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Abstract

Background—Interleukin-21 (IL-21) has been implicated in the development of Th2-mediated
immune responses; however, the exact role it plays in allergic diseases is not well understood.

Objective—To elucidate the contribution of IL-21 receptor signaling to Th2-dependent immune
responses in the lung.

Methods—We compared allergic airway responses in wild type BALB/c and I121r-deficient
mice exposed to local airway challenge with house dust mite.

Results—We demonstrate that IL-21R-deficiency reduces house dust mite-driven airway
hyperresponsiveness (AHR) with only partial effects on airway inflammation. Concomitant with
the reduction in AHR in I121r-deficient mice, significant suppression was observed in protein
levels of the Th2 cytokines IL-4, and IL-13. In contrast, IL-21R-deficiency was associated with an
increase in PBS- and allergen-driven IgE levels, while 1gG1 and 1gG2a levels were decreased.
Moreover, our results suggest that IL-21 may contribute to AHR through its ability to both directly
induce Th2 cell survival and to impair regulatory T cell suppression of Th2 cytokine production.
Importantly, we show that IL-21-positive cells are increased in the bronchial mucosa of asthmatics
compared to non-asthmatics.

Corresponding author: Marsha Wills-Karp, Ph.D., Dept. of Environmental Health Sciences, Johns Hopkins School of Public Health,
Baltimore, MD, USA, 21205, Phone: 410-955-3720, mwkarp@jhsph.edu.

The authors have no conflicting financial interests.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lajoie et al.

Page 2

Conclusion—These results suggest that I1L-21 plays an important role in the allergic diathesis by
enhancing Th2 cytokine production through multiple mechanisms including the suppression of
Treg inhibitory effects on Th2 cell cytokine production.
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Introduction

Allergic asthma is a chronic disease of the airways associated with airway
hyperresponsiveness and airway inflammation. Although the etiology of asthma is unclear,
T lymphocytes, particularly Th2 cells, are critical to the development and maintenance of
asthma. However, the factors responsible for regulating the development and/or
maintenance of Th2-mediated inflammation are not well understood. Recently, it was
demonstrated that mice deficient in IL-21 signaling develop weaker Th2-type immune
responses in several parasite infection models (1, 2), suggesting an important role for 1L-21
in the maintenance or development of Th2 responses. While thought to be preferentially
secreted by Th2 cells (3), IL-21 was recently shown to be produced in higher quantity by
Th17 cells and T follicular helper (Tfh) cells (4-6). Interestingly, IL-21 can itself regulate
Tfh generation (7). IL-21 can also inhibit Treg differentiation and activity (4, 5), and render
CD4+ and CD8+ T cells resistant to Treg suppression (8, 9), suggesting that the pro-Th2
effects of IL-21 may be related to inhibition of Treg function. Another well-documented
aspect of IL-21 biology is its effects on B cell function, especially as a potent suppressor of
IgE production (10, 11). Importantly, IL-21 can profoundly affect the growth, survival, and
function of B cells, T cells, NK cells and dendritic cells (DCs) (12-17). IL-21 signals
through the common vy chain and its cognate receptor, the IL-21R, which is expressed by
lymphoid (15), and by non-lymphoid tissues alike (18-20). Thus the ability of IL-21 to
regulate Th2 responses may be due to effects on a number of cell types.

In light of the currently available data, we wanted to investigate whether this cytokine was
involved in asthma pathogenesis and important in the development of Th2- driven allergic
airway responses. In order to directly evaluate the potential role of IL-21 receptor signaling
in experimental allergic asthma, we compared the responses of widltype and BALB/c I121r-
deficient mice to house dust mite (HDM) exposure in vivo and the production of IL-21 in
human asthmatic airways. Our results support an important role for IL-21 in allergic airway
disease by enhancing a Th2 immune response possibly through inhibition of Treg activity,
thus implicating this cytokine in asthma pathogenesis.

