IL-1 Family Cytokines Drive Th2 and Th17 Cells
to Innocuous Airborne Antigens
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Allergic asthma is commonly thought to result from dysregulated
airway inflammatory responses to ubiquitous environmental anti-
gens mediated by CD4™ T cells polarized to a Th2 or Th17 cell. How-
ever, the mechanisms involved in the development of these T-cell
responses remain unknown. This study examines the effects of IL-1
family cytokines, such as IL-33 and IL-1B, on the development of
antigen-specific Th2 and Th17 cells in the airway. We administered
IL-1 family cytokines and model antigens, such as ovalbumin, into the
airways of naive BALB/c mice, and examined the cellular and humoral
immune responses. To investigate the immunologic mechanisms, we
used IL-4 green fluorescent protein reporter mice and mice deficient in
the 14 gene. Innocuous antigens, such as endotoxin-free ovalbumin and
short ragweed extract, did not sensitize naive mice when administered
through the airways. However, when mice were exposed to the same
antigens with IL-18 or IL-33, they developed IgE antibodies. In par-
ticular, IL-33 induced robust and long-lasting Th2 cells that produced
alarge quantity of IL-5 and IL-13 and asthma-like airway pathology. IL-18
induced Th17 cells. In naive, nonsensitized animals, IL-33 stimulated
endogenous IL-4 expression by CD4" T cells, which was critical for the
polarization of CD4™ T cells to the Th2 type. In the absence of IL-4, mice
developed Th17 cells and neutrophilic airway inflammation. In conclu-
sion, IL-1 family cytokines possess a potent adjuvant activity to promote
both Th2 and Th17 cells to innocuous airborne antigens, and they may
play fundamental roles in the immunopathology of asthma.
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Allergic asthma is commonly thought to result from dysregulated air-
way inflammatory responses to ubiquitous environmental antigens
mediated by CD4" T cells polarized to a Th2 cell phenotype (1,
2). In addition, in patients with asthma, IL-17 expression is increased
in the airways, and the severity of airway hyperreactivity (AHR)
correlates with the increase in IL-17 expression levels (3). A novel
subset of memory CD4" cells that produces both Th2-type cyto-
kines and IL-17 has also been identified in patients with asthma (4).
However, little is known about how such pathologic Th2 and Th17
immune responses develop. Generally, respiratory exposure to in-
nocuous antigens is considered to be a tolerogenic event (5).
Innate immune responses can shape adaptive immune responses.
Recently, important roles for the IL-1 family molecules in both the
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CLINICAL RELEVANCE

Asthma is commonly thought to result from dysregulated
airway inflammatory responses to ubiquitous environmental
antigens mediated by CD4" T cells polarized to Th2 or Th17
cell phenotypes. However, little is known about how such
pathologic Th2 and Thl7 immune responses develop. Our
research addresses the scientific questions of whether and how
IL-1 family cytokines are involved in the development of Th2
and Thl17 cells to airborne antigens. The observations in this
study suggest that IL-1B and IL-33 induce the development of
Th2-type and Th17-type CD4" T cells to innocuous airborne
antigens, to which animals are normally tolerant. IL-1 family
cytokines may hence play pivotal roles in dysregulated airway
immune responses in asthma and allergic diseases.

innate and adaptive immune responses have been reported (6, 7).
IL-33 is a new member of the IL-1 family cytokines (8). In contrast
to other IL-1 family members, IL-33 is not typically expressed
by hematopoietic cells, but is abundantly expressed by epithe-
lial cells, keratinocytes, and endothelial cells (8, 9), suggesting
its involvement in mucosal immunity. IL-33 has been considered
an “alarm” or endogenous “danger signal” released by dam-
aged or necrotic cells (10). Several cell types express the IL-33
receptor (i.e., ST2/IL-1 receptor-like 1), including mast cells,
basophils, eosinophils, natural killer T cells, natural killer cells,
dendritic cells, and fully differentiated Th2 cells (11). An im-
portant new development in the field involves the characteriza-
tion of innate lymphoid cells (ILCs) that produce large quantities
of Type 2 cytokines in response to IL-33 or IL-25 (12, 13). These
so-called Type 2 ILCs may play important roles in Type 2 airway
inflammation and tissue homeostasis in mucosal organs, even in the
absence of adaptive immunity (14, 15). However, the effects of 1L~
33 and other IL-1 family cytokines on adaptive immune responses
in the airways, and in particular the development and polarization
of antigen-specific CD4* T cells, are not well understood.

