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Nitrogen dioxide (NO2) is an environmental pollutant and en-
dogenously generated oxidant associated with the development,
severity,andexacerbationofasthma.NO2exposure is capableofaller-
gically sensitizing mice to the innocuous inhaled antigen ovalbumin
(OVA),promotingneutrophilandeosinophil recruitment,andamixed
Th2/Th17 response upon antigen challenge that is reminiscent of se-
vereasthma.However, the identityof IL-17A–producingcells and the
mechanisms governing their ontogeny in NO2-promoted aller-
gic airway disease remain unstudied. We measured the kinetics of
lung inflammationafter antigenchallenge inNO2-promotedallergic
airway disease, including inflammatory cells in bronchoalveolar la-
vage and antigen-specific IL-17A production from the lung. We de-
termined that IL-17A1 cellswerepredominately CD41T cell receptor
(TCR)b1 Th17 cells, and that a functional IL-1 receptor was required
for Th17, but not Th2, cytokine production after in vitro antigen
restimulation of lung cells. The absence of natural killer T cells, gd
T cells, or the inflammasome scaffold nucleotide-binding oligomer-
izationdomain, leucine rich repeat andpyrindomain (Nlrp)3didnot
affect the development of NO2-promoted allergic inflammation or
IL-17A production. Similarly, neutrophil depletion or the neutraliza-
tion of IL-1a during sensitization exerted no effect on these parame-
ters. However, the absence of caspase-1 significantly reduced IL-17A
production from lung cells without affecting Th2 cytokines or lung
inflammation. Finally, the intranasal administration of IL-1b and
the inhalation of antigen promoted allergic sensitization that was
reflected by neutrophilic airway inflammation and IL-17A produc-
tion from CD41TCRb1 Th17 cells subsequent to antigen challenge.
Thesedata implicatearole forcaspase-1and IL-1b in the IL-1receptor–
dependent Th17 response manifest in NO2-promoted allergic airway
disease.
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Severe, glucocorticoid-resistant asthma comprises 5 to 7% of the
population with asthma, but represents 40 to 50% of asthma

healthcare costs (1). Whereas the hallmarks of mild/moderate
allergic asthma include eosinophils and Th2 cytokine elevation,
additional biomarkers of severe asthma include neutrophils and
IL-1b–producing and IL-17–producing cells in the airway (1–3).
IL-17A1 and IL-17F1 lung cells and CD41 Th17 blood cells in
patients with asthma correlate with disease severity (4, 5). Fur-
thermore, heterogeneity exists within the severe asthmatic pop-
ulation, and not all patients with severe asthma exhibit this
phenotype (1). Understanding the functional relevance and
the sources of these biomarkers would assist in the better char-
acterization of severe asthma subtypes and the development of
more efficacious treatments for severe asthma.

Nitrogen dioxide (NO2) is a toxic byproduct of combustion, an
environmental pollutant, and an endogenously generated media-
tor of inflammation (6, 7). Exposure to NO2 positively correlates
with asthma severity, the risk of hospitalization, disease exacer-
bation, the risk of death, and the development of asthma in
previously healthy children (8–10). We have reported that NO2

exposure allergically sensitizes mice to ovalbumin (OVA; we
define sensitization as the act or process of inducing an acquired
allergy), inducing methacholine airway hyperresponsiveness
(AHR), antigen-specific IgG1 and IgE, inflammatory leukocyte
recruitment to the airway, and the production of Th2 cytokines
and IL-17 during in vitro restimulation of CD41 T cells (11, 12).

Th17 cells comprise a distinct subset of T cell receptor
(TCR)ab1CD41 T cells that are characterized by the production
of IL-17A, IL-17F, and IL-22 and the transcription factor retinoic
acid receptor-related orphan receptor (ROR)gt. IL-17A can also
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CLINICAL RELEVANCE

Exposure to nitrogen dioxide (NO2), an environmental pol-
lutant and endogenously generated reactant, is capable of
allergically sensitizing mice to an inhaled antigen, promoting
an antigen-induced airway disease reminiscent of severe
asthma subsequent to antigen challenge. Generation of the
antigen-specific Th17 response requires IL-1 receptor (R)
signaling and caspase-1, but not Nlrp3, IL-1a, neutrophils,
natural killer T cells, or gd T cells. Furthermore, inhalational
exposure to IL-1b and antigen elicits neutrophilic airway in-
flammation and IL-17A production from pulmonary TCRb1

