVA-challenged WT mice 

compared to unchallenged controls (Figs.3B & C and data not shown). IL-4 was not detected 

in MLN supernatants (Fig. 3A), but enhanced levels were observed in the spleen (data not 

shown). In contrast, both IL-5 and IL-13 were decreased in IL-10−/− OVA-challenged mice 

(Figs. 3B & C), and was accompanied by increased secretion of IFN-γ (Fig. 3D). These data 

therefore suggest that allergen-specific Th2 responses in both the intestines and secondary 

lymphoid tissue are impaired during food allergy in IL-10−/− mice. This led us to question 

whether in the absence of IL-10, there may be an intrinsic defect in the development of Th2 

cytokines, especially since IL-10−/− mice have been associated with the spontaneous 

development of Th1-mediated colitis. To determine that this was not the case, cells were 

further examined after stimulation with T cell agonists. Anti-CD3/CD28 stimulation induced 

equivalent levels of IL-5 and IL-13 in both OVA-challenged WT and IL-10−/− mice (Figs.3B 

& C). Furthermore, OVA-challenged IL-10−/− mice exhibited elevated IL-4 and IFN-γ 

production compared with their WT counterparts (Figs.3A & D). These data therefore 

confirm that while the induction of Th2 cytokines in the context of food allergy is defective 

in IL-10−/− mice, they retain the capacity to make enhanced levels of these cytokines, 

especially IL-4, when polyclonally stimulated.

IL-10 promotes the expansion of BMMCs and is required for their proliferation in vivo

The data described above suggest that IL-10 may regulate mast cell responses during food 

allergy, resulting in suppression of symptoms such as allergic diarrhea. To further determine 

whether IL-10 can have stimulatory effects on mast cells, we examined the effects of co-

culture with rIL-10 on the proliferation of WT and IL-10−/− BMMCs. WT BMMCs cultured 

with IL-3 and SCF exhibited a normal course of expansion with increased numbers of cells 

observed by the last day of culture (Fig. 4A). Addition of rIL-10 at the start of cell culture 

further amplified their proliferation with notable effects observed between days 4–6. In 

contrast, IL-10−/− BMMCs exhibited a lower rate of proliferation compared to that observed 

in WT cells. However, the addition of rIL-10 not only restored the ability of IL-10−/− 

BMMCs to undergo expansion to WT levels, but also significantly increased their 

proliferation compared to both untreated and IL-10-treated WT BMMCs (Fig. 4A).

Since IL-10 could thus regulate the expansion of mast cells in culture, we asked whether it 

would have similar effects on mast cell expansion and survival in vivo in the context of 
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physiological exposure to other potential mast cell growth factors. Naïve WT and IL-10−/− 

mice were injected intraperitoneally with CFSE-labeled WT or IL-10−/− BMMCs, and their 

survival was examined. Six days after transfer, a number of labeled WT cells were recovered 

from the peritoneum of naïve WT mice as previously observed (27, 28) (Fig. 4B). In 

contrast, none to fewer numbers of transferred WT BMMCs were recovered from the 

peritoneum of IL-10−/− mice, suggesting that in the absence of IL-10, mast cell survival may 

be impaired (Fig. 4B). Similarly, while transfer of IL-10−/− BMMCs into the peritoneum of 

naïve WT mice led to the recovery of a fair number of labeled mast cells 6 days later, fewer 

labeled IL-10−/− BMMCs could be recovered from the peritoneum of IL-10−/− mice. These 

data therefore suggest that IL-10 is needed for the expansion of mast cells during 

physiological responses in vivo and consequently may regulate mast cell homeostasis during 

the development of food allergy. Furthermore, the greater survival of IL-10−/− BMMCs in 

WT mice but not IL-10−/− mice suggests that there is no intrinsic defect in IL-10−/− mast 

cells per se, and that their reduced function in vivo in IL-10−/− mice is likely due to the 

deficiency in IL-10.