This study demonstrates that IL-1 family cytokines, including
IL-1B and IL-33, potently induce the Th2-type and Th17-type
differentiation of naive CD4™ T cells in response to innocuous
airborne antigens. In particular, IL-33 mediated antigen-specific
Th2 cells that were found to be long-lasting and to cause path-
ologic changes in the airways. In naive animals, IL-33, admin-
istered together with airborne antigens, drove CD4" T-cell
endogenous IL-4 production, which was in turn indispensable
for the successful polarization of naive CD4"% T cells to the
Th2 type. Therefore, IL-1 family cytokines demonstrate potent
adjuvant activities in the airways to drive Th2-type and Th17-
type CD4" T cells to innocuous airborne antigens, and hence
may play fundamental roles in the pathogenesis of asthma.

MATERIALS AND METHODS

Mice

BALB/cJ, BALB/c-TI4"™?"NJ (11477), C.129-114"1%¥|] (4 get), and
C.129S7(B6)-Ragl™™M°™/J (Ragl ~'~) mice were obtained from Jackson
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Laboratory (Bar Harbor, ME). The 4 get mice and Ragl '~ mice were
then bred under specific pathogen—free conditions. Female mice were
used at 7-9 weeks of age. The procedures and handling of the mice
were reviewed and approved by the Mayo Institutional Animal Care
and Use Committee (Mayo Clinic, Rochester, MN).

Antigens and Cytokines

Endotoxin-free ovalbumin (OVA), that is less than 0.5 EU/mg by lim-
ulus lysate assay (Wako USA, Richmond, VA), was prepared from
specific pathogen—free chicken eggs (Charles River Laboratories,
Wilmington, MA) under sterile conditions (16) (additional informa-
tion on methods is available in the online supplement).

Airway Exposure of Mice to Antigens and Cytokines

On Days 0 and 7, mice were lightly anesthetized with tribromoethanol
and intranasally administered with 100 pg OVA in the presence or
absence of 100 ng of IL-33 or IL-1B in 50 pl of PBS (Sigma-Aldrich,
St. Louis, MO) (17) (Figure 1A). On Day 14, the plasma and spleen
were collected for analysis of the specific antibodies and in vitro cyto-
kine production, respectively. On Days 21, 22, and 23, mice were chal-
lenged intranasally with 100 yg OV A, and on Day 24, mice were killed
with an overdose of pentobarbital (additional information on methods
is available in the online supplement).

OVA-Specific IgE, IgG1, and IgG2a

The OV A-specific IgE, IgG1, and IgG2a levels in the plasma specimens
were measured by ELISA (17) (additional information on methods is
available in the online supplement).

Analyses of Cytokine Production by Splenocytes and Draining
Lymph Node Cells

Single-cell suspensions of the spleen or mediastinal lymph node (MLN)
were harvested and resuspended in RPMI-1640 medium (Gibco, Foster
City, CA). One hundred microliters of the cell suspension were dispensed
into each round-bottom well of 96-well culture plates, and stimulated by
adding 100 pl of 200 wg/ml OVA for 96 hours. The concentrations of
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IL-4, IL-5, IL-13, IFN-y, and IL-17A in the supernatant were measured
by ELISA (additional information on methods is available in the
online supplement).

AHR and Lung Histology

On Day 24 before the mice were killed, AHR to methacholine was
assessed in conscious mice by whole-body plethysmography (Buxco
Electronics, Wilmington, NC) (17, 18) or in anesthetized mice by the
FlexiVent forced oscillation technique (Scireq, Montreal, PQ, Canada)
(19) (additional information on methods is available in the online sup-
plement).

