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Abstract

Background—Serum IL-22 levels are elevated in atopic dermatitis (AD), which commonly 

precedes asthma in the atopic march. Epicutaneous (EC) sensitization in mice results in Th2-

dominated skin inflammation that mimics AD, and sensitizes the airways for antigen challenge-

induced allergic inflammation characterized by the presence of both eosinophils and neutrophils. 

EC sensitization results in elevated serum levels of IL-22.

Objective—To determine the role of IL-22 in antigen-driven airway allergic inflammation 

following inhalation challenge in EC sensitized mice.

Methods—Wild type (WT) and Il22−/− mice were EC sensitized or intraperitoneally (i.p.) 
immunized with ovalbumin (OVA) and intranasally challenged with antigen. OVA TCR-specific T 

cells were Th22 polarized in vitro. Airway inflammation, mRNA levels in the lungs and airway 

hyperresponsiveness (AHR) were examined.

Results—EC sensitization preferentially elicited an IL-22 response compared to i.p. 
immunization. Intranasal challenge of mice EC-sensitized with OVA elicited in the lungs Il22 
mRNA expression, IL-22 production and accumulation of CD3+CD4+IL22+ T cells that co-

expressed IL-17A and TNFα. EC-sensitized Il22−/− mice exhibited diminished eosinophil and 

neutrophil airway infiltration, and decreased AHR following intranasal OVA challenge. Production 

of IL-13, IL-17A and TNFα was normal, but IFNγ production was increased in lung cells from 

airway-challenged EC-sensitized Il22−/− mice. Intranasal instillation of IFNγ neutralizing 

antibody partially reversed the defect in eosinophil recruitment. WT recipients of Th22 polarized 

WT, but not IL-22 deficient, TCR-OVA specific T cells, which both secrete IL-17A and TNFα, 
developed neutrophil-dominated airway inflammation and AHR upon intranasal OVA challenge. 

Intranasal instillation of IL-22 with TNFα, but not IL-17A, elicited neutrophil-dominated airway 
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inflammation, and AHR in WT mice, suggesting that the loss of IL-22 synergy with TNFα 
contributed to the defective recruitment of neutrophils into the airways of Il22−/− mice. TNFα, but 

not IL-22 blockade at the time of antigen inhalation challenge inhibited airway inflammation in 

EC sensitized mice

Conclusion—EC sensitization promotes the generation of antigen-specific IL-22 producing T 

cells that promote airway inflammation and AHR following antigen challenge, suggesting that 

IL-22 plays an important role in the atopic march.
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INTRODUCTION

Asthma is a chronic inflammatory disorder of the lungs that affects up to 15% of children 

and teenagers worldwide1. The heterogeneity of the asthma phenotype has led to multiple 

classifications depending on the age of onset, severity or persistence of the disease, allergic 

status or response to treatment modalities. Despite decades of research, knowledge the 

cellular and molecular mechanisms in asthma remains incomplete, constituting a barrier for 

the optimal management of patients with the disease.

Atopic dermatitis (AD) often precedes asthma, a phenomenon known as atopic march2. AD 

is a common allergic skin inflammatory disease that often starts in infancy and affects more 

than 17% of children in the US. Acute AD skin lesions are characterized by epidermal and 

dermal thickening and by dermal infiltration of CD4+ T cells and eosinophils, predominant 

expression of the Th2 cytokines IL-4 and IL-13 and elevated expression of IL-22 and 

IL-17A3–5. The roles of Th2 cytokines and IL-17A have been extensively studied in mouse 

models of the atopic march6–10. However, little is known about the role of IL-22 in this 

disease progression.
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IL-22 is a member of the IL-10 family of cytokines produced by adaptive Th17 and Th22 

cells, innate lymphocytes that include γδ T cells and type 3 innate lymphoid cells (ILC3) as 

well as myeloid cells including neutrophils11–15. The IL-22 receptor (IL-22R) is expressed 

on epithelial cells, but not immune cells16, indicating an important role for IL-22 signaling 

in mucosal barrier function. Increased IL-22 levels have been observed in lungs, 

bronchoalveolar lavage fluid (BALF) and serum of patients with asthma17–19. Increased lung 

IL-22 levels have been observed in mouse models of asthma upon airway challenge 17, 20–22. 

IL-22 inhibits the expression of proinflammatory chemokines and adhesion molecules 

induced by IFNγ, in human bronchial epithelial cells23, suggesting that it could play a 

protective role in asthma. In contrast, IL-22 enhances the proliferation and migration of 

human airway smooth muscle cells24, 25, suggesting that it could play a pathogenic role in 

asthma. Genetic deletion of Il22 in mice or administration of IL-22 blocking antibody to WT 

mice aggravates airway inflammation and airway hyperreactivity (AHR) elicited by 

intranasal (i.n.) challenge of intraperitoneally (i.p.) immunized mice17, 21, 22. Reciprocally, 

i.n. instillation of rIL-22 before i.n. challenge of i.p. sensitized mice reduced airway 

inflammation and AHR17, 21, suggesting a protective role of IL-22. In contrast, Genetic 

deletion of Il22 in mice or administration of IL-22 blocking antibody to WT mice reduced 

airway inflammation in mice sensitized subcutaneously (s.c.) with OVA17. Thus, IL-22 

appears to play opposing roles in antigen driven mouse models of asthma depending on the 

route of immunization.