Co-culture with rIL-10 amplifies cytokine production by mast cells and restores cytokine 
production capacity in IL-10−/− BMMCs

To determine whether IL-10 also affects cytokine production from activated BMMCs, 

BMMCs were cultured with rIL-10 and the expression of cytokine genes was assessed after 

activation. As shown in Figs.4C–F, IgE-mediated activation significantly enhanced the 

expression of TNF-α, IL-13 and IL-4 in WT BMMCs compared to both unactivated controls 

and similarly activated IL-10−/− BMMCs. In contrast, similar types of differences in IL-6 

were not observed. Furthermore, the addition of rIL-10 to IL-10−/− BMMCs restored the 

capacity of these cells to express IL-4 and IL-13 post-activation. Interestingly however, the 

treatment of WT BMMCs with rIL-10 did not have a similar effect and actually suppressed 

the expression of both TNF-α and IL-4 by WT cells (Figs.4C & F). Cytokine secretion as 

assessed 24 hours later was also affected in a similar manner, with the exception of IL-4, 

which was produced at comparable levels by both activated WT and IL-10−/− BMMCs (Figs.

5A–D).

Interestingly, the BMMC proliferation experiments described above demonstrated that the 

effects of IL-10 were more pronounced during the expansion phase of these cells (days 4–7), 

suggesting that prolonged exposure to rIL-10 may further modulate BMMC cytokine 

production. As such, we next examined whether co-culture of BMMCs with rIL-10 for 7 

days would yield different results compared to those observed above. As shown in Fig. 5E, 

while the constitutive secretion of TNF-α was observed in all groups tested, activation 

induced enhanced secretion of TNF-α by WT BMMCs compared to unactivated controls. In 

contrast, no increase was observed in activated IL-10−/− BMMCs compared to unactivated 

controls (Fig. 5E). Furthermore, and to our surprise, co-culture with rIL-10 for 7 days not 

only restored the production of TNF-α by IL-10−/− BMMCs to WT levels, but also 

significantly enhanced its production by WT BMMCs, suggesting that extended exposure to 

rIL-10 is able to overcome the initial suppression of this cytokine (Fig. 5E). In contrast, 

while IL-6 and IL-13 were observed in unactivated controls in all the groups tested, no 

significant enhancement of these cytokines was observed in both WT and IL-10−/− BMMCs 
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after activation (Figs.5F & G). However, co-culture with rIL-10 significantly increased the 

levels of IL-6 and IL-13 in both WT and IL-10−/− BMMCs irrespective of IgE-mediated 

activation. This suggests that IL-10 is able to amplify the constitutive production of these 

cytokines by BMMCs when exposed to it for prolonged periods of time (Figs.5F & G). No 

such effect was observed in the case of IL-4 production (Fig. 5H). These data therefore 

suggest that IL-10 can have different effects on the production of cytokines by BMMCs both 

constitutively and in the context of IgE-mediated activation, and that extended exposure to 

IL-10 in the context of inflammation may similarly enhance mast cell cytokine production 

and regulate mast cell function in vivo.

IL-10 promotes expression of FcɛRI, enhances mast cell activation, and is essential for 
mast cell-mediated passive anaphylaxis in antigen-exposed mice

To determine whether the effects observed above may be due to changes in FcɛRI expression 

in IL-10−/− BMMCs, we assessed the expression of FcɛRI on BMMCs 4 days after culture. 

No changes in the MFI of FcɛRI were observed between WT and IL-10−/− BMMCs at this 

point, suggesting that the activation-induced effects observed above were not due to 

decreased FcɛRI expression in IL-10−/− BMMCs (Fig. 6A). Surprisingly, however, co-

culture with rIL-10 further enhanced the expression of FcɛRI on both WT and IL-10−/− 

BMMCs in contrast to previously published observations (Fig. 6A). This suggests that IL-10 

can enhance the effects of FcɛRI-mediated signaling events by amplifying the expression of 

FcɛRI on BMMCs in contrast to previous reports (30).

To further investigate the effects of IL-10 on mast cell activation, the extent of mast cell 

degranulation was examined by measuring release of β-hex into cell culture supernatants. 

Assessment of optical density revealed that activated WT BMMCs exhibited significantly 

elevated levels of β-hex compared with unactivated controls (Fig. 6B). In contrast, a similar 

increase was not observed in activated IL-10−/− BMMCs compared to unactivated controls, 

suggesting that while IL-10−/− BMMCs constitutively release comparable levels of β-hex as 

WT BMMCs, IgE-mediated activation does not induce further release of this enzyme. 