Analysis of IL-4 Expression In Vivo by Reporter Mice

Nonsensitized naive 4 get mice were administered intranasally with
OVA, with or without 100 ng of IL-33 or IL-1B. Forty-eight or 96 hours
later, MLN cells were harvested and stained with anti-CD3¢ and anti-
CD4. After washing, cells were resuspended, fixed, and analyzed with
a FACScan flow cytometer (BD Biosciences, San Jose, CA) by gating
on a lymphocyte population or entire leukocytes, using scattergrams
(additional information on methods is available in the online supple-
ment).

Statistical Analysis

Data are presented as the means = standard errors of the mean for the
mice or experiments indicated. The statistical significance of the differ-
ences between various treatment groups was assessed with the Student
t test. P < 0.05 was considered significant.

RESULTS

IL-33 Promotes Th2-Type Sensitization to an
Innocuous Antigen

To examine the effects of IL-1 family cytokines on the develop-
ment and differentiation of antigen-specific CD4" T cells in the
airways, we intranasally exposed naive mice to endotoxin-free

Figure 1. IL-33 promotes Th2-type airway sen-
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OVA, with or without cytokines (Figure 1A). No adjuvants, such
as aluminum hydroxides (alum), were used in these experiments.
As previously reported (5), exposure to endotoxin-free OVA
alone did not sensitize the mice, and the splenocytes from these
animals produced either no or minimal cytokines when they were
restimulated with OVA in vitro (Figure 1B). In contrast, spleno-
cytes from mice that had been exposed to OVA + IL-33 pro-
duced significant amounts of IL-4, IL-5, and IL-13, upon
restimulation with OVA. Splenocytes from mice previously ex-
posed to OVA + IL-1B produced amounts of IL-4 roughly com-
parable to those from mice exposed to OVA + IL-33. On the
other hand, mice exposed to OVA + IL-1B produced significantly
less IL-5 and IL-13, but more IL-17A, compared with mice ex-
posed to OVA + IL-33 (P < 0.05 and P < 0.01, respectively).

Airway exposure to OVA alone induced a minimal antibody
response (Figure 1C). In contrast, significant increases in the
levels of anti-OVA IgE and IgG1 antibodies were observed in
mice exposed to OVA along with IL-33 or IL-13. No or little
production of anti-OVA IgG2a antibody was observed. The anti-
body responses were abolished in Ragl ~'~ mice (Figure E1A in
the online supplement). These findings suggest that the IL-1
family of cytokines, specifically IL.-33 and IL-1p3, induces sys-
temic T-cell and B-cell immune responses to OVA antigen
present in the airways. IL-33 likely promotes a robust Th2-type
sensitization, and IL-1p promotes a mixed Th2-type and Th17-type
sensitization.

IL-33-Driven Antigen-Specific Th2-Type Immunity Mediates
Pathological Changes in the Lungs

To examine the physiological importance of these results, we
challenged the animals intranasally with OVA alone 2 weeks
after the final exposure to OVA, together with 1L-33 or IL-13
(Figure 2A). This time point was selected because IL-33-mediated,
as well as IL-1B-mediated, airway inflammation resolves com-
pletely in 2 weeks (Figure 2B). Mice previously exposed to
IL-33 alone or OVA alone displayed a minimal inflammatory
response to OVA challenge (Figure 2B). In contrast, when
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mice previously exposed to OVA + IL-33 were challenged
with OVA, they exhibited a marked increase in eosinophils.
When mice previously exposed to OVA + IL-1B were chal-
lenged with OVA, they developed modest airway inflammation,
with a roughly equal composition of lymphocytes, neutrophils,
and eosinophils. Furthermore, significant increases in I1L-4, IL-5,
and IL-13, but not IFN-y or IL-17, were observed in the airways
of mice that had previously been exposed to OVA + IL-33 and
were challenged with OVA (Figure 2C). In contrast, mice
previously exposed to OVA + IL-1B showed a modest in-
crease in Th2 cytokines and a marked increase in IL-17. To verify
that IL-33 mediates antigen-specific adaptive immune responses
to OVA, wild-type (WT) or Ragl ™'~ mice were exposed to
OVA + IL-33. Unlike WT mice, Ragl '~ mice failed to develop
airway eosinophilia, and showed no increase in Th2 cytokines in
bronchoalveolar lavage (BAL) fluid when they were challenged
with OVA (Figures E1B and E1C). A modest increase in neu-
trophils was observed in the BAL fluid of OVA-challenged
Ragl™'~ mice.

