
IL-4 Production by Group 2 Innate Lymphoid cells Promotes 
Food Allergy by Blocking Regulatory T cell Function

Magali Noval Rivas, PhDa,b,§,*, Oliver T. Burton, PhDa,b,*, Hans C. Oettgen, MD, PhDa,b,‡, and 
Talal Chatila, MD, MSca,b,‡

aDivision of Immunology, Boston Children’s Hospital, Boston, MA, USA

bDepartment of Pediatrics, Harvard Medical School, Boston, MA, USA

Abstract

Background—Food allergy is a major health issue, but its pathogenesis remains obscure. Group 

2 innate lymphoid cells (ILC2) promote allergic inflammation. However their role in food allergy 

is largely unknown.

Objective—We sought to investigate the role of ILC2 in food allergy.

Methods—Food allergy-prone mice with a gain of function mutation in the IL-4 receptor a chain 

(Il4raF709) were orally sensitized with food allergens and the ILC2 compartment was analyzed. 

The requirement for ILC2 in food allergy was investigated using Il4raF709, IL-33 receptor 

deficient (Il1rl1−/−), IL-13 (Il13−/−) and IL-4 (Il4−/−) deficient mice and by adoptive transfers of in 
vitro-expanded ILC2. Direct effects of ILC2 on regulatory T (Treg) cells and mast cells were 

analyzed in co-culture experiments. Treg cell control of ILC2 was assessed in vitro and in vivo.

Results—Food allergic Il4raF709 mice exhibit increased numbers of ILC2. IL-4 secretion by 

ILC2 contributes to the allergic response by reducing allergen-specific Treg cells and activating 

mast cells. IL-33 receptor deficiency in Il4raF709Il1rl1−/− mice protects against allergen 

sensitization and anaphylaxis while reducing ILC2 induction. Adoptive transfer of WT and Il13−/− 

but not Il4−/− ILC2 restored sensitization in Il4raF709 Il1rl1−/− mice. Treg cells suppress ILC2 in 
vitro and in vivo.

Conclusion—IL-4 production by IL-33-stimulated ILC2 blocks the generation of allergen-

specific Treg cells and favors food allergy. Strategies to block ILC2 activation or the IL-33:IL-33R 

pathway may lead to innovative therapies in food allergy.
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Capsule summary

IL-4 production by ILC2 plays a crucial role in enabling sensitization to food allergens.
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Introduction

Food allergy is a major health issue in westernized countries with increasing prevalence over 

the last decades and a lack of curative treatment 1. Several major food staples, including 

milk, soy and wheat can induce food allergic reactions 2. Food allergies reflect a failure of 

oral tolerance of innocuous food allergens, resulting in the development of a dysregulated 

Th2-immune response, the secretion of allergen specific-IgE and the recruitment of effector 

cells to the gastrointestinal (GI) tract. By their production of Th2 cytokines, mostly IL-4 and 

IL-13, mast cells, basophils and Type 2 helper CD4+ T (Th2) cells are key effector cells of 

the allergic reaction. Their Th2 cytokine production amplifies the allergic immune response 

by blocking the induction of allergen-specific regulatory T cells (Treg), directing further Th2 

cell differentiation and IgE-driven mast cell activation 3,4. The sequence of early events in 

food allergen sensitization and the involvement of innate immune cells in triggering disease 

in susceptible individuals remain to be fully elucidated.

A population of innate mucosal Th2 cytokine-secreting cells, called group 2 innate lymphoid 

cells (ILC2), has emerged as central to a broad collection of allergic disorders such as 

asthma, chronic rhinosinusitis, and atopic dermatitis 5–11. ILC2 are characterized by the 

expression of CD90 (Thy1), CD25 (IL-2Rα), IL-25R (IL-17RB), IL-33R (ST2) and CD127 

(IL-7Rα) in the absence of specific markers that define other leukocytes lineages (Lin−; non-

T/non-B cells) 12. They share morphological characteristics with lymphocytes, but do not 

express the rearranged antigen receptors characteristic of adaptive immune cells 13,14. ILC2 

emerge from a common lymphoid progenitor present in the bone marrow and their 

development is critically dependent on the transcription factors Id2 12,15, RORα 16,17 and 
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the Th2-specific transcription factor GATA-3 8,18. ILC2 are mostly found at the barrier 

surfaces, including skin, lung and the gastrointestinal tract 13. In response to cytokines 

produced by innate immune sources, such as TSLP, IL-25 and IL-33, ILC2 rapidly expand at 

the mucosal surfaces in an innate, antigen-independent manner and produce large quantities 

of Th2 cytokines especially IL-5 and IL-13 but also IL-4 and IL-98,19–22.