Materials and Methods

Mice, allergen sensitization and airway measurements

Six week old male and female 1121r-deficient mice or BALB/c controls were anesthetized
with ketamine/xylazine prior to intratracheal (i.t.) delivery of HDM extract (100 pg; Greer
Laboratories, Lenoir, NC) or PBS on days 0, 14 and 21. 72 hours after final allergen
challenge, airway responses were evaluated. To do this, mice were anaesthetized with
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sodium pentobarbital, intubated and respirated at a rate of 120 breaths per minute with a
constant tidal volume (0.2 ml) and paralyzed with decamethonium bromide (25 mg/kg).
After a stable baseline was achieved, acetylcholine (50 ug/kg) was injected into the inferior
vena cava and dynamic airway pressure (cm H20 x sec) was followed for 5 minutes.
Immediately after AHR measurements, blood was collected for detection of total and HDM-
specific IgE, and HDM-specific 19G,,, and 1gG, by ELISA (Pharmingen, San Diego, CA).
Bronchoalveolar lavage fluid (BALF), was harvested and centrifuged (300g for 8 min), the
cell pellet resuspended in 1.0 ml of 10% fetal bovine serum in PBS. Slides were prepared by
cytocentrifugation (Cytospin 3; Shandon Instruments, Pittsburgh, PA), and stained with
Diff-Quik (Dade Behring, Diidingen, Switzerland). BALF cell differential counts were
determined using morphologic criteria under a light microscope with evaluation of = 500
cells/slide.

Lung cell isolation and cytokine determination

Lungs were minced and digested using Liberase CI (0.5 mg/ml) (Roche Diagnostics,
Indianapolis, IN) and DNase | (0.5 mg/ml) (Sigma, St. Louis, MO) and incubated at 37°C
for 45 min. To make a single cell suspension, the remaining tissue was forced through a 70
um cell strainer. Cells were cultured at 8.3 x 105/ml in 300 pl in flat-bottom 96-well plates,
and stimulated with media or HDM at 30 pug/ml. Supernatants were harvested at 72 hours
and cytokine levels were measured in (IL4, IL-5: Pharmingen) or R&D Systems (IL-13:
Minneapolis, MN).

RNA isolation and Purification and the Real Time PCR

Total RNA was extracted from lung tissue samples placed individually in 0.5 ml TRIzol
reagent (Invitrogen). The sample was homogenized using a tissue polytron (Omni
International Inc.) and total RNA was extracted according to the recommendations of the
manufacturer and further purified using RNeasy Mini Kit (Qiagen). Individual sample RNA
(1 pg) was reverse-transcribed using Superscript Il (Invitrogen, Carlsbad, CA) and a mixture
of oligo (dT) and random primers. Real- time polymerase chain reaction (RT-PCR) was
performed on an ABI Prism 7900 sequence detection system (Applied Biosystems, Foster
City, CA). Relative quantities of mMRNA for several genes was determined using SYBR
Green PCR Master Mix (Applied Biosystems) and by the comparative threshold cycle
method as described by Applied Biosystems for the ABI Prism 7700/7900 sequence
detection systems. In this method, mRNA levels for each sample were normalized to
hypoxanthine guanine phosphoribosy! transferase (Hprt1l) mRNA levels and then expressed
as a relative increase or decrease compared with levels in PBS control animals. Primers were
designed using Primer Express software (Applied Biosystems). Primers for 114, 1113 and
Hprtl were published previously (21).

Immunocytochemistry

The study was approved by the research ethics committee of McGill University (Montreal,
Canada), and all subjects met ATS criteria for the diagnosis of asthma (22). Criteria
included prior diagnosis and treatment for asthma, documented evidence of variable airflow
obstruction greater than 15%, and bronchial hyperresponsiveness. For severe asthma,
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subjects were on daily inhaled steroids (2 patients were also on oral prednisone) with at least
one other add-on therapy (long acting B-agonist, leukotriene receptor antagonist) (FEV <
80%); some moderate asthmatic patients were on daily inhaled steroids or unmedicated
(FEV1 84-96%). Mild asthmatics were on either no medication or short-acting 3-agonist
when needed (FEV; 84-96%). Non-asthmatics were also non-atopic (FEV1 102%).
Immunohistochemistry was performed on sections of major airways from 4 non-asthmatic, 3
mild, 4 moderate and 4 severe asthmatic subjects. Briefly, 10% formalin-fixed, paraffin-
embedded sections (5 um) were deparaffinized, extensively washed in PBS, blocked for 30
min in universal blocking solution, and incubated overnight at 4°C with goat anti-human
IL-21 (1:1500, cat# GTX18496, GeneTex, San Antonio, TX) in a humidified chamber. The
next day, slides were washed and incubated with a horseradish peroxidase-conjugated rabbit
anti-goat antibody (1:500) for 45 min at RT. Immunostaining was developed with
diaminobenzidine (1:100) for 20 sec at RT. All slides were counterstained with Gill’s
haematoxylin, and examined. As a negative control, an isotype-matched control antibody
replaced the primary antibody.