Histologic changes in the lungs were analyzed by periodic
acid-Schiff staining. Mucus production in the airway epithe-
lium was observed in mice previously exposed to OVA +
IL-33, and then challenged with OVA (Figure 3A). In con-
trast, no or only minimal mucus production was observed
in mice previously exposed to IL-33 alone, OVA alone, or
OVA + IL-1B, and subsequently challenged with OVA (Fig-
ure 3A and E2). In addition, mice previously exposed to
OVA + IL-33 and then challenged with OVA developed
AHR to inhaled methacholine, as shown by whole-body
plethysmography (Figure 3B, left) and direct assessment in
intubated and ventilated animals (Figure 3B, right). Mice pre-
viously exposed to OVA alone did not develop AHR, com-
pared with mice previously exposed to PBS (Figure E2).
Collectively, these findings indicate that the airway exposure
of naive animals to IL-33 induces a Th2-type sensitization and
memory response to an inhaled innocuous antigen (i.e., OVA),
resulting in asthma-like airway pathology upon re-exposure to
the same antigen.

Figure 2. Airway inflammatory responses in
mice challenged with ovalbumin (OVA). (A) A
schematic representation of the challenge pro-
tocol. Mice were intranasally exposed to OVA
with or without IL-18 or IL-33, as described in

O Macrophages
O Lymphocytes
Neutrophils
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IL-33 Induces Long-Term Memory Responses

Differentiated CD4" T-cell populations exhibit some plasticity,
and can alter the range of cytokines they produce under different
conditions (20). Therefore, to examine whether IL-33 induces
a long-term memory response, mice were exposed intranasally
to OVA + IL-33, and the kinetics of antibody responses were
examined for up to 70 days, without any booster treatment during
the waiting period. The serum levels of anti-OVA IgE antibodies
continued to increase for 70 days in mice exposed to OVA +
IL-33. No significant increase in anti-OVA IgE was observed in
mice exposed to OVA alone (Figure 4B). Similarly, the levels of
the IgG1 and IgG2a subclasses of anti-OVA antibodies tended to
increase for up to 70 days in mice exposed to OVA + IL-33. The
serum levels of anti-OVA IgE antibodies slightly increased after
nasal antigen challenge, whereas IgG1 and IgG2a antibody levels
decreased (Figure 4B). When these mice were subsequently chal-
lenged intranasally with OV A alone on Days 71 through 73, they
developed a marked increase in airway eosinophilia, as well as
a significant increase in lymphocytes and neutrophils (Figure 4C).
BAL fluid and lung analyses revealed increased levels of IL-5 and
IL-13, but not IFN-y or IL-17A, in mice previously exposed to
OVA + IL-33 and challenged with OVA (Figure 4D).

IL-33 Induces the Endogenous Expression of IL-4 in CD4"
T Cells in Naive Mice

Traditionally, IL-4 has been viewed as the keystone for the dif-
ferentiation of Th2 cells in vitro (21, 22). Therefore, to investi-
gate immunological mechanisms, we hypothesized that IL-4

25 5
Methacholine (mg/ml)

T

6 mice in each group). *P <
0.05 and **P < 0.01, compared
with mice exposed to OVA
alone. Penh = enhanced pause;
R = resistance.