Neither i.p. immunization nor s.c. immunization mimic antigen sensitization in patients. We 

have previously reported that mice epicutaneously (EC) sensitized by application of antigen 

to tape stripped skin, which mimics antigen cutaneous exposure to antigen in patients with 

AD, develop allergic skin inflammation with features of AD26. Antigen challenge of EC 

sensitized mice results in airway inflammation and AHR with features of allergic asthma26. 

This model mimics the atopic march in patients with AD who develop asthma driven by 

antigens that had been initially introduced through a disrupted skin barrier. We herein 

demonstrate a role for IL-22 in airway inflammation and AHR in this model, suggesting that 

IL-22 may play a role in asthma that develops in the atopic march in patients with AD.

METHODS

Mice and Sensitization

Il22−/− mice were described previously27. Wild type (WT) Balb/c and DO11.10 TCR 

transgenic mice were obtained from Charles River Laboratories and Jackson Laboratories, 

respectively. All mice were housed in a specific pathogen-free environment and fed an OVA-

free diet. EC and IP sensitization of 6 to 10 weeks old mice was done as previously 

described7. All procedures were performed in accordance with the Animal Care and Use 

Committee of Boston Children’s Hospital.

RNA extraction and quantitative PCR analysis

RNA was extracted from whole lungs with total RNA isolation kit (Ambion). cDNA was 

prepared with iscript cDNA synthesis kit (Biorad). Quantitative real-time PCR was done 

Leyva-Castillo et al. Page 3

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



using Taqman gene expression assays, universal PCR master mix and ABI prism 7300 

sequence detection system (Applied Byosistems).

Cytokines production by spleen and lung cells

Spleen and lung single cell suspensions were cultured at 4×106/ml in the presence of OVA 

(200 μg/ml) for 96 hours as described previously28. Cytokines in supernatants was measured 

by ELISA using Ready-Set-Go! ELISA Kits (eBioscience) following the manufacturer’s 

instructions.

Intranasal treatments and analysis of airway inflammation and airway hyperrreactivity 
(AHR)

Intranasal (i.n.) challenge with OVA (50 μg) was performed daily for three days followed by 

analysis of airway hyperreactivity responses. Lung resistance (RL) was measured using 

invasive BUXCO (Buxco electronics) in response to increasing doses of methacholine 

administrated by nebulization to anesthetized mice 24 h after last i.n. treatment. Immediately 

after sacrifice, BALF was collected, total cells were counted and the number of leukocytes 

was determined from cytospins stained with Diff-Quik stain set (Baxter). Recombinant 

mouse cytokines were purchased from R&D systems. Mice were treated with mouse rIL-22 

(100 or 1000 ng), rTNFα (50 ng), rIL-17A (100 ng) and rIL-13 (500, 1000or 2500 ng) alone 

or in combinations for 3 consecutives days. For IFNγ blocking experiments mice were 

treated with 50 μg of monoclonal antibody against IFNγ (Clone XMG1.2, Bioxcell), 15 μg 

of monoclonal antibody against IL-22 or TNF (R&D systems) or isotype control (Bioxcell 

or R&D systems) during intranasal OVA challenge.

Histological analysis

Lung specimens were fixed in 4% PFA and embedded in paraffin. H&E staining was 

performed in 5 mm sections.

Antibodies and flow cytometry

Lung cells were incubated with an anti- FcγRIII/II Ab (eBioscience) on ice for 15 min to 

block Fc receptors, washed and incubated with eF506 viability dye (eBioscience), APC-

Cy7-conjugated anti-GR1 (RB6-8C5, eBioscience), FITC-conjugated anti-CD11b (M1/70, 

Biolegend), eFluor-450-anti-CD3 (17A2, eBioscience), APC-anti CD4 (GK1.5, 

eBioscience), APC-Cy7-conjugated anti-CD90 (53-2.1, eBioscience), PE-anti CD8 (53-6.7, 

eBioscience), PercPeF710-conjugated TCR γδ (eBioGL3, eBioscience) for 15 min. For ILC 

staining, biotin-anti-CD11b (M1/70), biotin-anti-CD11c (N418), biotin-anti-F4-80 (BM8), 

biotin-anti-B220 (RA3-6B2), biotin-anti-CD19 (1D3), biotin-anti-FcεR1α (MAR-1), biotin-

anti-CD49b (DX5) and biotin-anti-Gr1 (RB6-8C5) from eBioscience, followed by 

Streptavidin-BV605 (BD) were use as lineage gate. ILCs were defined as CD45+CD3−Lin− 

cells. For Intracellular staining, lung cells were stimulated with PMA (50 ng/ml) and 

ionomycin (500 ng/ml) in presence of Golgi-stop and Golgi-plug for 4 hours in IMDM 

media, followed by surface staining for CD3, CD4, CD8, γδ TCR and CD90. Cells were 

then fixed and permeabilized using BD Cytofix/Cytoperm Kit (BD Biosciences) and stained 

with anti-IL-22 (Biolegend), anti-TNFα (Biolegend), anti-IL-17A (eBioscience) or anti-
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IFNγ (eBioscience) antibodies.. Finally, cells were washed and analyzed on LSRFortessa 

(BD Biosciences). Results were analyzed using Flowjo (Treestar).