However, IL-10−/− BMMCs had a greater total cellular β-hex content in comparison to WT 

BMMCs, resulting in increased degranulation as a percent of total by activated IL-10−/− 

BMMCs (Fig. 6C). Furthermore, while co-culture with rIL-10 resulted in increased 

constitutive β-hex production by both WT and IL-10−/− BMMCs, activation induced 

significantly higher release by WT BMMCs as opposed to that observed in IL-10−/− cells 

(Fig. 6B & C). This suggests that while rIL-10 can enhance the constitutive secretion of β-

hex by both WT and IL-10−/− BMMCs, it has no further effect post-activation of IL-10−/− 

BMMCs.

To assess whether IL-10 has a similar effect on mast cell activation in vivo, WT mice were 

passively transferred with IgE antibodies and some mice were primed with rIL-10. Antigen 

exposure induced severe hypothermia in both untreated and IL-10-exposed WT mice, but no 

further decrease in core body temperature was observed in IL-10-exposed WT animals (Fig. 

6D). In contrast, while IL-10−/− mice were resistant to the development of hypothermia after 

antigen exposure, administration of rIL-10 restored the ability of these animals to undergo 

passive anaphylaxis (Fig. 6D). These data therefore confirm that IL-10 can influence the 
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extent of mast cell activation and consequently mast cell function both in vitro as well as in 
vivo.

Adoptive transfer of WT BMMCs restores the allergic phenotype in IL-10−/− mice

Since our data demonstrated that IL-10 can affect both mast cell expansion and activation 

both in cell culture and during food allergy in vivo, we examined whether administration of 

IL-10−/− mice with WT BMMCs would restore the development of food allergy in IL-10−/− 

mice. Challenge with OVA induced the development of allergic diarrhea and resulted in 

increased mast cell numbers in the jejunum, enhanced mMCP-1 levels, and elevated OVA-

IgE in WT mice as previously observed (Figs.7A–D). As expected, both IL-10−/− mice as 

well as IL-10−/− mice reconstituted with IL-10−/− BMMCs mice did not exhibit diarrhea, 

had fewer intestinal mast cells, and displayed significantly decreased mMCP-1 levels 

compared to OVA-challenged WT mice (Figs.7A–D and data not shown). Furthermore, 

decreased levels of OVA-IgE were also observed in these animals contrary to that previously 

observed (Fig. 1E), suggesting that the production of IgE antibodies may be variable in 

IL-10−/− mice (Fig. 7E). In contrast, IL-10−/− mice that had been injected with WT BMMCs 

prior to sensitization not only exhibited diarrhea, but also exhibited significantly higher 

levels of mMCP-1 and greater intestinal mast cell numbers compared with both IL-10−/− 

mice and IL-10−/− mice reconstituted with IL-10−/− BMMCs (Figs.7A–D). Three out of five 

animals had mMCP-1 levels that were comparable to OVA-challenged WT mice. This 

suggests that the transfer of WT BMMCs can restore the development of allergic symptoms 

in IL-10−/− mice and enhance mast cell activation and function in challenged animals. 

Similarly, while OVA-challenged WT and IL-10−/− animals exhibited patterns of intestinal 

and systemic Th2 cytokine expression and production consistent with our previous 

observations, the expression of Th2 cytokines in the intestines and their production by OVA-

stimulated spleen and MLN cells was also increased in IL-10−/− mice that had been injected 

with WT BMMCs (Figs.7F–M and Fig. S1). These data therefore suggest that the transfer of 

WT BMMCs is sufficient to alter the intestinal milieu and induce mast cell-mediated effects 

such as allergic diarrhea.

Adoptive transfer of WT CD4 T cells restores allergic diarrhea and intestinal mast cell 
numbers in IL-10−/− mice

The data described above further confirm the effects of IL-10 during food allergy and 

suggest that mast cell function is impaired in the absence of IL-10 in IL-10−/− mice. Since 

Th2 cells are known producers of proinflammatory levels of IL-10 in vivo, we wondered 

whether the defect in mast cell expansion in IL-10−/− mice may be due to a lack of IL-10-

producing Th2 cells during food allergy. To determine whether CD4 T cells can produce 

IL-10 during food allergy, intracellular staining was performed and both splenic and MLN 

CD4 T cells from experimental mice were examined for the production of IL-10. 