may be expressed early during the sensitization process induced
by IL-33. To examine the real-time in vivo expression of I1L-4, we
used mice with a bicistronic IL-4/internal ribosome entry site/
enhanced green fluorescent protein (eGFP) gene knocked into
the TIL-4 locus (4 get) (23). In these mice, the cells that activate
the 714 locus accumulate eGFP in their cytoplasm (23). When naive
4 get mice were exposed to OVA alone or 1L-33 alone, no expres-
sion of IL-4eGFP in the CD3*CD4" or CD3"CD4~ population in
MLN cells was evident (Figure SA). In contrast, when mice were
exposed to OVA + IL-33, a proportion of CD4™ T cells
expressed IL-4eGFP (Figure 5A). No expression of IL-4eGFP
was observed in the CD4 "~ population. An increased expression
of IL-4eGFP in CD4™ T cells was also observed in mice exposed
to OVA with IL-1B. Quantitatively, mice exposed to OVA +
IL-33 or OVA + IL-1B showed roughly comparable numbers of
CD4" T cells expressing IL-4 (i.e., eGFPTCD3*CD4") (Figure
5B). The kinetics analysis showed that the increase in eGFP*
cells is observed mainly in the CD3*CD4™ cell population (Fig-
ure 5C). Furthermore, in this population, robust IL-4eGFP ex-
pression occurred between 48 and 96 hours after exposure to
OVA + IL-33. Our analysis of IL-4eGFP expression was ex-
tended to the CD3"CD4~ lymphocyte population and CD3~
leukocyte population. However, no significant increase in
IL-4eGFP expression was observed for up to 96 hours in these
populations (Figure 5C, middle and right).

To examine whether IL-33 can sensitize animals to various
other innocuous airborne antigens, we exposed naive 4 get mice
intranasally to the experimental antigen keyhole limpet hemocya-
nin (KLH) (Megathura crenulata) or the natural allergen short
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ragweed (SRW) extract, with or without IL-33. Exposure to KLH
alone or SRW extract alone without IL-33 did not induce
IL-4eGFP expression (Figure 6A). In contrast, when these anti-
gens were administered together with IL-33, a proportion of the
CD4™ T cells clearly expressed IL-4eGFP (Figures 6A and 6B).
Furthermore, when mice previously exposed intranasally to KLH
with IL-33 were subsequently challenged with KLH alone, they
developed marked airway eosinophilia (Figure 6C) and increased
BAL levels of IL-4, IL-5, and IL-13 (Figure 6D). Similar findings
were observed in mice previously exposed to SRW extract with
IL-33 and then challenged with SRW extract. Altogether, these
findings suggest that IL-33 induces IL-4 expression by CD4™ T cells
in naive mice within 4 days of exposure to innocuous airborne
antigens.

Endogenous IL-4 Plays a Pivotal Role in the Differentiation of
the Antigen-Specific CD4" T Cells Induced by Airway IL-33

The roles for IL-4 in Th2-associated disease models are contro-
versial (24-26). To investigate the role of endogenous IL-4 in
the IL-33-mediated differentiation of Th2 cells in vivo, we ex-
posed WT or Il4~'~ mice intranasally to OVA + IL-33. When
stimulated ex vivo with OVA antigen, MLN cells from WT mice
produced a large quantity of Th2 cytokines, and in particular IL-5
and IL-13 (Figure 7A). MLN cells from I/4~'~ mice previously

exposed to OVA + IL-33 produced no IL-4 and partly decreased
amounts of IL-5 and IL-13 (~ 30% decrease), compared with WT
mice. Importantly, a significant increase in IL-17A was observed
in 714"~ mice. At the single-cell level, a proportion of CD4™ T
cells in the MLNs from WT mice previously exposed to OVA +
IL-33 expressed IL-5 when they were restimulated ex vivo with
OVA. No IL-17-producing CD4" T cells were detectable. In
Il4~'~ mice, an increased proportion of CD4" T cells produced
IL-17A.