CD41 T cells after a subsequent antigen challenge. These
experiments implicate the IL-1R as a pharmacologic target
for selectively interfering with the Th17 response in allergic
airway disease, an approach that may enable glucocorticoids
to attenuate the Th2 response effectively.
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be produced by natural killer (NK) cells, NK T cells, gd T cells,
and granulocytes (13). IL-17A may contribute to the pathogenesis
of asthma by stimulating fibroblasts and epithelial cells to produce
cytokines, promoting glucocorticoid insensitivity, inducing smooth
muscle hypercontractility, and enhancing neutrophil recruitment to
the airway (3, 14–17). Mice genetically deficient in the IL-17 re-
ceptor (R) fail to develop allergic airway disease (18, 19). Adoptive
transfer of in vitro polarized MHC class II-restricted OVA-specific
TCR transgenic mice (OTII) Th17 cells, followed by antigen chal-
lenge, is sufficient to promote IL-17R–dependent AHR and neu-
trophil recruitment to the airway (20). Whereas Th17-dependent
allergic airway disease is glucocorticoid-resistant, Th2-mediated
pulmonary inflammation is glucocorticoid-sensitive (20). Finally,
the administration of IL-17A is sufficient to exacerbate pulmonary
inflammation in a Th2-mediated alum/OVAmodel of asthma (19).
As such, the Th17 pathway is an attractive target for pharmaco-
logic interventions in severe asthma.

The Type 1 IL-1R is a heterodimeric complex comprised of the
IL-1RI (Il1ra) protein and the IL-1R accessory protein (21). The
requirement for IL-1R signaling in the generation of Th17
responses has been demonstrated through in vitro and in vivo
models (22–25). Endogenous agonists of IL-1R signaling
include IL-1a and IL-1b, both of which initiate the recruitment
of the IL-1R accessory protein and the downstream adaptor my-
eloid differentiation factor 88 (MyD88), kinase phosphorylation,
the activation of NF-kB, and finally, the increased expression of
many proinflammatory genes (21). Whereas the functional out-
comes of IL-1R signaling by IL-1a and IL-1b are similar, these
cytokines are differentially regulated at the level of both expres-
sion and activation. Under basal conditions, IL-1a remains intra-
cellular, but upon cell death, extracellular IL-1a functions as an
alarmin, promoting sterile inflammation (26). The release of IL-
1a from house dust mite–stimulated airway epithelia promotes
Th2 polarization and allergic airway disease (27). In contrast,
IL-1b is inducibly synthesized as pro–IL-1b, which requires cleav-
age by proteases for activation. Although several proteases can
cleave pro–IL-1b, the caspase-1 inflammasome is conventionally
considered the critical activator of IL-1b (28).

In an alum-independent murine model of allergic asthma, the
inflammasome scaffold nucleotide-binding oligomerization do-
main, leucine rich repeat and pyrin domain (Nlrp)3 is required
for IL-1b production, and IL-1b and the IL-1R are critical for
airway inflammation (29). Clinical data demonstrating elevated
concentrations of IL-1b in status asthmaticus and neutrophilic
asthma further support the contributions of IL-1R to asthma
severity (2, 30, 31). Although data are limited regarding the role
of Nlrp3 and caspase-1 in human asthma (32), gene analysis stud-
ies have linked nucleotide-binding oligomerization (NOD)-like
receptors, including Nlrp3, to asthma and asthma subtypes (33,
34). Given IL-1R’s regulation of Th17 development, these data
suggest a role for the Nlrp3–IL-1R axis in Th17-dependent aller-
gic airway disease, and identify IL-1R as a potential pharmaco-
logic target in severe asthma (35).