One of the key issues in food allergy is the impaired induction of allergen-specific Treg cell 

and their subversion into non-functional Th2 cell-like Treg cells that further promote 

disease 3. The cellular and molecular processes linking Th2 effector cells to the defective 

regulatory immune response during food allergy are still not well understood. The role of 

ILC2 in disrupting tolerance in food allergy remains similarly obscure, with conflicting 

reports on the requirement for ILC2 in food allergen sensitization 23,24.

In this study, we have made use of a well characterized murine transgenic model of food 

allergy involving a gain of function in the IL-4Rα chain to investigate the role of ILC2 

during food allergy 3,4,25,26. We found that ILC2 play a critical role in the induction of food 

allergy by virtue of their secretion of IL-4, which acts to enhance mucosal mast cell 

activation and disrupt allergen-specific Treg cell induction and suppressive functions.

Methods

Sensitization and challenge protocol

Mice were treated intragastrically once a week over 4 weeks with either PBS or with 23 mg 

of Peanut (PE) butter (Skippy, Hormel Foods), corresponding to 5 mg of peanut protein, 

suspended in 250 µl of 0.1 M sodium bicarbonate (pH 8.0), as previously described 4. For 

ovalbumin (OVA) sensitization, OVA (250µg) together with 10 µg of staphylococcal 

enterotoxin B (SEB, Toxin Technology) was gavaged once weekly for 8 weeks. On the ninth 

week, mice were challenged intragastrically with either 450 mg peanut butter (~ 100 mg of 

protein) or 150 mg of OVA as previously described 3,26. WT and DO11.10+ Rag2−/− 

Il4raF709 Foxp3EGFP mice were fed with 1% OVA in drinking water for 7 days followed by 

oral gavage every 2 days with 250 µg OVA the following week. Anaphylaxis was assessed 

by measuring changes in total body core temperature with transponders placed 

subcutaneously 2 days before challenge (IPTT-300; Bio Medic Data Systems) and a 

DAS-6001 console (Bio Medic Data Systems).

In vitro ILC2 and ILC3 culture and cell purification

Lamina propria lymphocytes from IL-13YFPCre mice were isolated as previously described 

and incubated at 37°C in complete RPMI medium supplemented with IL-33 (10ng/ml, 

Biolegend), IL-25 (10ng/ml, Shenandoah Biotechnology) and IL-2 (5ng/ml, Shenandoah 

Biotechnology) for a week 27. The ILC were then sorted on a BD FACSAria II based on 

IL-13YFP expression and Lin− Thy1+ Sca-1+ c-Kitlow for ILC2 and the lack of IL-13YFP 

expression and Lin− Thy1+ Sca-1− c-Kit+ for ILC3. Cells were subsequently maintained in 

cultured with IL-2, IL-25 and IL-33 for 3–4 weeks.
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ILC adoptive transfer

ILC were expanded in vitro from the lamina propria of WT, Il13−/− or Il4−/− mice and cell-

sorted as mentioned above. Il4raF709 Il1rl1−/− mice were injected intravenously through the 

retro-orbital sinus with 2×105 ILC each week the day prior to sensitization.

Co-culture experiments

Bone marrow mast cells (BMMC) were prepared as described and cultured overnight at 105 

cells/well with ILC2 at 20:1 ratio in conical 96 well plates in the presence of IL-2 (500 pg/

ml), IL-3 (2 ng/ml), and IgE anti-DNP (5 ng/ml, SPE-7, Sigma) 4. IL-4 (10 ng/ml, 

Shenandoah Biotech) or anti-IL-4 (40 µg/ml, 11B11) was supplemented in some cases. 

BMMC were stimulated for 10 min with 50 ng/ml DNP-albumin (Sigma Aldrich) in the 

presence of anti-LAMP-1-eFluor 660 (eBio1D4B, eBioscience), anti-c-Kit-PE-Cy7 and 

fixable viability dye eFluor 780 to detect degranulation. CD4+ T cells (105) from WT 

DO11.10+ Rag2−/− Foxp3EGFP mice were sorted to >98% purity using Miltenyi CD4 

microbeads and labeled with the CellTrace Violet dye (Life Technologies). Naïve T cells 

were then cultured with ILC2 at a 20:1 ratio in round bottom 96 well plates coated with 1 

µg/ml anti-CD3 and 5 µg/ml anti-CD28. Recombinant human TGF-β1 (2 ng/ml) and IL-2 (1 

ng/ml) were added to promote Foxp3 induction.