When WT mice previously exposed to OVA + IL-33 were
challenged with OV A, marked airway eosinophilia was observed
(Figure 8A). When 147/~ mice were challenged with OVA, the
number of airway eosinophils was significantly decreased by ap-
proximately 70%, and a marked increase in neutrophils was ob-
served. Analyses of BAL and lung cytokines revealed a significant
decrease in Th2 cytokines and a marked increase in IL-17A
in 1147~ mice, compared with WT mice (Figure 8B). Further-
more, the BAL levels of CXCL1 and CCL3 significantly increased
and decreased, respectively, in 147"~ mice compared with WT
mice (P < 0.05). CXCL1 levels positively correlated with the
neutrophils in the BAL (r = 0.860, P < 0.001) and the IL-17 level
in the lung homogenate (r = 0.845, P < 0.001). Il4~'~ mice pre-
viously exposed to OVA + IL-33 developed a slight increase in
AHR, compared with mice previously exposed to OVA (see Fig-
ure E3). These findings suggest that IL-33 drives the Th2-type or
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Th17-type polarization of antigen-specific T cells, depending on
the availability of endogenous IL-4.

DISCUSSION

The key finding in this study involves the potent capacity of IL-33
to drive antigen-specific Th2-type and perhaps Th17-type CD4™
T cells to react to a variety of innocuous airborne antigens.
IL-33 has been considered an “alarm” or endogenous “danger
signal” released by tissue cells upon damage (10). Consistent
with the tolerogenic environment in the lungs (5), airway expo-
sure to innocuous antigens alone, such as OVA, SRW extract,
and KLH, does not induce memory responses (Figures 1 and 6).
In contrast, airway exposure to IL-33 facilitates a sensitization
to these airborne antigens, and produces asthma-like lung path-
ological and physiological changes upon re-exposure to the same
antigens. The observation that Ragl '~ mice failed to develop
such antigen-specific Th2 responses (Figure E1) further supports
the involvement of the adaptive immune system. The lack of
regulatory T cells in Ragl '~ mice may explain the modest in-
crease in neutrophils among OVA-challenged Ragl '~ mice, be-
cause these cell types likely play important roles in the resolution
of airway inflammation (27). Thus, IL-33 may be a key factor in
the dysregulated response to ubiquitous environmental antigens (1)
in patients with allergic airway diseases.

Our findings are consistent with past in vitro observations, in
which IL-33 induced polarized cytokine production by naive CD4™
T cells. For example, IL-33, with or without IL-2, induced Th2-type
cytokine production by naive CD4" T cells when they were
cultured with T-cell receptor—crosslinking antibodies or antigen-
presenting cells (APCs) (16, 28). On the other hand, the roles for
IL-33 have been controversial in OVA-induced airway inflamma-
tion models in vivo, in which mice were sensitized by intraperitoneal

GFP*CD3*CD4*

*

Figure 5. In naive mice, airway exposure to ov-
albumin (OVA) antigen with IL-33 induces the
expression of IL-4. Naive C.129-//4m1tky))
(4 get) mice were intranasally exposed to
OVA, with or without IL-33 or IL-1B. Two or 4
days later, mediastinal lymph node (MLN) cells
were collected, and the expression of IL-4/enhanced
green fluorescent protein (eGFP) was analyzed
by FACS with gating on a lymphocytic cell pop-
ulation (A) or entire leukocyte population (B).
(A) Representative scattergrams show the ex-
DR pression of CD4 and IL-4eGFP in CD3™" lympho-

*%

O ¥ N N cytic cell populations on Day 4. (B) Numbers of

X IL-4eGFP*CD3*CD4" cells on Day 4 were cal-
culated, and are presented as means = SEMs
(n = 4 in each group). *P < 0.05 and **P <
0.01, compared with mice exposed to OVA
alone. (C) Kinetic changes in the numbers of
IL-4eGFP™ cells in mice exposed to OVA + IL-33
were analyzed by gating on CD3"CD4" cells,
CD3"CD4~ cells, and CD3™ cells. Data are pre-
sented as means = SEMs (n = 4 in each group).
*P < 0.05, compared with Time 0.