We previously reported that CD11c1 antigen-presenting cells
from the lungs of NO2-exposed mice secrete elevated concentra-
tions of IL-1a and IL-1b during ex vitro stimulation (12). Fur-
thermore, the presence of CD11c1 cells during NO2-promoted
allergic sensitization was required for antigen-specific Th2 cyto-
kine and IL-17 production from CD41 T cells after antigen chal-
lenges (12). The objective of the experiments reported here
involved identifying IL-17–producing cells in the lungs and inves-
tigating the relationship of IL-1, IL-1R, and Th17 during NO2-
promoted allergic airway disease. Our results demonstrate the
sufficiency of IL-1b and the requirement for caspase-1, but not
Nlrp3 or IL-1a, in the generation of IL-1R–dependent Th17
responses in NO2-promoted allergic airway disease.

MATERIALS AND METHODS

Mice

C57BL/6 and IL-1Ra2/2 (Jackson Laboratories, Bar Harbor, ME),
CD1d2/2, TCRd2/2, Nlrp32/2, and caspase-12/2 mice (C57BL/6 back-
ground; bred at the University of Vermont) were housed as described
elsewhere (28). Our experiments were approved by the Institutional
Animal Care and Use Committee at the University of Vermont.

Allergic Sensitization and Challenge

A schematic summarizing treatments and sensitization schemes is presented
in the online supplement (Figure E1). For NO2-promoted allergic sensitiza-
tion, a single 1-hour exposure to 15 ppm NO2 on Day 1 was followed by
30 minutes of nebulized 1%OVA and Fraction V (Sigma-Aldrich, St. Louis,
MO) in saline on Days 1, 2, and 3. Additional details on NO2 dosing can be
found in the online supplement’s MATERIALS AND METHODS. Alum/OVA-
sensitized mice were injected intraperitoneally on Days 1 and 7 with 20 mg
OVA in Imject Alum (Thermo Scientific, Rockford, IL). IL-1b–sensitized
mice were anesthetized using isoflurane and instilled intranasally with 1 mg
IL-1b (R&D Systems, Minneapolis, MN) in 50 ml 0.1% BSA and saline on
Day 1, and were OVA-nebulized on Days 1, 2, and 3. All mice were OVA-
challenged on Days 14, 15, and 16, as described elsewhere (28). Analysis was
performed at 48 hours on Day 18, unless otherwise indicated. During anal-
ysis, bronchoalveolar lavage (BAL) was processed as described (28).

Antibody Treatments

For IL-1a neutralization, 40 mg of neutralizing anti–IL-1a antibody
(ACF-161; BioXCell, West Lebanon, NH) or IgG isotype control an-
tibody (HTK888; BioXCell) were administered intraperitoneally in
200 ml saline on Days 0–4.

Preparation of Tissue for Single-Cell Suspensions

Spleen and mediastinal lymph nodes (MLNs) were processed as described
elsewhere (12). For single-cell suspensions, lungs were enzymatically
digested and mechanically disrupted, as described in the online supplement.

In Vitro Antigen Restimulation and Cytokine Quantitation

In CD41 complete medium containing 5% FBS (Cell Generation,
Fort Collins, CO), pen/strep, L-glutamine, folic acid, glucose, and 2-
mercaptoethanol in RPMI-1640, 1 3 106 cells/ml were activated with
400 mg/ml OVA for 96 hours. Supernatants were analyzed by ELISA
(R&D Systems) or a Luminex-based multiplex assay (Millipore,
Billerica, MA).

Intracellular Staining and Flow Cytometric Analysis

We stimulated 13 106 cells/ml lung cells with 2.5 mg/ml phorbol-myristate-
acetate (PMA; Invivogen, San Diego, CA), 0.25 mg/ml ionomycin (Sigma-
Aldrich), and 1 ml/ml GolgiPlug (BD Pharmingen, San Jose, CA) for 3–4
hours at 378C. Live/dead (Invitrogen, Grand Island, NY) staining was
followed by fragment crystallizable (Fc) receptor blocking (anti-CD16/
CD32; BD Pharmingen) and surface staining with anti–CD4–FITC (BD
Pharmingen), anti–TCRgd–PE, anti–TCRb–PECy7, and anti–CD8–
PerCPCy5.5 (BioLegend, San Diego, CA) in FACS buffer (Dulbecco’s
PBS with 5% FBS and 0.05% sodium azide; MP Biomedicals, Santa
Ana, CA). Cells were fixed overnight in 1% paraformaldehyde at 48C,
permeabilized in 0.2% saponin in FACS buffer, and stained with anti–
IL-17A–APC (BioLegend). Analysis was performed using a Becton
Dickinson LSR II FACS and BD FACSDIVA (Becton Dickinson,
Franklin Lakes, NJ) and FlowJo (Tree Star, Ashland, OR).