Treg inhibition assay

Lymph nodes from naive male BALB/c mice were collected and CD4+ T cells were
enriched using anti-CD4-coated magnetic beads on an autoMACS (Miltenyi Biotec, Auburn,
CA). Cells were flow-sorted to separate effector T cells (CD4+CD25-) and Tregs
(CD4+CD25P119) The CD4+CD25- cells were CFSE-labeled and plated at 2.5x10%-
5.0x10% cells per well (96-well round bottom dish) in the presence of 2.5x104-5.0x10% anti-
CD3/anti-CD28-coated silicon beads (1:1 ratio) or magnetic beads (Dynabeads Mouse T-
Activator, Invitrogen). Increasing amounts of CD4+CD25P"9Mt ce|ls were incubated with
effector T cells in the presence or absence of recombinant mouse IL-21 (Peprotech).
Alternatively, sorted effector T cells were rested (1x108 cells/ml), and Tregs (0.5x106
cells/ml) were incubated overnight with 500 U rhIL-2 (BD Biosciences) with or without
riL-21 (150 ng/ml). The following day, cells were washed and co-incubated as above. Day 5
supernatants were analysed for cytokines by ELISA (IL-4: BD Pharmingen, IL-2, IL-13:
RnD Systems), and day 3 cells harvested for flow cytometric analysis of proliferation by
CFSE dilution. The frequency of cell division was determined using FlowJo software (Tree
Star, Ashland, OR).

IL-21R flow cytometric staining

Isolated lung cells from HDM-treated BALB/c mice (days 0, 14 and 21) were used. All cells
were stained with a PE-conjugated anti-IL-21R mAb (eBioscience, clone eBio4A9). T cell
subsets were examined using mAbs to CD4, (eBioscience, RM4-5) CD25 (eBioscience,
PC61.5), and Foxp3 (eBioscience, FIK-16s). mDCs (CD11¢*CD11b*Gr17), pDCs
(CD11c*CD11b~Gr1*) and PMNs (CD11c*CD11bPrightGr1brighty were quantified using
antibodies to CD11c (eBioscience, N418), CD11b (eBioscience, M1/70), and Grl
(eBioscience, RB6-8C5). Leukocytes and non-leukocytes were differentiated by CD45
(eBioscience, 30-F11) staining. Dead cells were excluded using the viability dye 7-amino-
actinomycin D (eBioscience, 7-AAD). All staining reactions were performed at 4°C. Flow
cytometry antibodies were purchased from eBioscience. Analysis was done using FlowJo
software.
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Statistical Analysis

Results

For comparison between multiple groups, one-way analysis of variance (ANOVA) was used
to determine differences between groups with post hoc comparisons using Fisher's method.
Significance was assumed at p < 0.05.

Role of IL-21 signaling in allergen-driven airway hyperresponsiveness

Because IL-21 is induced during Th2-mediated immune responses in vivo (2), we sought to
determine if it was upregulated by pulmonary allergen exposure. After allergen treatment,
1121 transcripts are strongly upregulated in the lungs and lung-draining lymph nodes (Fig.
1A, B) compared to PBS-challenged mice, suggesting that IL-21 may be important in
promoting allergen-induced Th2 responses. To delineate the role of IL-21 in regulation of
Th2-driven allergic airway responses, we compared HDM-induced AHR in 1121r-deficient
and wildtype BALB/c mice. Compared to PBS-treated mice, intratracheal exposure to HDM
induced significant increases in AHR to cholinergic agonist stimulation (Fig. 1C). However,
compared to WT controls, HDM-induced AHR in 1121r-deficient mice was significantly
reduced. Concomitant with the increase in AHR, significant increases in the numbers of
BAL macrophages, eosinophils, neutrophils, and lymphocytes were observed in wildtype
HDM-treated mice (Fig. 1D). The number of BAL macrophages was significantly reduced
in the 1121r-deficient as compared to wildtype. Similar reductions were observed in
eosinophil and neutrophil numbers in 1121r-deficient relative to wildtypes, but did not reach
statistical significance. Thus, the incomplete suppression of these responses suggests that
IL-21 participates, but is not the only factor involved in allergic airway responses.