Statistical analysis

Anaphylaxis temperature curves were analyzed using 2-way ANOVA. Student’s unpaired 

two-tailed t tests were used for 2 groups comparisons. For more than 2 groups, 1-way 

ANOVA with Bonferroni post-test analysis was used. Results are presented as means and 

SEM where each point represents one sample. In cases where values were spread across 

multiple orders of magnitude, data were log-transformed for analysis with parametric tests.

Study approval

All animal studies were approved by the Boston Children’s Hospital Institutional Animal 

Care and Use Committee.

Other Methods

Information on mouse strains employed, flow cytometry and related antibodies, reagents and 

methods, real time PCR analysis, IgE and cytokine ELISAs, tissue histology and TGF-β-

mediated in vitro induced Treg (iTreg) cell induction is provided in the Methods section in 

this article’s Online Repository at www.jacionline.org.

Results

ILC2 enrichment in orally sensitized Il4raF709 mice

Il4raF709 mice carry an IL-4Rα chain mutation that inactivates the receptor’s 

immunotyrosine inhibitory motif. This mutation results in augmented signal transducer and 

activator of transcription 6 (STAT6) activation by IL-4 and IL-13, and renders the mice 

prone to oral allergic sensitization 25,26. Il4raF709, but not WT mice, are particularly 

susceptible to oral sensitization with food allergens, such as peanut or chicken egg 
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ovalbumin (OVA) and respond to oral challenge by a mast cell- and IgE-dependent 

anaphylactic response 3,4,28. Peanut or OVA-sensitized Il4raF709 mice, but not WT controls, 

developed an anaphylactic reaction after oral challenge as evidenced by a significant drop in 

their core body temperature (Fig 1, A and Fig E1, A in this article’s Online Repository). 

Food allergic Il4raF709 mice produced peanut-and OVA-specific IgE antibodies, and they 

released mouse mast cell protease-1 (MMCP-1), a marker of mast cell degranulation, upon 

allergen-sensitization and challenge (Fig 1, B and Fig E1, B and C in this article’s Online 
Repository). mRNA transcripts of Il33, whose production by epithelial cells promotes ILC2 

differentiation, were significantly higher in the small intestine (SI) of Il4raF709 mice 

following allergen sensitization and challenge (Fig 1, C and Fig E1, D in this article’s 
Online Repository). Accordingly, we analyzed the presence of ILC2 and ILC3 by flow 

cytometry in allergen-sensitized WT and Il4raF709 mice. ILC2 and ILC3 identification in 

the draining mesenteric lymph nodes (MLN) of orally sensitized mice was performed by 

analysis of their specific patterns of cell-surface markers: Lin− CD45+ CD25+ CD127+ and 

either Sca-1high c-Kitlow (ILC2) or Sca-1− c-Kit+ (ILC3) as previously described (Fig 1, D 
and Fig E1, E in this article’s Online Repository) 16,29. Compared to PBS-treated mice, 

the frequencies and absolute numbers of ILC2 and ILC3 populations were higher in the 

MLN of allergen-sensitized Il4raF709 mice (Fig 1, E and Fig E1, F in this article’s Online 
Repository). Compared to OVA-sensitized WT mice, increased ILC2 frequencies and 

absolute numbers were also observed in the SI lamina propria of OVA-sensitized Il4raF709 
mice (Fig E1, G and H in this article’s Online Repository). Similar data were obtained 

using intracellular cytokine staining to define ILC2 as CD45+Lin−IL-13+ and ILC3 as 

CD45+ Lin− IL-17+ (Fig 1, E).

IL-33 receptor (IL-33R) signaling regulates ILC2 expansion and allergic sensitization

IL-33 is a key cytokine that promotes the growth and maturation of ILC2 and their 

consequent Th2 cytokine production 29. IL-33 signaling through IL-33R, encoded by Il1rl1, 

and its associated IL-1 receptor accessory protein is implicated in airway inflammation after 

influenza virus infection and in several murine models of asthma 7,30,31. Because Il33 
mRNA levels are increased in the SI of allergen-sensitized Il4raF709 (Fig 1, C and Fig E1, 

D in this article’s Online Repository), we investigated the dependence of allergic-

sensitization driven by ILC2 expansion on IL-33R signaling. Surprisingly, Il4raF709 
Il1rl1−/− mice failed to sensitize to peanut, exhibiting no decrease in core body temperature, 

a lack of peanut-IgE production and minimal release of MMCP-1 after oral challenge (Fig 2, 

A and B). Flow cytometric analysis of ILC populations by means of the cellular markers 

Sca-1 and c-Kit revealed reduced ILC2 frequencies and absolute numbers in the MLN and 

SI lamina propria of allergen-sensitized Il4raF709 Il1rl1−/− mice (Fig 2, C and D).