Th22 in vitro polarization and adoptive transfer

Naïve CD4+ T cells from DO11.10 transgenic (Tg) mice were isolated from the spleen using 

Naive CD4+ T Cell Isolation Kit, mouse (Miltenyi). 1X106 naïve were cultured for 4 days in 

anti-CD3 Ab coated wells (2 μg/ml) with anti-CD28 Ab (2 μg/ml), IL-6 (50 ng/ml), IL-23 

(50 ng/ml), anti-IL-4 Ab (10 μg/ml), anti-IFNγ Ab (10 μg/ml) and anti TGFβ Ab (10 μg/

ml). Then, 2X106 Th22 in vitro-polarized cells were intravenously injected in WT mice.

Statistical analysis

Results were analyzed using 2-way ANOVA or non-parametric t tests. A p value of less than 

0.05 was considered significant.

RESULTS

EC sensitization elicits a systemic IL-22 response and an antigen-specific IL-22 response 
in the lungs

We previously demonstrated that EC sensitization by application of antigen to tape stripped 

mouse skin promotes systemic type 2 and type 17 immune responses7, 29. We examined 

whether EC sensitization also elicits a systemic IL-22 response. Spleens cells from mice EC 

sensitized with OVA secreted significantly more IL-22 when cultured in vitro with OVA, 

compared to spleen cells from control mice EC sensitized with saline (Fig. 1A). 

Furthermore, as we previously described, EC sensitization with OVA, but not saline, resulted 

in a significant elevation of serum IL-22 levels (Fig. 1B). These findings demonstrate that 

EC sensitization with antigen elicits a systemic IL-22 response.

We next investigated whether intranasal (i.n.) OVA challenge of mice EC sensitized with 

OVA causes Il22 mRNA expression and IL-22 production in the lungs. Following i.n. OVA 

challenge, Il22 mRNA levels in the lungs were significantly increased in mice EC sensitized 

with OVA, compared to control mice EC sensitized with saline (Fig. 1C). In addition, lungs 

cells from mice EC sensitized with OVA, secreted significantly higher amounts of IL-22 in 

response to OVA re-stimulation in vitro compared to lung cells from controls EC sensitized 

with saline (Fig. 1D). These results demonstrate that EC sensitization elicits an antigen-

specific IL-22 response in response to following airway antigen challenge.

To identify the cellular sources of IL-22 in the lung of intranasally challenged EC sensitized 

mice, lung cell suspensions were analyzed by flow cytometry. FACS showed significantly 

increased percentages of CD3+CD4+IL-22+ cells in the lungs mice EC sensitized mice OVA, 

compared to mice EC sensitized mice with saline (Fig. 1E). These CD3+CD4+IL-22+ cells 

co-expressed the cytokines TNFα 90±5%, n= 4) and IL-17A (50±8.4% n= 4). IL-22 

expression was barely detected or not detected in CD3+CD8+ cells, CD3+γδ TCR+ or 

CD3−Lin−CD90+ ILCs from lungs of EC sensitized mice with OVA or saline 

(Supplementary Figure 1). Altogether these results show that CD4+ T cells are the major 

source of IL-22 in the lungs of EC sensitized mice with OVA after i.n. challenge.
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EC sensitization preferentially promotes an IL-22 response

IL-22 serum levels (Fig. 2A), IL-22 and TNFα secretion by splenocytes stimulated with 

OVA in vitro (Fig. 2B), Il22 and Tnfa mRNA expression in the lungs following OVA airway 

challenge (Fig. 2C) and IL-22 and TNFα secretion in response to OVA stimulation by lungs 

cells from airway challenged mice (Fig. 2D) were all significantly lower in mice immunized 

intraperitoneally (i.p.) with OVA compared to mice EC sensitized with OVA. As previously 

reported7, IL-17A production by OVA stimulated splenocytes was higher in EC sensitized 

mice than in i.p. immunized mice, while IL-4, IL-13 and INF-γ production and serum OVA 

specific IgE levels were comparable between the two groups (data not shown). These results 

show that EC sensitization preferentially promotes a systemic IL-22 response and, 

importantly, the production of IL-22 and TNFα in the lungs after i.n. challenge.

We had previously shown demonstrated that TGFβ, which is richly expressed in the skin, is 

important for inducing an IL-17A response to EC sensitization with OVA7. To examine 

whether TGFβ plays a role in the IL-22 response to EC sensitization we intradermally (i.d.) 

injected a neutralizing antibody to TGFβ 6 hrs prior to EC sensitization, then examined 

dendritic cells (DCs) isolated from draining lymph nodes 24 hrs after EC sensitization for 

their ability to drive cytokine production by naïve OVA-TCR transgenic DO11.10 T cells. 

TGFβ blockade had no effect on the ability of the DCs to drive IL-22 production by naïve T 

cells (Supplementary Figure 2). However, as we previously reported7, it significantly 

impaired their ability to drive IL-17A production. TGFβ blockade had no effect on the 

ability of DCs to drive IL-13 or INFγ production.