Statistical Analysis

Data were analyzed according to a two-tailed unpaired Student t test,
one-way ANOVA, or two-way ANOVA, using GraphPad Prism ver-
sion 4 for Macintosh (GraphPad Software, La Jolla, CA). Statistically
significant (P , 0.05) results according to ANOVA were further ana-
lyzed by Bonferroni or Newman-Keuls post hoc tests.
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RESULTS

Kinetics of Inflammation and IL-17A Production after Antigen

Challenge in NO2-Promoted Allergic Airway Disease

Given the correlation of neutrophillic influx and IL-17 in severe
asthma, we first sought to characterize the kinetics of leukocyte in-
flux into the BAL fluid and IL-17A production from antigen-
restimulated lung, draining lymph node, and spleen cells in
NO2-promoted allergic airway disease. After a single antigen chal-
lenge on Day 14, we performed analyses at 2, 4, 24, and 48 hours.
After challenges with antigen for 3 consecutive days, on Days 14,
15, and 16, we performed analyses at 24, 48, and 72 hours after the
final antigen challenge (Figure 1A). We contrasted NO2-sensitized
and OVA-challenged mice with noninflamed mice and mice that
were sensitized with alum/OVA and OVA-challenged on Days 14,
15, and 16, and analyzed on Day 18. After NO2-promoted allergic
sensitization and challenge, neutrophils and eosinophils were sig-
nificantly elevated, whereas neither naive nor alum/OVA mice
demonstrated neutrophils in the BAL (Figure 1B). In the NO2

model, BAL neutrophils peaked at 24 hours, whereas at 48 hours,
an eosinophilic response was observed in all sensitized mice that
had received three antigen challenges (Figure 1C). Alum/OVA-
sensitized as well as NO2-sensitized mice that had been challenged
three times exhibited a robust eosinophilic response. Eosinophils

in the airway remained elevated at 72 hours after three chal-
lenges (not different from 48 hours according to Bonferroni post
hoc analysis). Forty-eight hours after a single antigen challenge,
eosinophils were also elevated, although this increase did not
reach statistical significance. These data indicate that neutro-
phils infiltrate the lavageable airspace shortly after either a brief,
1-day challenge or an extended 3-day challenge during NO2-
promoted allergic sensitization. The airway recruitment of eosi-
nophils occurs later, and increases in magnitude after three an-
tigen challenges.

IL-17A was robustly produced from antigen-restimulated lung
single-cell suspensions after three antigen challenges, with the great-
est production by cells enriched from the 48-hour time point (Figure
1D). In mice analyzed at 24 hours and 48 hours after a single
antigen challenge, only a small amount of IL-17A was produced
from lung cells. No IL-17A was observed in mice that received
a single antigen challenge at earlier time points. MLN and spleen
IL-17A production increased significantly over time (P ¼ 0.02 and
P¼ 0.035, respectively). Although the data did not reach statistical
significance on post hoc analysis, time-dependent trends in IL-17A
production from both the MLNs (Figure 1E) and spleen (Figure
1F) were observed. Because mice demonstrated peak IL-17A pro-
duction at 48 hours after three challenges, we chose this time point
for the majority of subsequent analyses.

Figure 1. Kinetics of airway inflammation and IL-17A pro-

duction after antigen challenge in nitrogen dioxide (NO2)–

promoted allergic airway disease. For antigen sensitization,
wild-type (WT) C57BL/6 mice were exposed on Day 1 to

15 ppm NO2, followed by the inhalation of nebulized 1%

ovalbumin (OVA) for 30 minutes. The mice were then ex-

posed on Days 1, 2, and 3 to 1% OVA for 30 minutes.
Single-challenged mice were antigen-challenged on Day