IL-21R deficiency reduces Th2 cytokine production

To determine whether the effects of 1121r deficiency on AHR were mediated via alteration
of Th2 cytokine production, IL-4, IL-5 and IL-13 were measured in supernatants from
cultures of lung cells derived from HDM-exposed wildtype and 1121r-deficient mice (Fig.
1E). We found that in vitro HDM restimulation of lung cells from HDM-treated mice had
significantly increased IL-4 production, however, IL-4 levels were significantly decreased in
lung cells from 1121r-deficient mice compared to wildtype animals (Fig. 1E). A similar trend
was observed with IL-13 (Fig. 1E). Lung cells from 1121r-deficient mice secreted less IL-13
than those from HDM-challenged wildtype mice. IL-5 was increased in cells from mice
challenged with HDM, but the lack of IL-21R did not affect IL-5 levels. No appreciable
IFNy was observed in HDM-stimulated lung cells from either wildtype or 1121r-deficient
mice (data not shown).

IL-21 decreases allergen-induced IgE synthesis

As IL-21 has previously been shown to regulate class switching in B cells, we examined the
effect of 1L-21R deficiency on serum immunoglobulin levels following HDM-
immunization. Interestingly, baseline levels of IgE were significantly greater in PBS-treated
[121r-deficient mice as compared to wildtype controls (Fig. 2A, B). Likewise, HDM
exposure induced significantly higher levels of serum IgE levels in 1121r-deficient mice as
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compared to wildtype HDM-exposed mice. In contrast, 1121r deficiency resulted in reduced
serum HDM-specific IgG1 and 1gG2a levels as compared to HDM-sensitized wildtype
animals (Fig. 2C, D).

IL-21 is increased in human asthmatic airways

As IL-21 is strongly increased in experimental asthma, we wanted to examine its expression
in human disease. IL-21 expression was assessed in bronchial biopsies from mild, moderate,
and severe asthmatic patients and non-asthmatics by immunocytochemistry (Fig. 3). IL-21
positive cells were either absent or present in very small numbers in non-asthmatics airways
(Fig.3A). Stronger staining was observed in the sections from moderate (Fig. 3B) and severe
asthmatic individuals (Fig. 3C). The IL-21 staining appeared to be associated with
infiltrating inflammatory cells in the submucosa. An isotype stained severe asthmatic section
showed no signal (Fig. 3D). To our knowledge, this is the first report showing elevated
IL-21 expression in human asthma, and that it correlates with disease severity (Fig. 3E).

IL-21 impairs Treg function

To determine whether IL-21 enhances Th2 cytokine production directly, we treated flow-
sorted lymph node effector T cells (CD4+CD25-) from naive BALB/c mice with rIL-21 and
examined cytokine production. We show that secretion of IL-2, IL-4 and 1L-13 was
increased (Fig. 4A) suggesting that IL-21 can directly enhance T cell cytokine production.
As it has previously been shown that IL-21 may regulate Tregulatory cell function and we
have previously shown that Tregs protect against the development of experimental allergic
asthma(23), we next sought to determine whether 1L-21 could enhance effector T cell
function by impairing Tregs. To this end, we performed coculture experiments using flow-
sorted lymph node effector T cells (CD4+CD25-) and Tregs (CD4+CD25Prht) from naive
BALB/c mice stimulated with anti-CD3/anti-CD28- coated beads. As expected, cytokine
production (IL-2, IL-4, IL-13) was decreased as the ratio of Tregs to effector T cells
increased (Fig. 4B). However, addition of I1L-21 to the co-cultures partially alleviated the
suppressive effect of Tregs on cytokine secretion, thus requiring more Tregs to achieve total
suppression than without IL-21 (Fig. 4B). Consistent with Treg-mediated suppression of
cytokine production, increasing numbers of Tregs decreased the number of dividing CFSE-
labeled effector T cells (Fig. 4C). While we observed that IL-21 failed to induce effector T
cell division, it was able to partially prevent Treg-mediated inhibition of T cell proliferation
(Fig. 4C). To directly examine the effect of IL-21 on Treg function, Tregs were pre-treated
with IL-21 prior to incubation with effector T cells, and found that IL-21 directly impedes
the suppressive ability of Tregs (Fig. 4D), As IL-10 is thought to be important in the
suppression ability of Tregs, we treated Tregs with IL-21 and measured 1L-10 production.
We found that IL-21 had no impact on IL-10 secretion in sort-purified Tregs (Fig. 4E).
Moreover, in the Treg inhibition assay, TGFb1 was not inhibited by IL-21 (Supplementary
Fig. 2). This suggests that if IL-21 directly impedes Treg function, it is through a mechanism
independent of IL-10 or TGFb1 production, consistent with previously published data that
Tregs may suppress independently of TGFb or I1L-10 (24, 25).