IL-22 is important for the development of airway inflammation and AHR following 
intranasal antigen challenge of EC sensitized mice

To determine the role of IL-22 in lung inflammation elicited by i.n. challenge of EC 

sensitized mice, we made use of Il22−/− mice. As previously reported7, 26, i.n. OVA 

challenge of WT mice EC sensitized with OVA elicited eosinophil and neutrophil influx into 

the airways, as well as AHR (Fig. 3A–C). Il22−/− mice EC sensitized with OVA accumulated 

significantly less total cells, eosinophils and neutrophils in BALF and demonstrated reduced 

peribronchial cellular infiltrates in the lungs compared to OVA sensitized WT controls (Fig. 

3A,B). Importantly, following i.n. OVA challenge, Il22−/− mice EC sensitized with OVA 

showed a significant decrease in airway resistance in response to methacholine compared to 

OVA sensitized WT controls (Fig. 3C). Lungs cells from WT mice EC sensitized with OVA 

secreted significant more IL-13, IL-17A, IFNγ and IL-22 and TNFα in response to re-

stimulation in vitro with OVA compared to mice EC sensitized with saline. Lung cells from 

Il22−/− mice EC sensitized with OVA and subjected to airway antigen challenge, secreted 

comparable amounts of IL-13, IL-17A and TNFα, but significantly more of IFNγ, in 

response to OVA re-stimulation in vitro compared to lung cells from OVA sensitized WT 

controls (Fig. 3D). The increased IFNγ production was selective to lung cells, as we 

previously reported normal production of IFNγ by OVA stimulated splenocytes of EC 

sensitized Il22−/− mice as well as normal levels of OVA specific IgG2a antibody, in addition 

to normal production of IL-4 and IL-13 by OVA stimulated splenocytes and normal levels of 

OVA specific IgG1 and IgE antibody30. The increased IFNγ production by lung cells in 

Il22−/− mice is consistent with previous report that IL-22 downregulates Th1 responses31. As 
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expected, IL-22 secretion was not detected in lung cells from Il22−/− mice EC sensitized 

with OVA (Fig. 3D). These results demonstrate that IL-22 plays an important role for 

antigen driven airway inflammation and AHR in EC sensitized mice following i.n. 

challenge.

Increased IFNγ production underlies the decreased airway eosinophilia in inhalation 
challenged Il22−/− mice EC sensitized with OVA

IL-13 plays an important role in airway eosinophilia elicited by inhalation challenge in 

mouse models of allergic airway inflammation32. Furthermore, instillation of IL-13 in the 

airways elicits airway eosinophilia33. The observation that eosinophil recruitment to the 

antigen challenged airways was virtually absent in Il22−/− mice EC sensitized with OVA 

prompted us to examine whether IL-22 synergizes with IL-13 in driving airway eosinophilia. 

We first determined the dose of IL-13 that resulted in suboptimal airway eosinophilia (~ 

70% of maximum) when instilled in the airway by intranasal inhalation (Supplementary 

Figure 3A). We then examined whether addition of IL-22 enhances IL-13 driven 

eosinophilia. Nasal instillation IL-22 by itself caused no airway eosinophilia (Supplementary 

Figure 3B). Co-administration of up to 1 μg of IL-22 by nasal instillation failed to enhance 

IL-13 driven airway eosinophilia (Supplementary Figure 3B). Thus the impaired 

eosinophilia in the antigen challenged airways of Il22−/− mice EC sensitized with OVA is 

not due to loss of a potential synergistic effect of IL-22 on IL-13 driven airway eosinophilia.

IFNγ has been reported to inhibit the ability of IL-13 to cause airway eosinophilia34. We 

investigated whether Il22−/− mice EC sensitized with OVA exhibit increased Ifng mRNA 

levels and enhanced recruitment of IFNγ producing cells in the lungs. Both CD3+CD4+ T 

cells and type 1 innate lymphoid cells (ILC1s) are a source of IFNγ35, Ifng expression is 

dependent on the transcription factor T-bet encoded by tbx2136, and both Th1 cells and 

ILC1s are recruited to tissues by the chemokine CCL5 which binds to the chemokine 

receptor CXC3 expressed on these cells35. The mRNA levels of Ifng, Tbx21, Cxcr3 and 

Ccl5 were significantly increased in lungs of EC OVA sensitized Il22−/− mice after i.n OVA 

challenge compared with their WT counterparts (Fig. 4A). In addition, CD3−Lin
−CD90+IFNγ+ ILC1s, but not CD3+CD4+IFNγ+ Th1 cells or CD3+CD8+IFNγ+ cells were 

increased in EC sensitized Il22−/− mice after i.n OVA challenge (Fig. 4B), suggesting that 

IL-22 controls the recruitment of ILC1s to the lungs after intranasal challenge.