Stimulation with OVA resulted in the production of IL-10 by CD4 T cells from both 

sensitized and OVA-challenged as well as sensitized and OVA-unchallenged BALB/c mice, 

with slightly higher levels being produced by CD4 T cells from allergic animals (Fig. 8A 

and data not shown). This suggests that CD4 T cells can produce IL-10 during the 

development of food allergy in vivo.
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To further assess the effects of T cells on the development of food allergy and the expansion 

of mast cells, we examined whether adoptive transfer of WT CD4 T cells prior to OVA 

sensitization can restore allergic symptoms in IL-10−/− mice. As expected, OVA challenge 

resulted in the production of diarrhea in WT BALB/c mice (Fig. 8B), accompanied by 

increased intestinal mast cell numbers (Fig. 8C & D), and increased expression of Th2 

cytokine levels in the intestine (Fig. 8E). In contrast, the absence of diarrhea, and decreased 

numbers of intestinal mast cells as well as Th2 cytokine expression, were observed in 

IL-10−/− mice (Figs.8B–E). Reconstitution with WT CD4 T cells not only restored the 

development of diarrhea (Fig. 8B), but significantly increased the numbers of intestinal mast 

cells comparable to those observed in WT mice (Figs.8C & D). However, no increase in 

mMCP-1 levels was observed compared to unreconstituted IL-10−/− animals (data not 

shown), suggesting that while WT CD4 T cells can promote intestinal mast cell expansion, 

they are not able to overcome the need for the continuous presence of IL-10, which is 

required to induce mMCP-1 transcription as previously shown (31). Similarly, while 

reconstitution increased the intestinal expression of IL-13 compared to IL-10−/− mice, 

similar increases in IL-4 or IL-5 were not observed in these animals (Fig. 8E and data not 

shown). Taken together, these data suggest that CD4 T cells can produce IL-10 during the 

development of food allergy, and the expansion of mast cells in vivo as well as mast cell-

mediated effects such as allergic diarrhea may be regulated by IL-10-producing CD4 T cells.

Discussion

IL-10 is an important immunoregulatory cytokine exerting pleiotropic effects on immune 

responses, depending on the type of response (Th1 versus Th2) and the site of antigen 

exposure (8, 10, 11, 32, 33). In this study, we demonstrate an important role for IL-10 in 

regulating the expansion and activation of mast cells and consequently the development of 

mast cell-mediated food allergy. This is a novel finding, which suggests that IL-10 can drive 

mucosal mast cell function, and modulate the development of intestinal anaphylaxis. 

Furthermore, we demonstrate that the regulation of intestinal mast cell expansion by IL-10 

in vivo may be CD4 T cell-dependent.

The role of IL-10 in regulating Th2-mediated allergic responses has been controversial. 

Allergic patients produce elevated levels of IL-10 (34–36), and we have previously observed 

increased intestinal expression of IL-10 during food allergy (6). Animal models suggest that 

IL-10 can have discordant effects on the development of allergy (17–20, 24, 37). While 

some studies suggest that IL-10 can promote eosinophilia, IL-5 production and AHR (19, 
20, 22), others showed that it only enhances AHR and not inflammation (18). Similarly, the 

transgenic expression of IL-10 can induce mucus metaplasia, tissue inflammation and 

airway remodeling (23). However, Th2 cells engineered to produce IL-10 can prevent the 

development of AHR and inflammation during asthma (24). Using a different model system, 