To determine whether effector T cells and Tregs could have differential sensitivity to IL-21,
we examined IL-21R expression on lung effector and regulatory T cells in PBS- or HDM-
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treated wildtype BALB/c mice. We show that while effector T cells have a higher baseline
of surface IL-21R compared to Tregs, exposure to allergen had little effect on IL-21R
expression in effector T cells, but strongly upregulated its expression in Tregs (~4 fold) (Fig.
4F). We found that of all lung cell types we analyzed (Supplementary Fig.1), Tregs showed
the greatest fold increase in surface expression of IL-21R after in vivo HDM treatment,
suggesting their heightened sensitivity to IL-21 during an allergic response. Taken together
these results suggest that IL-21 may enhance Th2 cytokine production and the development
of the allergic diathesis via suppression of Treg inhibitory effects on effector T cell
proliferation or survival as well as cytokine production.

Discussion

Herein, we demonstrate increased I1L-21 levels in the lungs of allergen challenged mice and
in the airways of asthmatic individuals. We also show that allergen-induced AHR is
significantly reduced in I121r-deficient mice compared to wildtype mice, and this is
accompanied by decreased production of Th2 cytokines. Interestingly, total and HDM-
specific IgE levels were significantly elevated in 1121r-deficient mice compared to wildtype
while HDM-specific 1gG1 and 1gG2a were reduced. Our results suggest that the mechanism
by which IL-21 increases the AHR and Th2 cytokine production is by enhancing T cell
survival and/or by decreasing Treg function. We show that IL-21 promotes cytokine
production in effector T cells, and could partially reverse the inhibitory effect of Tregs on T
cell proliferation and cytokine production. Taken together these results suggest that 1L-21
plays an important role in the asthmatic phenotype.

Despite enhancing aspects of Th2 immune response in vivo, IL-21 is a potent inhibitor of
IgE class switching in IL-4-stimulated murine B cells (26), and administration of IL-21 to
mice decreases antigen-specific IgE (26, 27). We observed dramatically higher IgE levels in
the naive and sensitized 1121r-deficient mice compared to controls. Although I121r-deficient
mice have reduced IL-4 and IL-13 levels, the remaining levels are likely sufficient for
effective class switch to IgE. Our data recapitulates that generated by other groups showing
increased IgE in the absence of IL-21 signaling (2, 11). Interestingly, we show that even in
the presence of excessive amounts of IgE, the [121r-deficient mice still exhibit less AHR;
whether this is because IgE is not required for airway responses in mice, or that the lack of
IL-21 signaling supersedes any pro-asthmatic effects due to elevated IgE remains unknown.
Nonetheless, this highlights the lack of absolute requirement of IgE for AHR. While
antigen-specific IgE has been shown to be required for the induction of AHR in some
models (28, 29), it is not necessary for the development of airway reactivity in IgE-deficient
animals (28, 30). Interestingly, we and others (1, 2) show that IL-21R deficiency results in a
decrease in allergen-specific 1gG1 and 1gG2a levels, suggesting that in the absence of IL-21
signaling, B cells have unrestricted class switch to IgE at the expense of the IgG subclasses.