To examine if increased IFNγ production contributed to the impaired recruitment of 

eosinophils to the antigen challenged airways of Il22−/− mice EC sensitized with OVA, we 

treated the mice intranasally with neutralizing antibody to IFNγ during OVA airway 

challenge. Administration of anti-IFNγ antibody, but not isotype control, significantly 

increased airway eosinophilia following antigen inhalation in Il22−/− mice EC sensitized 

with OVA (Fig. 4C). This effect was specific to eosinophils because administration of IFNγ 
antibody failed to restore neutrophil recruitment to the airways in these mice (Fig. 4D). 

Reconstitution of airway eosinophilia in the challenged airways of EC sensitized Il22−/− 

mice by administration of anti-IFNγ antibody was partial as the numbers of eosinophils in 

the airways of these mice remained lower than in the challenged airways of EC sensitized 

WT mice (5.9±0.52×104 versus 2.04±0.32×105) These results suggest that the impaired 
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eosinophilia in the antigen challenged airways of EC sensitized Il22−/− mice is in part 

secondary to the increased production of IFNγ in the lungs of these mice

Th22 antigen-specific CD4+ T cells drive neutrophil-dominated airway inflammation and 
AHR in response to intranasal antigen challenge

We next addressed the mechanisms by which lack of IL-22 impairs neutrophil recruitment 

into the antigen challenged airways of EC sensitized mice. We first investigated the ability of 

CD4+ helper T cells that produce IL-22 to elicit airway inflammation and AHR. We 

examined the response to i.n. antigen challenge of WT recipients of antigen specific CD4+ T 

cells polarized in vitro into IL-22 producing cells. Naïve splenic CD4+CD62L+ T cells from 

TCR-transgenic DO11.10 mice were activated with anti-CD3+anti-CD28 and IL-23 in the 

presence of neutralizing antibodies to IL-4, IFN-γ and TGF-β, conditions known to drive 

the differentiation of naïve CD4+ cells into IL-22 producing cells27, 37. T cells polarized in 
vitro under these conditions are thereafter designated Th22 cells. As expected, Th22 cells 

from DO11.10 mice, but not DO11.10/Il-22−/− mice, secreted IL-22 (Fig. 5A). The two 

types of cells secreted comparable levels of TNF-α and IL-13 and no detectable levels of 

IL-4 (Fig. 5A, and data not shown). Th22 cells from DO11.10/Il-22−/− mice secreted 

modrestly, but significantly, more IL-17A and IFNγ than Th22 cells from WT controls (Fig. 

5A).

Following antigen inhalation challenge, recipients of Th22 polarized DO11.10 CD4+ T cells, 

but not DO11.10/Il-22−/− CD4+ T cells, exhibited a significant increase in the number of 

total cells and neutrophils in BALF and lungs (Fig. 5B, C), and increased peribronchial 

cellular infiltrates (Fig. 5D) compared to control mice that received no T cells. In line with 

the increase of neutrophils in their airways and lungs, recipients of Th22 polarized DO11.10 

CD4+ T cells showed significantly increased mRNA levels of Cxcl1 and Cxcl3, but not 

Cxcl2, in their lungs compared to recipients of DO11.10/Il-22−/− CD4+ T cells and control 

mice that received no T cells (Fig. 5E). Comparable Il17a and Ifng mRNA levels were 

observed in airway challenged lungs of recipients of Th22 polarized cells WT and IL-22 

deficient OVA-TCR transgenic T cells (Supplementary Figure 4). Moreover, intranasally 

challenged recipients of Th22 polarized DO11.10 CD4+ T cells demonstrated significantly 

increased airway resistance in response to methacholine compared to recipients of DO11.10/

Il-22−/− CD4+ T cells or control mice that received no T cells (Fig. 5F). Together these 

results demonstrate that IL-22 produced by CD4+ T cells can drive neutrophil-dominated 

airway inflammation and AHR.

IL-22 synergizes with TNFα to drive neutrophil-dominated airway inflammation and AHR

We investigated whether IL-22 is sufficient to drive airway inflammation and AHR. rIL-22 

was administered i.n. in two different doses (100 ng and 1000 ng) daily for three days to WT 

mice. Intranasal administration of rIL-22 caused no significant increase in the number of 

total cells or neutrophils in the BALF, no significant increase in the number of neutrophils in 

the lungs, no increase in peribronchial cellular infiltrates, no significant increase in mRNA 

levels of Cxcl1, Cxcl2 and Cxcl3 in the lungs and no significant AHR to methacholine 

compared to internal administration of saline (Fig. 6A–E and Supplementary Fig. 5).
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Since IL-17A and TNFα were co-expressed with by CD3+CD4+IL-22+ lung cells, and 

IL-17A and TNFα were secreted by in vitro polarized Th22 cells which when adoptively 

transferred resulted in the development of neutrophil-dominated airway inflammation and 

AHR in response to antigen inhalation challenge. We examined whether IL-17A and TNFα 
might synergize with IL-22 to drive this response. We treated WT mice intranasally with 

rIL-22 (1000 ng) in combination with rIL-17A (100 ng) or rTNFα (50 ng). Mice treated 

with TNFα alone exhibited a modest, albeit significant, increase in neutrophils in BALF 