GATA-3 is an essential transcription factor for ILC2 and its expression can be used to 

identify those cells by flow cytometry, as previously published 8,32. By using the following 

markers, Lin− CD45+ Thy1.2+ GATA-3+ and Lin− CD45+ Thy1.2+ RORγt+ to identify ILC2 

and ILC3 respectively, we confirmed that ILC2 frequencies and absolute numbers are 

increased in the MLN and SI lamina propria of allergen-sensitized Il4raF709 mice and that 

Il1rl1 deficiency significantly reduced those numbers (Fig E2, A to C in this article’s 
Online Repository).
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ILC2-derived IL-4 is indispensible for allergic sensitization

Following activation with IL-2, IL-25 or IL-33, ILC2 secrete large amounts of Th2 

cytokines, such as IL-13 and IL-5, and it has become dogma that ILC2 produce minimal 

quantities of IL-4 15,33,34. Flow cytometric analysis of in vitro expanded ILC2 derived from 

SI lamina propria of unsensitized WT, Il13−/−, Il4raF709, Il4raF709 Il4−/− and Il4raF709 
Il1rl1−/− mice demonstrates that ILC2 identified by the expression of the transcription factor 

GATA-3 (Lin− Thy1.2+ CD45+ GATA-3+) express IL-5, IL-13 and copious amounts of IL-4 

(Fig 3, A to C). In contrast, IL-9 expression by ILC2 was minimal (data not shown). IL-4 

expression by MLN and SI ILC2 was further confirmed by using reporter mice expressing 

the enhanced green fluorescent protein under control of the Il4 locus (4Get mice) (Fig E3, A 
and B in this article’s Online Repository) 35. Il1rl1 deficiency strongly reduced the 

production of IL-4, IL-13 and IL-5 by intestinal ILC2, even after peanut oral sensitization 

(Fig E4, A to C in this article’s Online Repository). Il4 deletion in Il4raF709 mice did not 

affect IL-13 production by intestinal ILC2 whereas it completely abolished their IL-4 

production (Fig 3, B and C). IL-13Rα1 was not expressed by CD4+ T cells, mast cells 

(FcεR1α+ c-Kit+), Treg (CD4+ Foxp3+) or B cells (CD19+ B220+), ruling out an effect by 

ILC2-derived IL-13 on these cell types (Fig E3, C in this article’s Online Repository).

We reasoned that enforced restoration of the ILC2 compartment by adoptive transfer of in 
vitro-derived ILC2 might rescue allergic sensitization in Il4raF709 Il1rl1−/− mice by acting 

as an early source of IL-4. Il4raF709 Il1rl1−/− mice reconstituted with either in vitro 
expanded WT or IL-13 deficient ILC2 (Il13−/− ILC2), and orally-sensitized with peanut 

developed food allergy as evidenced by a decrease in their core body temperature, higher 

levels of peanut-specific IgE and the release of MMCP-1 in the serum after oral challenge 

with peanut (Fig 4, A and B and Fig E5, A and B in this article’s Online Repository). The 

recovery from the drop in core body temperature in mice reconstituted with Il13−/− ILC2 

was faster, suggestive of a role for ILC2-derived IL-13 in potentiating the food allergic 

response (Fig E5, A in this article’s Online Repository). In contrast, adoptive transfer of in 
vitro generated ILC3 into Il4raF709 Il1rl1−/− mice subsequently orally sensitized and 

challenged with peanut did not restore the allergic reaction, thereby demonstrating the 

specific requirement for ILC2 in food allergy (Fig E5, A to C in this article’s Online 
Repository). Critically, adoptive transfer of IL-4 deficient ILC2 (Il4−/− ILC2) failed to 

restore oral allergic sensitization in Il4raF709 Il1rl1−/− mice (Fig 4, A and B). ILC2 

frequencies and absolute numbers were similarly restored in the MLN and SI of mice 

receiving either WT, Il4−/− ILC2 or Il13−/− ILC2 (Fig 4, C and D and Fig E5, A to C in this 
article’s Online Repository). These results revealed the importance of ILC2-secreted IL-4 

in favoring allergic oral sensitization.