injections of OVA with alum adjuvant. In several studies, eosino-
philic inflammation or AHR was not affected or even exacerbated
in mice deficient in the IL-33 receptor, ST2 (29, 30). The BAL levels
of Th2-type cytokines and serum OVA-specific IgE production
were not affected in I/33~'" mice (31). In contrast, in a short-
term priming model in which mice were injected intraperitoneally
with OVA plus alum once and challenged as early as 8 days after
immunization, airway eosinophilia was partly attenuated in S72~/~
mice (32). The reasons for the differences in these observations may
be attributable to the dominant role of innate immune cells, such as
Type 2 ILCs, in the short-term model of airway inflammation (33).
In our study, IL-33, when administered intranasally with antigens,
effectively sensitized naive animals to OVA and other antigens,
without the need for any other adjuvants. Furthermore, IL-33-
driven Th2-type T-cell and B-cell memory responses persisted for
at least several months. Perhaps the timing/frequency (acute versus
chronic) and route (peritoneal cavity versus airway) of antigen ex-
posure comprise key factors in determining the effects of IL-33 on
Th2-type adaptive immune responses.

The molecular mechanisms for Th2 cell differentiation have
been studied extensively in vitro (34). When naive CD4™ T cells
are stimulated with cognate antigens, T cells rapidly produce
GATAS3 and activate signal transducer and activator of tran-
scription (STAT)-5, resulting in T-cell receptor—dependent/IL-
4-independent early IL-4 transcription (induction) (35). These T
cells then complete their differentiation into Th2 cells by respond-
ing to the endogenously produced IL-4 and continued STATS5
activation (polarization). Our experiments suggest that this two-
step model may also apply to the in vivo airway setting, as sum-
marized in the online supplement (Figure E4). In naive animals,
CD4" T cells in MLN cells began to express IL-4 within 4 days of
airway exposure to antigens in the presence of IL-33 (Figures 5
and 6). The airway exposure to IL-33 alone or antigens alone
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failed to induce this early, endogenous IL-4 expression by CD4" T
cells, suggesting that IL-33 facilitates the initial T-cell interaction
with APCs. Indeed, IL-33 activates cytokine production and the
expression of major histocompatibility complex—II and costimula-
tory molecules by dendritic cells (16), and TL-33 also directly en-
hances STATS5 activation in CD4™ T cells (28). We also verified
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Figure 6. IL-33 induces IL-4 expression by
CD4™ T cells in response to various airborne
antigens. (A and B) Naive 4 get mice were in-
tranasally exposed to keyhole limpet hemocya-
nin (KLH) or short ragweed (SRW) extract, with
or without IL-33. Four days later, the expression
of IL-4eGFP by CD3™ T cells in MLN cells was
analyzed according to FACS. (A) Representative
scattergrams show the expression of CD4 and
IL-4eGFP in CD3* lymphocytic cell populations.
(B) The numbers of IL-4eGFPTCD3"CD4™ cells
were calculated, and are presented as means *
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BAL fluids were analyzed for the number of
inflammatory cells. (D) The levels of cytokines
in the supernatants of BAL fluids were measured
according to ELISA. Results are presented as
means *= SEMs (n = 4-5 in each group). *P <
0.05 and **P < 0.01, compared with mice pre-
viously exposed to antigens alone without IL-33.
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the increased expression of major histocompatibility complex—
II by lung dendritic cells when mice were intranasally exposed
to IL-33 (Figure ES5). Importantly, in the absence of IL-4, the
development of antigen-specific Th2 cells decreased, whereas the
development of Th17 cells increased (Figures 7 and 8). IL4 is
known to inhibit the development of Th17 cells (36, 37). Therefore,
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Figure 7. In the absence of IL-4, Th2-type sen-
sitization by IL-33 is partly decreased, and Th17-
type sensitization is enhanced. Wild-type BALB/
c and 147/~ mice were intranasally exposed to
ovalbumin (OVA) + IL-33, as described in Fig-
ure TA. On Day 11, MLN cells were collected
and restimulated with or without OVA for 4
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it is tempting to speculate that endogenous IL-4, which is produced
by naive CD4™ T cells when they first encounter antigens in the
presence of IL-33, plays a pivotal role in the IL-33—driven devel-
opment of Th2 cells. Nonetheless, we should not rule out a potential
role for other innate immune cells, such as basophils and Type 2
ILCs (11), which may produce cytokines and express accessory
molecules in response to I1.-33, and thus support the differentiation
of Th2 cells (Figure E4).