In contrast to the stimulatory effects of 1121r deficiency on IgE levels, 1121r-deficient mice
had significantly reduced HDM-induced AHR. Our findings are consistent with studies in an
OVA model of experimental asthma in which 1121r-deficient mice developed less AHR (1).
The partial protection against allergen-induced AHR we observed in 1121r-deficient mice is
likely mediated via IL-21’s ability to directly regulate IL-4 and IL-13 production, as we
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observe that IL-4 and IL-13 levels in lung cells from [121r-deficient mice were significantly
reduced. Similar reductions in Th2 cytokines have been observed in [121r-deficient mice
following parasite infection or OVA challenge (1, 2). Of note in our model, the decrease in
AHR is accompanied by only a very minor reduction in BAL eosinophil numbers in the
[121r-deficient mice compared to their wild type controls. The dissociation between AHR
and BAL eosinophilia in 1121r-deficient mice is likely explained by the differential effect of
IL-21R signaling on IL-4/IL-13 and IL-5 production, as IL-5 levels did not differ between
[121r-deficient and widltype mice. Similarly, IL-4/IL-13-dependent granuloma formation in
Schistosoma mansoni-infected [121r-deficient mice was impaired relative to wildtype
controls, while no changes were observed in tissue eosinophil numbers (2).

Although the mechanism(s) by which IL-21 regulates I1L-4 and IL-13 production are unclear,
our studies suggest that the effects of IL-21 might be direct as IL-21 treatment of sort-
purified effector T cells in vitro enhanced their production of IL-2, IL-4, and IL-13. As
previous studies demonstrate that IL-21 does not directly regulate Th2 polarization(11), and
there is no evidence that IL-21 promotes transcription of genes coding for Th2 cytokine, the
effect of 1L-21 might be to expand already polarized effector T cells. However, our data and
that of others indicate that IL-21 does not have a strong mitogenic effect on effector cells
(13, 14, 31). Alternatively since IL-21 is an important survival factor for cells that are
known to produce IL-4 and IL-13, such as NK, NKT and T cells (13, 14, 17, 32), IL-21
signaling might enhance the survival of effector cells, resulting in increased cytokine output.

In addition to its direct effects on effector T cells, our studies suggest that IL-21 may
enhance Th2 cytokine production by inhibiting the suppressive effects of Tregs.
Specifically, we show that IL-21 treatment of Teffector/Treg cocultures increases the
numbers of Tregs required to achieve the same level of inhibition of cytokine production
and proliferation as in cultures without IL-21. We also show that IL-21-treated Tregs are
less suppressive than control Tregs in cocultures with effector T cells, showing that IL-21
directly hampers Treg function. Our findings are consistent with recent studies
demonstrating that IL-21 can inhibit Treg development, and function (4, 5, 8, 9). The
mechanism by which IL-21 impairs Treg function is unclear. However, there is evidence
that IL-21 may inhibit Treg function through actions directly on Tregs and on Teffector
themselves. In this regard, IL-21 decreases the number of Foxp3+ cells from human PBMC
cultures (8), and a greater number of Tregs can be generated from 1121-deficient naive T
cells than from wildtype (5), suggesting that IL-21 may prevent optimal Treg function and
development by inhibiting Foxp3. Additionally, IL-21 can prevent Treg-induced apoptosis
of effector T cells (33) by maintaining or increasing anti-apoptotic molecules such as Bcl-2
in effector T cells (17, 33). IL-21 can also activate the PI3K pathway (17, 34) which renders
effector T cells resistant to Treg suppression (35). Although IL-21 signaling may contribute
to both decreased Treg function and enhanced resistance of Teffectors to Treg-mediated
suppression, we show that the predominant effect of IL-21 in our model is likely due to
impaired Treg function as HDM exposure leads to a robust upregulation of IL-21R
expression on lung Tregs compared to effector T cells, rendering them more responsive to
IL-21 during allergic inflammation. Hence, the upregulation of IL-21 during allergic
responses may lead to enhanced Th2-mediated immune responses via multiple mechanisms
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including: enhanced Teffector survival, direct suppression of inhibitory Treg signals, and
enhanced Teffector resistance to Treg-mediated suppression. Interestingly, we saw IL-21R
expression on lung mDCs and pDCs (supplementary Fig. 1), while little is known about the
function of IL-21 on DCs, an early report showed that it decreased antigen presentation (16),
whether this is also true in the context of a complex allergenic source like HDM remains to
be determined. While this may suggest a protective effect for IL-21, overall, a deficiency in
IL-21 signaling protects against HDM-induced allergic asthma.