Treg cells suppress ILC2 expansion and activation

Establishment of oral tolerance and Treg cells suppressive functions are critical to prevent 

the development of oral sensitization and are involved in the resolution process of food 

allergy 3,36,37. Failure of Treg cell-mediated oral tolerance or Treg cells absence exacerbates 

food allergy 3,38,39. To demonstrate that Treg cells can directly suppress ILC2 expansion 

during food allergy we used transgenic DO11.10+ Rag2−/− Foxp3EGFP mice, which express 

the DO11.10+ TCR specific to OVA323–339 peptide on a RAG2-deficient genetic 
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background. Those mice do not carry DO11.10+ CD4+ Foxp3+ T cells at steady-state, 

however supplying them with OVA in the drinking water triggers the conversion of naïve 

DO11.10+ CD4+ Foxp3− T cells into induced DO11.10+ CD4+ Foxp3EGFP iTreg cells 3. As 

previously established, the presence of the Il4raF709 allele markedly impaired iTreg cell 

conversion in the MLN and SI of DO11.10+ Rag2−/− Il4raF709 Foxp3EGFP mice (Fig 5, A 
and B) 3. Impaired allergen-specific iTreg cell formation was associated with a marked 

increase of the Lin− CD45+ CD4− TCR-β− Thy1.2+ GATA-3+ ILC2 but not RORgt+ ILC3 

population in the MLN and SI of DO11.10+ Rag2−/− Il4raF709 Foxp3EGFP mice (Fig 5, C 
and D and Fig E6, A to B in this article’s Online Repository). These results established 

that defective iTreg cell induction and impaired oral tolerance are correlated with a 

significant expansion of the intestinal ILC2 population.

To further demonstrate the regulation of the ILC2 compartment by Treg cells, we employed 

Foxp3-deficient weanling mice (Foxp3K276x), which lack functional Treg cells because of a 

nonsense mutation in Foxp3 40,41. Compared to age-matched WT mice, 20 days old 

Foxp3K276X exhibited marked increase in the frequency and absolute numbers of ILC2 in 

the SI and MLN (Figure E7, A to D in this article’s Online Repository). ILC3 were also 

increased, but to a lesser extent. Since Foxp3K276x mice succumb to early death due to an 

uncontrolled lymphoproliferative disease, we examined the impact of acute transient 

ablation of Treg cells on ILC2 expansion by using adult Balb/c Foxp3EGFP/DTR+ mice 41. 

Those mice express the diphtheria toxin receptor (DTR) under the control of the Foxp3 
promoter. Compared to age-matched WT Foxp3EGFP mice, two weeks of diphtheria toxin 

(DT) treatment resulted in significant weight loss and a 2-fold decrease of MLN and SI Treg 

cell population in Foxp3EGFP/DTR+ (Fig E8, A to C in this article’s Online Repository). 

Treg cell depletion with DT treatment resulted in increased ILC2 frequencies and absolute 

numbers in the SI and draining MLN of Foxp3EGFP/DTR+ (Fig 6, A to C). These results 

indicate that Treg cell deficiency, either congenital or inducible, results in dysregulated ILC2 

expansion.

We further analyzed the capacity of Treg cells to regulate ILC2 Th2 cytokines production 

using an in vitro co-culture system. Cell-sorted iTreg cells in vitro derived from either WT 

or Il4raF709 naïve CD4+ T cells were used in a suppressive assay and cultured in the 

presence of an increased gradient of cell-sorted WT or Il4raF709 ILC2 (Fig 6, D and E). In 

the absence of iTreg cells and under IL-2 and IL-33 stimulation, purified ILC2 derived from 

either WT or Il4raF709 mice secrete substantial quantities of IL-4, IL-13 and IL-5 (Fig 6, D 
and E). Addition of iTreg cells resulted in a dose-dependent reduction in the production of 

IL-4 and IL-13, with IL-4 being more amenable to suppression (Fig 6, D and E). IL-33R 

expression on Treg cells plays a critical role in the suppression of intestinal inflammation 42. 