14 only with a 30-minute exposure to nebulized 1%

OVA and analyzed at 2, 4, 24, or 48 hours after antigen

challenge. Mice challenged three times were antigen-
challenged on Days 14, 15, and 16 with a 30-minute ex-

posure to nebulized 1% OVA, and were analyzed at 24,

48, or 72 hours after the final antigen challenge. Control

mice were either noninflamed or allergically sensitized with
OVA in alum (Al/O). Al/O mice were antigen-challenged

on Days 14, 15, and 16 with a 30-minute exposure to

nebulized 1% OVA, and were analyzed at 48 hours after
the final antigen challenge. (A) This schematic is presented

with a box depicting the analysis time point for most of

the experiments performed. Percent neutrophils (PMNs; B)

and eosinophils (Eos; C) were enumerated from BAL cyto-
spins. IL-17A production upon 96-hour restimulation in

the presence of OVA antigen was measured from lung

(D), mediastinal lymph node (MLN; E), and spleen (F)

single-cell suspensions by ELISA. *P , 0.05, **P , 0.01,
*** P , 0.001, and ****P , 0.0001 by one-way ANOVA

and the Newman-Keuls multiple-comparison test (B and C)

or by Bonferroni post hoc analysis (D–F). For NO2-sensitized
mice, n ¼ 5–10/group. For naive and alum/OVA control

mice, n ¼ 3/group. ch, challenge.

Martin, Ather, Lundblad, et al.: IL-1R–Dependent Th17 in NO2-Promoted Asthma 657



NO2-Promoted Allergic Sensitization Induces Neutrophil

and Eosinophil Recruitment, as Well as a Mixed Th2/Th17

Phenotype, in the Lung after Antigen Challenge

We next sought to further characterize the immune response in the
lung at 48 hours after three antigen challenges. Because multiple
low doses of OVA can induce allergic sensitization (29, 36), we
compared NO2-sensitized and OVA-sensitized and challenged
mice with mice that were exposed to OVA but not NO2. We
found a decreased percentage of macrophages in the BAL, and
an increase of neutrophils and eosinophils, in mice that were NO2-
sensitized compared with mice that were exposed to air (Figures
2A–2C). In comparison with control mice, single-cell suspensions
of lungs from NO2-sensitized mice produced increased IL-17A
and the Th2 cytokines IL-5 and IL-13 (trend only) upon restim-
ulation in the presence of OVA antigen (Figures 2D–2F).

IL-17A1 Cells in the Lung Are CD41TCRb1 Th17 Cells

To determine the major cell type in the lung contributing to IL-17A
production during NO2-promoted allergic airway disease, we stained

stimulated lung cells for intracellular IL-17A. After gating on live
cells, our analysis revealed that IL-17A1 cells exhibited side and
forward scatters characteristic of lymphocytes (Figures E2A and

E2B in the online supplement). Additional analyses revealed that
IL-17A1 cells in the lungs of NO2-sensitized and challenged mice

were CD11b2 or CD11bmed, 90% of which were CD41TCRb1

cells in NO2-sensitized and OVA-challenged mice (data not shown).
After NO2-promoted allergic sensitization and antigen chal-

lenge, total lung cells increased in comparison to mice exposed
to OVA alone (Figure 2G). We found that the fraction (Figure

2H) and total number (Figure 2I) of IL-17A1 lung cells in-
creased after NO2 sensitization and antigen challenge. Gating

on IL-17A1 cells (Figure E2D), we found that IL-17A1CD41

TCRb1 cells (Figure 2J), but not IL-17A1CD81TCRb1 cells

(Figure 2K) or IL-17A1CD42TCRb2/CD82 TCRb2 cells
(“other”; Figure 2L), increased after antigen challenge. These
data identify CD41TCRb1 T cells, and not CD81TCRb1 T

cells, as the major source of IL-17A in the lung in NO2-promoted
allergic airway disease.