In summary, we demonstrate that IL-21 is elevated in the lungs of both human asthmatics
and in allergen-exposed mice and that IL-21R signaling partially modulates several
manifestations of allergic asthma including AHR, and Th2 cytokine production. Moreover,
our data suggest that IL-21 may enhance Th2-mediated immune responses through the
suppression of the anti-inflammatory arm of the immune response (Tregs) and/or enhanced
Th2 effector cell survival, ultimately leading to greater Th2 cytokine production. Taken
together these results suggest that dysregulated IL-21 production may play an important role
in the pathogenesis of allergic airway disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. I121r deficiency attenuates allergen-driven airway hyperresponsiveness
A/J mice were exposed to HDM intratracheally on days 0 and 14 and sacrificed on day 17.

1121 mRNA was measured in lungs and mediastinal lymph nodes by real-time PCR (A, B).
Expression of 1121 was normalized to ribosomal protein S14 mRNA. Wildtype BALB/c and
[121r-deficient mice were sensitized and challenged with PBS or HDM as described in
Materials and Methods. Airway responsiveness to i.v. acetylcholine was assessed prior to
sacrifice, 72 hours after final HDM challenge (C). BALF was harvested at time of sacrifice
and BAL macrophages, eosinophils, and neutrophils were enumerated (D). Lung cells were
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cultured ex vivo and restimulated for 72 hours with 30 pg/ml HDM extract, and IL-4, IL-5,
and IL-13 levels in culture supernatants were measured by ELISA (E). Levels of 114 and 1113
MRNA were measured by real-time PCR from total lung RNA (F). Data represents mean +
SEM. n = 5-8 mice per group (*p<0.05, **p<0.01, ***p<0.001). Data is representative of 2
independent experiments.
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Figure 2. IL-21 regulates allergen-induced | gE synthesis

Serum levels of total IgE (A), HDM-specific IgE (B), HDM-specific 1gG2a (C), and HDM-
specific IgG1 (D) were measured by ELISA 72 hours after the final HDM challenge. Data
shown are mean + SEM. n = 8 mice per group (*p<0.05, **p<0.01, ***p<0.001). Data is
representative of 2 independent experiments.

Clin Exp Allergy. Author manuscript; available in PMC 2015 July 01.



Lajoie et al. Page 15

® 15 *kk
o
o
5 °
s
> 10"
] *%*
= ')
0 )
@ n.s. ®
S 5. S
- Y . ®
o ° )
- °
0
O ’ L) v L]

control mild moderate severe

Figure 3. IL-21 expression isincreased in human asthmatic airways
Immunohistochemical analysis for IL-21 was conducted on sections from bronchial biopsies

obtained from non-asthmatic (A), moderate asthmatic (B), and severe asthmatic (C)
individuals (20x magnification). A section from a severe patient was also stained with an
isotype control (D). Quantification of the IL-21+ cells/field in the subepithelium is presented
in panel E (*p < 0.05, **p < 0.01).
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Figured. IL-21 overrides Treg-mediated suppression of T effector cytokine production and
proliferation
CFSE-labeled effector T cells (CD4+CD25-) derived from lymph nodes were stimulated

with anti-CD3 and anti-CD28 and treated with IL-21 in the presence of increasing numbers
of Tregs (CD4+CD25P119Mt) After 5 days, (A, B) supernatants were collected for cytokine
analysis, and (C) cells harvested for detection of proliferation by CFSE dilution.
Proliferation is expressed as % divided T cells and expressed as the mean + SEM of three
wells. Effector T cells (CD4+CD25-) derived from lymph nodes were in were incubated
with increasing numbers of IL-2 or IL-2+IL-21-pretreated Tregs (CD4+CD25P"19") after 5
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days supernatants were collected for IL-2 analysis (D). Supernatants from CD4+CD25Pright
cells (5.0x10%well) were collected for cytokine analysis, from media or IL-21-treated Tregs,
data is expressed as the mean + SEM of three wells (C). The influx of IL-21R+ Tregs
(CD4+CD25+Foxp3+) in the lungs is greater than IL-21R+ effector T cells after HDM
challenge. Tregs also strongly upregulate the IL-21R on their surface (MFI) compared to
CDA4+ effector T cells following allergen exposure (F), data is expressed as the mean £ SEM
of 4-8 mice (*p < 0.05, **p < 0.01). Data is representative of 2-5 independent experiments.
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