When co-cultured with in vitro derived ILC2, Il4raF709 Il1rl1−/− iTreg cells displayed 

significantly less efficient suppressive function than their Il4raF709 counterparts, being only 

half as potent in reducing IL-4 and completely failing to reduce IL-13 secretion by ILC2 

(Fig 6, F). In summary, Treg cells restrain ILC2 expansion in the gastrointestinal mucosa, 

and directly suppress ILC2 activation in an IL-33R-dependent manner.
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IL-4 secretion by ILC2 antagonizes allergen-specific Treg cells induction and impairs their 
suppressive function

In vitro differentiation of naïve CD4+ T cells into CD4+ Foxp3+ iTreg cells is disrupted by 

the presence of IL-4 3,43. Accordingly, we examined the capacity of ILC2-derived IL-4 to 

disrupt oral tolerance in food allergy by impairing allergen-specific Treg cell formation and 

function. When naïve CD4+ Foxp3EGFP– T cells are cultured in Treg cell-inducing 

conditions, addition of ILC2 to the culture resulted in a significant reduction of CD4+ 

Foxp3EGFP+ iTreg cell conversion in an IL-4-dependent fashion (Fig 7, A to D). 

Proliferation was not markedly altered, indicating a specific effect on Treg cell lineage 

commitment rather than outgrowth of the Foxp3− compartment. IL-4 is a potent modulator 

of mast cell activation 44. Co-culture of IgE-sensitized mast cells in the presence of ILC2 

resulted by upwards of a 50% increase of degranulating Lysosomal-associated membrane 

protein 1 (LAMP-1)+ mast cells which was largely abrogated when ILC2 were derived from 

IL-4-deficient mice (Fig 7, E).

We further examined the impact of ILC2 on allergen-specific Treg cells in vivo using the 

ILC2 reconstitution approach described in Figure 4. MLN cells isolated from peanut-

sensitized Il4raF709 Il1rl1−/− that received either WT or Il4−/− ILC2 were labeled with a 

proliferative cell dye and cultured in the presence of peanut. Analysis revealed significantly 

higher frequencies of peanut-specific Treg cells in recipients treated with Il4−/− ILC2 (Fig 7 

F and G). Together, these results established that ILC2-derived IL-4 may act to promote food 

allergy by antagonizing the induction of allergen-specific Treg cells and inhibiting their 

regulatory function, which feeds into dysregulated mast cell activation.

Discussion

In this report, we demonstrate that ILC2 play a requisite role in mediating oral sensitization 

to food allergens and delineate the mechanisms involved in such action. Il4raF709 mice, 

which are genetically prone to develop food allergy, fail to do so when their ILC2 

differentiation is compromised by concurrent IL-33R deficiency. Furthermore, we have 

established for the first time, using several genetic approaches, that Treg cells regulate ILC2 

expansion and suppress their Th2 cell cytokine secretion. In turn, ILC2 activation and 

expansion promote food allergy by secreting IL-4, which compromises Treg cell function 

and augments mast cell activation. Our results define a cellular network involving ILC2, 

Treg cells and mast cells that is normally poised towards tolerance to food allergens but 

whose perturbation upon ILC2 activation may tip the balance towards food allergy.

A key finding in our studies relevant to food allergy is that Treg cells and ILC2 are here 

shown to engage in reciprocal regulation centered on ILC2-derived IL-4. While some 

previous reports have documented IL-4 secretion by ILC2, most have focused on the 

production by ILC2 of IL-5 and IL-13 8,15,33,45. Our present investigations reveal that ILC2 

produce copious amounts of IL-4 that are sufficient to suppress allergen-specific iTreg cell 

differentiation and promote food allergy. Dysregulated ILC2 expansion and activation may 

well be an initiating step in the pathogenesis of food allergy. The ensuing impairment in the 

mucosal regulatory compartment contributes to a Th2-skewed, food allergen-specific 

adaptive immune response and disease persistence.
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The function of ILC2 in the mucosal innate immune response and their localization at the 

environmental interface indicates that they may play a critical role in fueling food allergy in 

response to alarmin signals emanating from the intestinal epithelium, such as IL-33 46. Of 

note, production of the alarmin IL-33 is augmented in the intestinal tract of food allergic 

mice. Increased expression of alarmins by intestinal epithelial cells could be induced by an 

altered intestinal microbial flora 47,48. We have demonstrated that food allergy is associated 

with intestinal microbial dysbiosis, which in turn further promotes oral allergic 

sensitization 26. A dysbiotic flora may upregulate the expression of alarmins in the intestinal 

epithelium, creating an environment conducive to ILC2 activation and expansion following 

oral exposure to allergen. Some allergens, including peanut, have been shown to activate 

alarmins secretion by epithelial cells and provide one trigger leading to Th2 cytokines 

production and food allergy induction 49.