Laouini et al. demonstrated that IL-10 is not only critical for the development of 

eosinophilia during atopic dermatitis, but also skews dendritic cell function towards a Th2 

response (26). Lastly, while the role of IL-10 in food allergy has not been previously 

examined, Kraal and colleagues showed that neutralizing IL-10 can block allergen-induced 

changes in IgE and histamine production after intragastric challenge (38). Similarly, 

preliminary studies in our laboratory currently under investigation suggest that IL-10 
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neutralization may block allergic diarrhea and intestinal mast cell numbers during food 

allergy (unpublished data). While some of these discrepant observations may be attributed to 

differences in strain genetic background (39) or impairment of IL-13 function in the absence 

of IL-10 via the IL-13Rα2 decoy receptor (we do not observe expression of this receptor in 

the intestines of OVA-challenged mice, unpublished observation), it does not explain the 

complete range of effects mediated by IL-10, and the literature suggests a more nuanced role 

for IL-10 in immune regulation depending on the antigen, the target organ, and the cell type 

producing IL-10.

The results from this study demonstrate for the first time a proinflammatory role for IL-10 in 

regulating mast cell function both in cell culture and in food allergy. Our data are not only 

consistent with the proinflammatory effects of IL-10 described above on Th2-mediated 

allergic responses, but are all the more interesting in light of early observations that indicate 

that IL-10 can have a stimulatory effect on BMMCs (40, 41) and induce the expression of 

mast cell proteases such as mMCP-1 (31, 42–44). It is well established that the expansion of 

mucosal mast cells is Th2-dependent, and that Th2 cytokines drive the proliferation of mast 

cells in mucosal tissues (45–47). Our data suggest that during food allergy, IL-10 promotes 

mast cell activation, resulting in diminished intestinal anaphylaxis in IL-10−/− mice. While 

WT BALB/c mice, which are known to generate strong Th2 responses, exhibited severe 

disease and enhanced mastocytosis, the development of disease including allergic diarrhea 

was weakened in the absence of IL-10, and IL-10−/− mice failed to mount strong mast cell 

responses. This was also accompanied by attenuated local Th2 responses, suggesting that in 

the absence of IL-10, allergen-specific Th2 cells may become functionally defective and not 

fully participate in the allergic response. That these cells retain the capacity to produce Th2 

cytokines and are not intrinsically defective is suggested by observations that the response to 

polyclonal T cell stimulation is intact, and that the production of OVA-IgE, which is 

dependent on TFH and Th2 cells, is not fundamentally impaired. Taken together, these 

observations suggest that IL-10 produced by pathogenic cells (potentially including Th2 

cells) may enhance the allergic phenotype during food allergy. In particular, IL-10 may be 

required for the activation of mucosal mast cells, and exert its effects to potentiate mast cell 

function.

While the data from IL-10−/− mice suggest a global effect on both Th2 and mast cell 

responses, our cell culture data provides concrete evidence for the role of IL-10 in regulating 

mast cell function. In the absence of IL-10, IL-10−/− BMMCs are unable to expand to levels 

observed in WT BMMCs despite the presence of similar levels of IL-3 and SCF, but the 

addition of rIL-10 restores their proliferative capacity, suggesting that IL-10 can enhance the 

proliferation of mast cells. Furthermore, while activated mast cells produced elevated levels 

of cytokines such as TNF-α and IL-13, the production of these cytokines was suppressed in 

IL-10−/− BMMCs and could be restored by the addition of rIL-10. Addition of rIL-10 not 

only restored the functional capacity of IL-10−/− BMMCs, but also amplified the production 

of these cytokines by WT BMMCs when exposed to rIL-10 for one week. This may be a 

combination of the specific effects of IL-10 on mast cell activation as well as the increased 

cell number following co-culture with rIL-10.
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Taken together, these data therefore suggest that IL-10 not only modulates the production of 

cytokines by mast cells, but can have differing effects depending on the cell culture 

conditions and the time of exposure. In this context, the expression and secretion of TNF-α 

after co-culture with rIL-10 was especially interesting with both decreased and increased 

secretion of the cytokine observed after co-culture for short or long periods of time. These 

data parallel observations reported by Marshall et al. regarding the effect of IL-10 on TNF-α 

production by rat peritoneal mast cells (48). These investigators found that IL-10 did not 

induce changes in TNF-α secretion 10 minutes after IgE activation, but induced decreases in 

TNF-α 18 hours later, similar to our own observations in Figs. 4C&5A. Our data further 

suggest that continued co-culture with rIL-10 reverses this initial inhibition resulting in 

increased secretion of TNF-α by day 7 of culture.