(Fig. 6A), no significant increase in the total lung neutrophils (Fig. 6B) minimal increase in 

peribronchial cellular infiltrates (Fig. 6C), no significant increase in Cxcl1, Cxcl2 and Cxcl3 
mRNA levels in the lungs (Fig. 6D), and no increase in airway resistance compared to 

controls treated with saline (Fig. 6E). Importantly, mice treated with rIL-22+rTNFα 
exhibited significantly increased numbers of total cells, neutrophils and lymphocytes in 

BALF (Fig. 6A), increased neutrophils in the lungs (Fig. 6B), increased peribronchial 

cellular infiltrates (Fig. 6C), significantly increased mRNA levels of Cxcl1 and Cxcl3 in the 

lungs (Fig. 6D), and significantly enhanced airway resistance (Fig. 6E) compared to 

controls. There was no significant increase in Il13, Il33 Il25 or Il17a mRNA in the lungs of 

mice that received rIL-22+rTNFα (Supplementary Fig. 6). The numbers of total cells, 

macrophages neutrophils and lymphocytes in BALF, the numbers of neutrophils in the 

lungs, peribronchial cellular infiltrates, mRNA levels of Cxcl1, Cxcl2 and Cxcl3 in the lungs 

and airway resistance in mice treated with IL-17A alone, or in combination with IL-22 were 

comparable to those in control mice treated with saline (Supplementary Fig. 7). These 

results demonstrate that IL-22 synergizes with TNFα, but not with IL-17A, to promote 

neutrophil airway inflammation and suggest that IL-22 and TNFα produced by Th22 cells, 

synergize to drive neutrophil-dominated airway inflammation and AHR.

Blockade of TNFα, but not IL-22, during OVA intranasal challenge decreases airway 
inflammation in mice EC sensitized with OVA

We investigated whether blockade of IL-22 or TNFα during intranasal challenge decreased 

airway inflammation in EC sensitized mice. Intranasal administration of TNFα blocking 

antibody during OVA challenge caused a significant decrease in the number of total cells, 

eosinophils and neutrophils in the BALF, significant decrease in the number of neutrophils 

in the lungs, decrease in peribronchial cellular infiltrates and a significant decrease in mRNA 

levels of Cxcl1, Cxcl2 and Cxcl3 in the lungs compared to intranasal administration of 

isotype control antibody (Fig. 7A–D). Intranasal administration of IL-22 blocking antibody 

had not apparent effect on the airway inflammation induced by intranasal OVA challenge of 

EC sensitized mice with OVA (Fig. 7A–D). These results demonstrate that TNFα plays an 

important role in mediating airway inflammation in response to intranasal challenge of EC 

sensitized mice. In contrast, although important for the induction of airway inflammation in 

intranasally challenged EC sensitized mice, IL-22 plays no detectable role in the effector 

phase of the response to intranasal challenge (Fig. 7A–D).

DISCUSSION

We demonstrate that IL-22 is produced by CD4+ T cells in the lungs of EC sensitized mice 

and plays a critical role in airway inflammation and AHR elicited by antigen inhalation 
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challenge of these mice. Moreover, we show that synergistic action of IL-22 with TNFα 
produced by allergen-specific Th22 cells can drive neutrophil dominated airway 

inflammation.

Serum IL-22 levels, IL-22 production by antigen stimulated splenocytes, as well as Il22 
mRNA expression and IL-22 production in the lungs after i.n. antigen challenge all 

increased in WT mice EC sensitized with OVA. EC sensitization preferentially elicited an 

IL-22 response compared to i.p. immunization. We previously showed that EC sensitization 

with OVA also preferentially elicits an IL-17A response compared to evidenced by increased 

serum IL-17A levels, IL-17A production by antigen stimulated splenocytes, as well as Il17a 
mRNA expression and IL-17A production in the lungs after i.n. antigen challenge7. The 

induction of both IL-22 and IL-17A following EC sensitization is consistent with the 

observation that the two cytokines are often produced by overlapping populations of Th cells 

that require different factors for their induction27. We previously demonstrated that IL-22 

production, and to a lesser extent IL-17A production, following EC sensitization is 

dependent on IL-23 a cytokine critical for the induction of IL-22 producing CD4+ T helper 

cells 30. Whereas TGFβ is important for IL-17A induction after EC sensitization7, it had no 

detectable role in IL-22 induction in EC sensitized mice. We also showed that IL-23 is 

primarily induced in, and released by, keratinocytes following tape stripping, which is used 

for EC sensitization30. Il23 mRNA expression and IL-23 production are also induced in 

normal human skin subjected to mechanical injury by tape stripping30. Furthermore, Il23 
mRNA expression is elevated in the skin of patients with AD38. Together, these findings 

suggest that our examination of the role of IL-22 in airway inflammation elicited by antigen 

inhalation in EC sensitized mice is relevant to asthma that develops in AD patients.