In addition to disabling Treg cells, IL-4 production by ILC2 amplified mast cell activation. 

We have previously shown that that Treg cell inhibition of mast cell degranulation is critical 

to forestalling food allergy 3,4. In turn, dysregulated IgE-mast cell interaction profoundly 

inhibits iTreg cells induction and mediates the latter Th2 cell-like reprogramming by an 

IL-4-dependent mechanism, providing a requisite step in food allergy pathogenesis 3. 

Allergen re-exposure of intestinal IgE-stimulated mast cells could also lead to robust IL-33 

production and consequently create an ILC2 activation and expansion loop that positively 

feeds back on mast cell activation and negatively regulates allergen-specific iTreg cells 

induction 50,51.Thus ILC2 may also sustain the immune dysregulation during the adaptive 

phase of the allergic immune response to food allergens.

While oral immunotherapy has been effective in inducing a desensitized state with short-

lived unresponsiveness to food allergens, it has had more limited success in conferring true 

long-term tolerance following cessation of therapy 52. Our previous results and those 

reported herein emphasize the importance of interrupting the ILC2-Treg cell-mast cell 

circuit of immune dysregulation that acts to suppress oral tolerance by blocking effective 

allergen-specific iTreg cell responses in food allergy. Resetting this circuit either 

pharmacological and/or by the use of immunomodulators, such as anti-IL-4R antibody, 

therapy may be essential in conferring long-term tolerance to food allergens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Messages

• Food allergy is accompanied by ILC2 expansion and activation in the 

gastrointestinal tract.

• Treg cells control ILC2 expansion and activation.

• IL-4 secretion by ILC2 blocks allergen-specific Treg cell induction.

Rivas et al. Page 13

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. ILC2 are enriched in peanut-sensitized Il4raF709 mice
(A) Core body temperature changes in PBS or peanut-sensitized WT and Il4raF709 mice 

after oral peanut challenge. (B) Serum concentrations of peanut-specific IgE and MMCP-1 

after anaphylaxis. (C) Il33 and Il25 mRNA levels in the SI of PBS and Peanut-sensitized 

WT and Il4raF709 mice. (D – E) Flow cytometric analysis (D), frequencies and absolute 

numbers (E) of ILC2 (Lin− CD25+ CD127+ Sca-1high c-Kitlow) and ILC3 (Lin− CD25+ 

CD127+ Sca-1− c-Kit+) in the MLN. (F and G), Frequencies and absolute numbers of 

IL-13+ ILC2 and IL-17+ ILC3. Results represent data on 3 to 15 mice per group derived 
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from two independent experiments. *P < .05, **P < 0.01 and ***P < 0.001 by two-way 

ANOVA and one-way ANOVA with post-test analysis.
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Figure 2. Il1rl1 signaling drives ILC2 expansion and peanut allergy
(A) Core body temperature change in peanut-sensitized WT, Il1rl1−/−, Il4raF709 and 

Il4raF709 Il1rl1−/− mice after oral challenge. (B) Serum concentrations of peanut-specific 

IgE and MMCP-1 after anaphylaxis. (C –D) Frequencies and absolute numbers of ILC2 and 

ILC3 in the MLN (C) and SI (D) from the mouse groups in (A). Results represent 3 to 8 

mice per group derived from two independent experiments; *P < .05, **P < .01 and ***P < .

001 by two-way ANOVA and one-way ANOVA with post-test analysis.

Rivas et al. Page 16

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Th2 cytokine production by in vitro expanded SI ILC2
(A) Flow cytometric gating strategy used to identify in vitro-expanded ILC2 from the SI of 

naïve mice. (B) Flow cytometric analysis of IL-5, IL-4 and IL-13 expression by Lin− CD45+ 

GATA-3+ ILC2 in vitro-expanded from the SI of naïve WT, Il13−/−, Il4raF709, Il4raF709 
Il1rl1−/− and Il4raF709 Il4−/− mice. (C) Frequencies of IL-5+, IL-4+ and IL-13+ Lin− CD45+ 

GATA-3+ ILC2 isolated from the SI of the mouse groups from (B). Results represent 3 to 5 

mice per group derived from 2 independent experiments. *P < .05, **P < .01, ***P < .001 

and ****P < 0.0001 by one-way ANOVA with post-test analysis.
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Figure 4. Oral allergic sensitization and anaphylaxis are obligately dependent on IL-4 
production by ILC2
(A) Change in core body temperature after peanut oral challenge of peanut-sensitized 