This suggests that the regulatory effects of IL-10 are conditioned by the nature of the 

inflammatory environment, and that different effects may be observed depending on the type 

of stimulus, the cell culture conditions and the genetic background of the cells used (30, 49–
51). This is an especially important consideration in light of immunotherapeutic approaches 

that target IL-10 as the molecule of choice for circumvention of allergen sensitization. For 

example, Ryan and colleagues have previously demonstrated that IL-10 prevents IgE-

mediated activation of mast cells, inhibits FcɛRI expression, and induces their apoptosis 

(51–53). However, these investigators used a different strain of mouse (C57BL/6) and 

different cell culture conditions to grow BMMCs (supplementation with WEHI-3 medium 

vs. rIL-3+rSCF). Our findings provide evidence for the direct opposite, suggesting that 

continuous exposure to IL-10 can induce mast cell proliferation and function, and confirms 

previously published reports regarding the proinflammatory role of IL-10 on mast cells and 

its requirement for the induction of mMCP-1 expression (31, 40, 41). Notably, these 

investigators also demonstrated that the effects of IL-10 were pronounced in the presence of 

IL-3 or IL-4, similar to our own observations, and that continuous exposure to IL-10 is 

required to induce mMCP-1 transcription (31). Furthermore, our data provides strong 

evidence that IL-10 can enhance mast cell expansion and promote allergic responses in 

BALB/c mice, which are known to have a strong Th2 bias. This is not only consistent with 

previous observations such as the ability of IL-10 to promote allergen-specific Th2 

responses in BALB/c mice (26), but is also reflective of IgE-mediated allergies in atopic 

human patients, wherein IL-10 may exert proinflammatory effects on both mast cells and 

Th2 cells during allergic responses. Thus, the effects of IL-10 during inflammatory 

conditions in vivo may be more nuanced depending on the immune microenvironment and 

the host genetic background. Indeed, Ryan and colleagues recently reported that mast cell 

responsiveness to IL-10 may be altered by genetic background and that mast cells from 

BALB/c mice are resistant to IL-10 mediated apoptosis in contrast to previously reported 

observations (54).

The proinflammatory effects of IL-10 on mast cell homeostasis in vivo may be further 

confirmed from our experiments demonstrating that mast cells transferred into the peritoneal 

cavity of IL-10−/− mice fail to survive, suggesting that in the absence of IL-10, mast cells are 

unable to reach their full proliferative potential. That IL-10−/− BMMCs are able to survive in 

the peritoneum of naïve WT mice but not that of naïve IL-10−/− mice suggests that there is 

no intrinsic defect in the proliferative capacity of IL-10−/− BMMCs per se, but that the 
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presence of IL-10 is required to promote their proliferation and/or survival in vivo, and that 

the reduced survival of IL-10−/− BMMCs in IL-10−/− mice is likely due to the absence of 

IL-10.

The data from the β-hex and passive anaphylaxis studies show that IL-10 not only promotes 

mast cell expansion and function, but also modulates the sensitivity of mast cells to antigen 

exposure. Interestingly, no differences in β-hex production were observed between both WT 

and IL-10−/− BMMCs prior to activation, suggesting that in the absence of IL-10, there is no 

intrinsic defect in the capacity of BMMCs to be activated and undergo degranulation. This is 

consistent with similar levels of FcɛRI expression on BMMCs from both WT and IL-10−/− 

mice. However, IL-10 appears to affect activation-induced events such as the production of 

cytokines and IgE-mediated passive anaphylaxis. Exposure to rIL-10 not only enhanced the 

expression of FcɛRI and the activation of mast cells in cell culture, but also restored the 

ability of IL-10−/− mice to undergo IgE-dependent passive anaphylaxis, suggesting that in 
vivo, IL-10 may prime mast cells for activation during antigen exposure and acute allergic 

episodes.