Interestingly, although both IL-33 and IL-1B induced early
IL-4 expression by CD4" T cells within 4 days of antigen exposure
(Figure 5), only IL-33 induced robust Th2 cell differentiation and
mediated eosinophilic airway inflammation (Figure 2). In contrast,
mice exposed to OVA with IL-18 developed a Thl7 response,
together with a modest Th2 response (Figure 2). Thus, although
IL-13 may mediate the early induction of naive CD4" T cells
toward the Th2 type, it may then redirect them to the Th17 type.
Th17 cells express IL-1R and require IL-1 for their differentiation
from naive T cells (7). The systemic administration of IL-1 results
in enhanced and prolonged T-cell responses of both the Th2 type
and Th17 type (38). Furthermore, the receptor for IL-1,
IL-1R1, was expressed early during the differentiation of naive
CD4" T cells to Th17 cells (28). Importantly, in our study,
mice exposed to OVA + IL-1B produced levels of anti-OVA
IgE and IgGl1 antibodies (Figure 1) comparable to those in
mice exposed to OVA + IL-33, suggesting that, under certain
conditions, antigen-specific IgE antibody can be generated in-
dependently of fully committed Th2 cells. These observations
may explain the heterogeneity in the immunologic phenotypes
of human asthma, which could demonstrate eosinophilic or
neutrophilic airway inflammation (39). It is important to de-
termine whether the Th17-like CD4" T cells induced by an
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Figure 8. Endogenous IL-4 plays a pivotal role
during airway inflammation and cytokine pro-
duction in mice exposed to ovalbumin (OVA) +
IL-33, and then challenged with OVA. Wild-type
BALB/c and /l4~/~ mice were intranasally ex-
posed to OVA with or without IL-33, as described
in Figure 2A, and were then challenged with
OVA alone on Days 21, 22, and 23. On Day
24, BAL and lung specimens were collected. (A)
BAL fluids were analyzed for the number of in-
flammatory cells. (B) The cytokine levels in the
supernatant of BAL fluids and lung homogenates
were measured according to ELISA. (C) The che-
mokine levels in the BAL fluid supernatant were
measured by a Bioplex assay (Bio-Rad, Hercules,
CA). Results are presented as means * SEMs (n =
4-5 in each group). *P < 0.05 and **P < 0.01,
compared with mice previously exposed to OVA
alone, or between groups, as indicated by hori-
zontal lines.
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airway administration of OVA + IL-1p derive from the early
differentiation of Th2 cells or T follicular helper cells, which
are capable of producing IL-4 and promoting the B-cell pro-
duction of antibodies (40, 41). Accumulating evidence supports
a link between IL-33 and human allergic airway diseases. For exam-
ple, an increased expression of IL-33 in the airway epithelium is
observed in patients with allergic rhinitis (42) or severe asthma (43).
Single-nucleotide polymorphisms in the IL-33 gene have been as-
sociated with asthma, increased eosinophils, and allergic rhinitis (44,
45). In addition, a genome-wide study of more than 10,000 patients
with asthma revealed a significant association with both ST2 and
IL-33 (46, 47). The demonstration that IL.-33 drives the develop-
ment of antigen-specific Th2 and Th17 cells to innocuous air-
borne antigens sheds new light on the potential mechanisms
for dysregulated immune responses in the airways of patients
with asthma and other allergic airway diseases. Because IL-33 (as
well as other IL-1 family cytokines) is most likely to be among the
earliest molecules that are released during the airway immune
response (15), they may provide an important target for both
preventing and treating human allergic airway diseases.
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