Il4raF709 and Il4raF709 Il1rl1−/− mice reconstituted with either WT or Il-4−/− ILC2. (B) 
Peanut-specific IgE concentration and MMCP-1 release after anaphylaxis. (C – D) 
Frequencies and absolute numbers of ILC2 (Lin− Thy1.2+ GATA-3+) and ILC3 (Lin− 

Thy1.2+ RORγt+) in the MLN (C) and SI (D) from the mouse group in (A). Results 

represent data of minimum 7 to 18 mice per group derived from two independent 

experiments. *P < .05, **P < .01, ***P < .001, ****P < .0001 by two-way and one-way 

ANOVA with post-tests analysis.
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Figure 5. Defective allergen-specific Treg cell induction is associated with ILC2 expansion
(A) Flow cytometric analysis of iTreg cells (CD4+ Foxp3EGFP+) in the MLN and SI of OVA-

fed WT DO11.10+ Rag2−/− Foxp3EGFP and DO11.10+ Rag2−/− Il4raF709 Foxp3EGFP mice. 

(B) Frequencies and absolute numbers of CD4+ Foxp3+ iTreg cells in the MLN and SI of the 

mouse groups from (A). (C – D) Frequencies and absolute numbers of ILC2 (Lin− Thy1.2+ 

GATA-3+) and ILC3 (Lin− Thy1.2+ RORγt+) in the MLN (C) and SI (D) from the mouse 

groups in (A). Results represent data from 4 to 5 mice per group derived from two 

independent experiments. *P < .05, **P < 0.01, unpaired two-tailed Student’s t test.

Rivas et al. Page 19

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Treg cell inhibit ILC2 expansion and their Th2 cytokine production
(A) Flow cytometric analysis of ILC2 (Lin− Thy1.2+ GATA-3+) and ILC3 (Lin− Thy1.2+ 

RORγt+) in the SI and MLN of Foxp3EGFP and Foxp3EGFP/DTR+ mice following DT 

administration. (B – C) Frequencies and absolute numbers of Lin− Thy1.2+ GATA-3+ ILC2 

(B) and Lin− Thy1.2+ RORγt+ ILC3 (C) in the MLN and SI from the mouse groups in (A). 

(D – E) IL-4, IL-13 and IL-5 production by an increased gradient of cell-sorted WT ILC2 

(D) or Il4raF709 ILC2 (E) cultured in the presence of either WT or Il4raF709 iTreg cells. 

(F) IL-4, IL-13 and IL-5 production by WT ILC2 cells co-cultured in the presence of 
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Il4raF709 or IL4raF709 Il1rl1−/− iTreg cells. Results represent data from 5 to 7 mice per 

group. *P < .05, **P < .01, and ***P < .001 by one-way ANOVA with post-tests analysis or 

unpaired two-tailed Student’s t test.
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Figure 7. IL-4 secretion by ILC2 promotes food allergy by decreasing allergen-specific Treg cell 
induction
(A) TGF-β induction of iTreg cells from naïve CD4+ WT or Il4raF709 T cells co-cultured 

with cell-sorted WT or Il4raF709 ILC2. (B) Flow cytometric analysis of the effect of ILC2 

and anti(α)-IL-4 treatment on TGF-β-driven in vitro iTreg cell induction. (C) Frequency of 

TGF-β-induced iTreg cells co-cultured in the presence of WT ILC2 without or with αIL4. 

(D) Frequency of TGFβ-induced iTreg cells co-cultured with either WT ILC2, Il4−/− ILC2 

or recombinant IL-4. (E) IgE-mediated mast cell degranulation following co-culture with 

ILC2, ILC2 supernatants or IL-4 in the presence or absence of αIL-4. (F) IgE-mediated 

degranulation of mast co-cultured with WT ILC2 or Il4−/− ILC2. (G) Flow cytometric 

analysis of peanut extract-induced in vitro proliferation of CD4+ Foxp3+ Treg cells and 

CD4+ Foxp3− T conventional cells isolated from the MLN of peanut-sensitized Il4raF709 
and Il4raF709 Il1rl1−/− mice reconstituted with either WT or Il-4−/− ILC2 (F) Frequency of 

peanut-specific CD4+ Foxp3+ Treg cells and CD4+ T cells producing IL-4. Results represent 

data of 5 mice per group (A to F) and 7 to 18 mice (G and H) derived from two independent 

experiments. *P < .05, **P < .01, ***P < .001, ****P < .0001 by two-way and one-way 

ANOVA with post-tests analysis.
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