Finally, in light of these observations, it will be important to further elucidate the cellular 

sources of IL-10 and determine the cell types responsible for stimulating mast cell expansion 

in an IL-10-dependent manner. While Th2 cells are the prime candidate for the source of 

IL-10 during the intestinal allergic response, a number of other cell types can produce IL-10 

including B cells, macrophages, mast cells, NKT cells, Tregs and intraepithelial 

lymphocytes (55). Our data suggest that the adoptive transfer of WT IL-10+ mast cells can 

restore allergic diarrhea as well as Th2 cytokine production, while partially restoring 

mMCP-1 levels, the expression of which has been shown to be IL-10-dependent. 

Furthermore, the adoptive transfer of WT IL-10+ CD4 T cells was also sufficient to restore 

allergic diarrhea and intestinal mast cell expansion, suggesting that the regulation of 

intestinal mast cell function by IL-10 is T cell-dependent. Future experiments aimed at 

assessing the contribution of IL-10-producing cells will shed further light on the interactions 

between various cells such as Th2 cells and mast cells during the allergic response.

Taken together, our data demonstrates that IL-10 promotes the expansion of mucosal mast 

cells and influences their function during food allergy, elucidating a novel role for IL-10 in 

the regulation of mast cell-mediated responses and suggesting that perturbations of IL-10 

activity may modulate the outcome of the allergic response in susceptible individuals.
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Figure 1. OVA-sensitized and challenged IL-10−/− mice fail to develop allergic diarrhea and do 
not exhibit mast cell activation
WT BALB/c and IL-10−/− mice were sensitized and challenged with OVA. (A) Percent of 

diarrhea-positive animals. (B) Numbers of CAE+ jejunal mast cells. (C) Histology depicting 

CAE-positive jejunal mast cells. Mast cells, including intraepithelial cells are shown by an 

arrow (D) Serum mMCP-1 levels. (E) Serum OVA-IgE levels. (F) Spleen mast cells. (G) 

MFI of FcɛRI expression on spleen mast cells. n=10–15 mice/group. *=p<0.05; **=p<0.01 

(t-test). Data are representative of 2 independent experiments.
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Figure 2. OVA-challenged IL-10−/− animals exhibit attenuated expression of intestinal Th2 
cytokines
BALB/c and IL-10−/− mice were sensitized and challenged with OVA. The expression of 

mRNA for various cytokines (A–H) was assessed using established Taqman probes and RT-

PCR. n=10–15 mice/group. *=p<0.05; **=p<0.01. (student’s t-test). Data are representative 

of 2 independent experiments.
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Figure 3. Impaired Th2 cytokine production by MLN cells from OVA-challenged IL-10−/− mice 
in response to antigen but not polyclonal stimulation
MLN cells were stimulated with either OVA or T cell agonists for 72 hours. Levels of the 

cytokines (A) IL-4 (B) IL-5 (C) IL-13 and (D) IFN-γ were enumerated in the supernatants 

by ELISA. n=4 mice/group. *=p<0.05; **=p<0.01. (student’s t-test). Data are representative 

of 2 independent experiments.
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Figure 4. IL-10 promotes mast cell expansion and is required for BMMC cytokine production
(A) WT and IL-10−/− BMMCs were cultured with IL-3 and SCF, in the presence or absence 

of rIL-10. Numbers of live cells are shown. (B) CFSE+ WT or IL-10−/− BMMCs were 

transferred into the peritoneal cavity of WT and IL-10−/− mice. Six days later mice were 

sacrificed and the number of recovered peritoneal CFSE+c-Kit+ cells is shown. (C–F) 

BMMCs were cultured in the presence or absence of rIL-10 overnight and were activated 

with IgE and antigen for one hour. Expression of the cytokines TNF-α, IL-6, IL-13 and IL-4 
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was assessed by RT-PCR. Data are representative of 3 or more independent experiments. 