Figure 2. NO2-promoted allergic sensitization and chal-

lenge induce pulmonary inflammation, a mixed Th2/
Th17 adaptive immune response, and the production of

IL-17A from CD41T cell receptor (TCR)b1 Th17 cells. Mice

were exposed to OVA aerosol (air/O) only, or were sub-
jected to NO2-promoted allergic sensitization (NO2/O),

OVA-challenged on Days 14–16, and analyzed 48 hours

after the final antigen challenge. Bronchoalveolar lavage

(BAL) was analyzed for percent macrophages (Macs; A),
neutrophils (PMNs; B), and eosinophils (Eos; C). Cytokine

production by lung cells upon 96-hour restimulation in the

presence of OVA antigen was measured by ELISA for IL-

17A (D), IL-5 (E), and IL-13 (F). Enzymatically digested
lungs were counted (G) and stimulated for 3 hours in

phorbol myristate acetate (PMA) and ionomycin in the

presence of GolgiPlug (BD Pharmingen, San Jose, CA),
stained for surface markers, permeabilized, and then stain-

ed for intracellular IL-17A. We determined the percent (H)

and total (I) IL-17A1 cells of total lung cells. To character-

ize the IL-17A1 population further, we determined the
percentages of CD41TCRb1 (J) and CD81TCRb1 (K) cells

within the IL-17A1 gate. (L) The breakdown of the IL-17A1

gate into CD41TCRb1, CD81TCRb1, or “other” (non-

CD41TCRb1/CD81TCRb1) is illustrated (n ¼ 4/group).
*P , 0.05, **P , 0.01, ***P , 0.001, and ****P ,
0.0001, according to unpaired Student t test (A–K) or

two-way ANOVA (L) and Bonferroni post hoc analysis.
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In a reciprocal flow cytometric analysis (Figure E3), the fraction
of CD41TCRb1 cells and CD81TCRb1 T cells in the lung after
antigen challenge was equivalent between air-exposed and NO2-
sensitized mice (Figures E4A and E4B), and the fraction of
IL-17A1 cells within each T-cell subset increased after antigen
challenge (Figures E4C and E4D). Calculating cells counts based
on total lung cells (Figure 2G), we found a significant increase in
the number of IL-17A1CD41TCRb1 (Figure E4E) cells, but not
IL-17A1CD81TCRb1 cells (Figure E4F), further supporting
CD41TCRb1 Th17 cells as the major source of IL-17A in NO2-
promoted allergic airway disease.

Whereas flow cytometric analyses illustrate CD41TCRb1 Th17
cells as the most abundant cell type contributing to IL-17A in the
lung as a consequence of NO2-promoted sensitization and chal-
lenge, other T-cell subsets, notably NK T cells and gd T cells, can
contribute to IL-17A production and airway inflammation (13).
Therefore, we subjected C57BL/6 wild-type (WT) mice, CD1d2/2

mice that lack NK T cells, and TCRd2/2 mice that lack gd T cells
to NO2-promoted allergic sensitization and challenge. CD1d2/2

mice demonstrated no difference from C57BL/6 WT mice in
BAL cells or IL-17A production by lung cells after antigen-
specific in vitro restimulation (Figures 3A–3C). Similarly, gd knock-
out animals demonstrated no difference from WT mice in BAL
cells or in IL-17A production upon the restimulation of lung
cells (Figures 3D–3F). These data indicate that NK T cells and
gd T cells are not critical for allergic sensitization, cellular recruit-
ment into the airway, and IL-17A production by lung cells 48 hours
after antigen challenge in NO2-promoted allergic airway disease.

IL-1R Is Required for Th17 Cytokine Production

in NO2-Promoted Allergic Airway Disease

To test the hypothesis that the IL-1R is critical for the generation
of antigen-specific Th17 cells in NO2-promoted allergic airway
disease, we subjected WT and IL-1R2/2 mice to NO2-promoted
allergic sensitization, challenge, and performed an analysis
48 hours after the antigen challenge. BAL cellularity revealed
no differences in macrophage, neutrophil, or eosinophil counts
(Figures 4A–4C) in IL-1R2/2 mice compared with WT mice.
Lung single-cell suspensions from WT and IL-1R2/2 mice
restimulated in vitro in the presence of antigen produced robust

and equivalent concentrations of Th2 cytokines (Figure 4D),
whereas lung cells from IL-1R2/2 mice produced significantly
less of the Th17 cytokines IL-17A, IL-17F, IL-21, IL-22, and
granulocyte/macrophage colony-stimulating factor (GM-CSF)
(Figure 4E) in comparison with WT mice. These results indicate
that the IL-1R is required for the production of Th17 cytokines
during NO2-mediated allergic airway disease.