Our results demonstrate that IL-22 plays a pro-inflammatory role in airway inflammation in 

EC sensitized mice. OVA EC sensitized Il22−/− mice exhibited decreased eosinophil and 

neutrophil and influx in the BALF, attenuated lung inflammation and diminished AHR after 

i.n. challenge. In line with these results, previous reports have been shown that IL-22 

deficiency or blockade by antibody reduces airway inflammation in mice sensitized 

subcutaneously with OVA17 or mice treated intra-tracheally with a high dose of 

bleomycin39. In contrast, several reports indicate a protective role of IL-22 in the lungs of 

i.p. sensitized mice, as i.p. sensitized Il22−/− mice exhibited enhanced airway inflammation 

following inhalation challenge and i.n. instillation of rIL-22. These results suggest that the 

route of allergen sensitization may determine whether IL-22 plays a pathogenic role or a 

protective role in airway inflammation elicited by antigen inhalation.

Deficiency of IL-22 increased the expression of Ifng, and its transcriptional regulator Tbx21, 

as well as of the chemokine Ccl5 and its receptor Cxcr3 expressed by Th1 cells and ILC1s in 

lungs of mice EC sensitized with OVA and challenged intranasally with antigen. It also 

increased, the number of IFN γ producing lung ILCs and IFNγ production by OVA 

stimulated lung cells in these mice. These results suggest that IL-22 inhibits Iocal IFNγ 
production during antigen-driven airway inflammation. IL-22 production in BALF of 

asthmatic patients inversely correlates with IFNγ-regulated pro-inflammatory mediators23. 

Furthermore, IL-22 blockade40, or selective ablation in CD4+ T cells of Ahr, a transcription 

factor required for Th22 polarization31, increases the number of Th1 cells in a model of 
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collagen-induced arthritis41. IFNγ inhibits airway eosinophilia by counteracting the effects 

of IL-4 and IL-13 42. Importantly, IFNγ blockade partially restored in airway eosinophilia in 

the antigen challenged lungs of Il22−/− mice EC sensitized with OVA. This suggests that 

IL-22 promotes airway eosinophilia in our model by inhibiting local production of IFNγ. 

The partial restoration of airway eosinophilia in the antigen challenged airways of EC 

sensitized Il22−/− mice by IFNγ blockade suggests the presence of additional mechanisms 

by which IL-22 promotes eosinophil recruitment.

CD4+ T cells are the major source of IL-22 during airway inflammation36. We demonstrated 

that IL-22 was expressed in CD4+ T cells, but was not detectable in ILCs, CD8+ T cells or 

TCRγδ T cells, in the lungs of WT mice EC sensitized with OVA and challenged with 

antigen. DCs and NK cells have been reported as potential sources of IL-2241,42. We cannot 

exclude these cell types as sources of IL-22 the lungs in our model of airway inflammation. 

Importantly, antigen specific CD4+ T cells polarized in vitro to Th22 cells promoted 

neutrophil-dominated airway inflammation and AHR in WT recipients i.n. challenged with 

antigen. IL-22 production by the adoptively transferred Th22 cells was essential because 

adoptive transfer of Th22 polarized CD4+ T cells derived from Il22−/− mice failed to drive 

airway inflammation and AHR in WT recipients i.n. challenged with antigen.

Although IL-22 expression by Th22 polarized CD4+ T cells was essential for driving airway 

inflammation and AHR, IL-22 by itself was not sufficient. As previously reported39, 43, 

intranasal installation of rL-22 did not result in either neutrophil recruitment to the airways 

or AHR. The pathological or protective functions of IL-22 are often mediated by its 

combined action with other cytokines39, 44–48. IL-22 synergized with TNFα, a cytokine 

expressed by Th22 cells, in driving airway inflammation and AHR. Synergy between IL-22 

and TNFα is important for the control of Chlamydia trachomatis49 and Candida albicans46 

infections and is thought to be important in driving tissue inflammation in scleroderma44 and 

Behçet’s disease48. In contrast, i.n. installation of IL22 together with IL-17A, another 

cytokine expressed by Th22 cells, had no detectable effect, although IL22 and IL-17A have 

been reported to synergize to promote airway inflammation39, and in inducing the 

production of antimicrobial peptides by keratinocytes43. Given the normal production of 

TNFα and IL-17A by lung cells from airway challenged EC sensitized Il22−/− mice, our 

data suggests that loss of IL-22 synergy with TNFα contributed to the defective recruitment 

of neutrophils into the airways of Il22−/− mice.

Consistent with the results obtained in the s.c. immunization model17, IL-22 blockade prior 

to inhaled antigen challenge had no effect on airway inflammation, whereas TNFα blockade 

inhibited it. This suggests that while IL-22 is important in eliciting an immune response that 

promotes airway inflammation, it is not important in the effector phase of the response. 

Thus, IL-22 blockade could be beneficial during priming of the response to EC sensitization, 

whereas TNFα blockade could be beneficial in protecting from inhaled antigen challenge 

subsequent to EC sensitization.

In summary our results suggest that cutaneous sensitization via a mechanically injured skin, 

as occurs in AD, elicits antigen specific Th22 cells that produce IL-22 and TNFα in 

response to allergen exposure via the airways and thereby promote eosinophil and 
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neutrophil-mediated lung inflammation and AHR. Our findings suggest that blockade of 

IL-22 may be beneficial in the prevention of allergic asthma in AD patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AD atopic dermatitis

AHR airway hyperresponsiveness

BALF bronchoalveolar lavage fluid

OVA ovalbumin

EC epicutaneous

IL interleukin

CXCL Chemokine (C-X-C motif) ligand

WT wild type

i.n intranasal

AHR airway hyperresponsiveness

RL lung resistance

i.p intraperitoneal
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KEY MESSAGES

• Intranasal antigen challenge of epicutaneously sensitized mice elicits 

accumulation in the lungs of Th22 cells that co-express IL-17A and TNFa.