**=p<0.01; *=p<0.05 (student’s t-test). ‡=p<0.0001 by ANOVA.
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Figure 5. Co-culture with rIL-10 amplifies cytokine production and restores cytokine production 
capacity in IL-10−/− BMMCs
WT and IL-10−/− BMMCs were cultured in the presence or absence of rIL-10 for 24 hours 

(A–D) or 7 days (E–F). BMMCs were activated with IgE and antigen for 12 hours and 

cytokine levels were enumerated in cell culture supernatants by ELISA. Data are 

representative of 3 or more independent experiments. *=p<0.05; **=p<0.01. (student’s t-

test).
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Figure 6. IL-10 enhances BMMC degranulation and restores IgE-mediated passive anaphylaxis 
in IL-10−/− mice
(A) BMMCs were cultured in the presence or absence of rIL-10 for 4 days and the levels of 

FcɛRI expression were assessed by flow cytometry. MFI is shown. (B–C) WT and IL-10−/− 

BMMCs were cultured in the presence or absence of rIL-10 and activated with IgE and 

antigen. (B) O.D. values correlating to β-hex release in supernatants and (C) percent 

degranulation of BMMCs is shown. (D) WT and IL-10−/− mice were passively sensitized 

with DNP-IgE and challenged with DNP-BSA. A group of WT and IL-10−/− mice received 

IL-10 prior to sensitization and challenge. Changes in body temperature after challenge are 
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shown. Data are representative of 2 independent experiments. *=p<0.05; **=p<0.01. 

(student’s t-test). ***=p<0.0001 by ANOVA.
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Figure 7. Adoptive transfer of WT BMMCs restores allergic diarrhea, mast cell activation and 
Th2 cytokine production in IL-10−/− mice
WT and IL-10−/− mice were sensitized and challenged with OVA. A group of IL-10−/− mice 

received WT BMMCs prior to sensitization. One hour after the 6th challenge, mice were 

sacrificed. (A) Percent of diarrhea-positive animals (B) intestinal mast cell numbers (C) 

serum mMCP-1 levels (D) histology depicting CAE-positive cells (mast cells are shown by 

arrows) (E) serum OVA-IgE levels (F–K) jejunal cytokine expression and (L–M) cytokines 

secreted by MLN cells in response to OVA stimulation is shown. Data are representative of 2 

independent experiments. *=p<0.05; **=p<0.01. (student’s t-test).
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Figure 8. Adoptive transfer of WT CD4 T cells restores allergic diarrhea and intestinal mast cell 
numbers in IL-10−/− mice
WT and IL-10−/− mice were sensitized and challenged with OVA. A group of IL-10−/− mice 

received WT CD4 T cells prior to sensitization. One hour after the 6th challenge, mice were 

sacrificed. (A) WT MLN cells from OVA-sensitized and challenged mice were cultured in 

the presence or absence of OVA. Intracellular cytokine staining for IL-10 is shown. (B) 

Percent of diarrhea-positive animals (C) histology depicting CAE-positive cells (mast cells 
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are shown by arrows) (D) intestinal mast cell numbers and (E) jejunal cytokine expression is 

shown. *=p<0.05; **=p<0.01. (student’s t-test).

Polukort et al. Page 28

J Immunol. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Animals
	Food allergy regimen
	Measurement of intestinal anaphylaxis
	Histological analysis and enumeration of mast cells
	Quantitative PCR analysis and ELISAs
	Spleen and MLN stimulation
	Flow cytometry
	Intracellular cytokine staining
	BMMC culture
	Carboxyfluorescien succinimidyl ester (CFSE) labeling and transfer of mast cells
	In vitro studies
	β-Hexosaminidase (β-Hex) Assay
	Passive Anaphylaxis
	Adoptive Transfer Experiments
	Statistical Analysis

	Results
	IL-10 is essential for the development of allergic diarrhea and mast cell activation in OVA-challenged mice
	Local Th2 responses are attenuated in OVA-challenged IL-10−/− mice
	OVA-challenged IL-10−/− mice retain the capacity to induce systemic Th2 cytokines
	IL-10 promotes the expansion of BMMCs and is required for their proliferation in vivo
	Co-culture with rIL-10 amplifies cytokine production by mast cells and restores cytokine production capacity in IL-10−/− BMMCs
	IL-10 promotes expression of FcɛRI, enhances mast cell activation, and is essential for mast cell-mediated passive anaphylaxis in antigen-exposed mice
	Adoptive transfer of WT BMMCs restores the allergic phenotype in IL-10−/− mice
	Adoptive transfer of WT CD4 T cells restores allergic diarrhea and intestinal mast cell numbers in IL-10−/− mice

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