• IL-22 is important for airway inflammation and AHR in EC sensitized mice 

intranasally challenged with antigen.

• TNFa and IL-22 produced by Th22 cells synergize to drive neutrophil 

dominated airway inflammation and AHR.
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Figure 1. EC sensitization elicits a systemic IL-22 response and an antigen-specific IL-22 
response in the lungs
A-B. IL-22 secretion by OVA stimulated splenocytes (A) and IL-22 serum levels (B). C,D. 

Il22 mRNA expression in the lungs (C), and IL-22 secretion by OVA stimulated lung cells 

(D). E. Representative FACS analysis and quantitation of intracelluar expression of IL-22+ 

cells among CD3+CD4+ T cells and of IL-17A+ and TNFα+ cells among CD3+CD4+IL-22+ 

cells in the lung. Mice were EC sensitized with OVA or saline in A and B, followed by i.n. 

challenged with OVA in C-F. Bars represent mean±SEM (n=5–10 per group). *p<0.05.
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Figure 2. EC sensitization preferentially promotes an IL-22 response
A-D. serum IL-22 levels (A), IL-22 secretion by OVA stimulated splenocytes (B), Il22 and 

Tnfa mRNA expression in the lungs (C) and IL-22 and TNFα secretion by OVA stimulated 

lung cells of mice EC or IP sensitized with OVA and i.n. challenged with OVA. Bars 

represent mean±SEM (n=3–5 per group). *p<0.05, **p<0.005 and ***p<0.001.
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Figure 3. IL-22 is important for the development of airway inflammation and AHR following 
intranasal antigen challenge of EC sensitized mice
A-D. Total and differential cell counts in BALF (A), H&E stained lung sections (B), and 

lung resistance in response to increasing doses of methacholine (C) and cytokine secretion 

by OVA stimulated lung cells (D) in WT and Il22−/− mice EC sensitized with OVA or saline 

and i.n. challenged with OVA. Bars represent mean±SEM (n=4–7 per group). *p<0.05, 

**p<0.05, ***p<0.001.
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Figure 4. Increased IFNγ production underlies the decreased airway eosinophilia in inhalation 
challenged Il22−/− mice EC sensitized with OVA
A, B. Ifng, Tbx21, Cxcr3 and Ccl5 mRNA levels in the lungs (A), Representative FACS 

analysis and quantitation of intracellular expression of IFNγ+ cells among CD3+Lin−C90+ 

cells, CD3+CD4+ T and CD3+CD8+ T cells in the lungs (B) of WT and Il22−/− mice EC 

sensitized and intranasally challenged with OVA. C, D. Effect of i.n. administration of anti-

IFNγ antibody, or isotype control, on the recruitments of eosinophils (C) and neutrophils 

(D) to the antigen challenged airways of Il22−/− mice EC sensitized with OVA. Bars 

represent mean±SEM (n=5–7 per group). *p<0.05.
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Figure 5. Th22 antigen-specific CD4+ T cells drive neutrophil-dominated airway inflammation 
and AHR in response to intranasal antigen challenge
A. Cytokine secretion by vitro polarized Th22 cells from in WT and Il22−/− mice. B-F. Total 

and differential cell counts in BALF (B), frequency of neutrophils in lungs (C), H&E stained 

lung sections (D), chemokine mRNA levels in lungs (F), and lung resistance in response to 

increasing doses of methacholine (G) in WT recipients of Th22 polarized OVA-specific 

CD4+ T cells from DO11.10 and DO11.10/Il22−/− mice following n. challenge with OVA. 

Mice that received no T cells were used as controls. Bars represent mean±SEM (n=4–6 per 

group). *p<0.05, **p<0.05, ***p<0.001.
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Figure 6. IL-22 synergizes with TNFα to promote neutrophil airway inflammation
A-D. Total and differential counts in BALF (A), frequency of neutrophils in lungs (B), H&E 

stained lung sections (C), chemokine mRNA levels in the lungs (D) and lung resistance in 

response to increasing doses of methacholine (E) in WT mice treated intranasally with 

saline, rIL-22, rTNFα or rIL-22+rTNFα. Bars represent mean±SEM (n=4–6 per group). 

*p<0.05, **p<0.05, ***p<0.001
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Figure 7. TNFα, but not IL-22 blockade during the challenge phase inhibits airway 
inflammation
A-D. Total and differential counts in BALF (A), Numbers of neutrophils in lungs (B), H&E 

staining of lung sections (C), chemokine mRNA levels in the lungs (D) in WT mice EC 

sensitized with OVA then subjected to i.n. instillation of OVA together with neutralizing 

anti-IL-22 IgG antibody, neutralizing anti-TNFα IgG antibody or IgG isotype controls. Bars 

represent mean±SEM (n=4–6 per group). *p<0.05, **p<0.05, ***p<0.001.
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