IL-1R Deficiency Principally Affects the TCRb1CD41 T-Cell

Population of IL-17A1 Lung Cells

Because IL-17A production from both gd T cells and CD41

TCRab T cells requires IL-1R signaling and can subsequently
impact disease pathogenesis (25, 37), we sought to determine
the IL-17A–producing cells regulated by IL-1R signaling in our
model of NO2-promoted allergic asthma. We stimulated lung
single-cell suspensions from allergically inflamed WT and
IL-1R2/2 mice with PMA and ionomycin, and performed intra-
cellular staining for IL-17A. Gating on live cells (as in Figure
E2), we observed a decrease in the percentage of IL-17A1 cells
in the lungs of IL-1R2/2 mice compared with WT mice (Figure
5A). Further analysis of the IL-17A1 cell population revealed
a significant decrease in the fraction of CD41TCRb1 cells within
the IL-17A1 gate in IL-1R2/2 lungs (Figures 5B and 5C). A
similar trend was noted in the CD81TCRb1 and TCRgd1 frac-
tions (Figure 5B). Furthermore, the CD81TCRb1 and TCRgd1

subsets comprised only approximately 8–9% and 3–4%, respec-
tively, of the IL-17A1 lymphocyte population, representing a small
fraction compared with the IL-17A1CD41TCRb1 T cells. In the
reciprocal analysis (as in Figure E3), no differences were noted
in the percentages of lung CD41TCRb1, CD81TCRb1, or
TCRgd1 cells from IL-1R2/2 versus WT mice (Figures E5A–
E5C). However, a significant decrease in IL-17A1 cells within
the CD41TCRb1 and TCRgd1 T-cell populations was observed
in IL-1R2/2 mice (Figures E5D–E5I). Furthermore, despite a lack
of statistical difference in the total number of IL-17A1 lung cells
between IL-1R2/2 and WT mice, a decrease in the total number
of IL-17A1CD41TCRb1 cells, but not IL-17A1CD81TCRb1

cells or IL-17A1TCRgd1 cells, was observed in IL-1R2/2 lungs
compared with WT lungs (Figure 5D). These data identify Th17

Figure 3. Natural killer (NK) T cells and
gd cells are not required for cellular re-

cruitment to the lavageable airspaces or

for IL-17 production in NO2-promoted

allergic airway disease. C57BL/6 and
CD1d2/2 mice were subjected to NO2-

promoted allergic sensitization, chal-

lenged, and analyzed 24 hours after the
final antigen challenge. BAL cell fractions

of macrophages (Macs), neutrophils

(PMNs), eosinophils (Eos), and lympho-

cytes (Lymphs) (A) and differential cell
counts from BAL (B) were assessed. (C)

Lung-cell production of IL-17A upon 96-

hour restimulation in the presence of

OVA antigen was measured by ELISA.
C57BL/6 and TCRd2/2 mice were sub-

jected to NO2-promoted allergic sensiti-

zation and challenge, and analyzed 48
hours after the final antigen challenge.

BAL cell fractions (D) and differential cell

counts from BAL (E) were assessed. (F)

Lung-cell production of IL-17 upon 96 hours of restimulation in the presence of OVA antigen was measured by ELISA. Statistics were performed
using either two-way ANOVA (for A, B, D, and E) or an unpaired Student t test (C and F). n¼ 3/group for CD1d2/2 experiments, and n ¼ 5/group for

TCRd2/2 experiments. WT, wild-type. ND, not statistically different.
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cells as the major IL-17A–producing cell type regulated by IL-1R
signaling in NO2-promoted allergic airway disease.

Caspase-1 Contributes to Th17 Polarization

We previously demonstrated that acute NO2 exposure induces the
expression of serum amyloid A3 (Saa3) in the lung (28), and
promotes the ability of CD11c1 antigen-presenting cells to secrete
IL-1a and IL-1b (12). Inhalational exposure of recombinant SAA
protein promotes IL-1b production and Th17 polarization that
requires the Nlrp3/caspase-1 inflammasome (28). To determine
the contribution of the Nlrp3/caspase-1 inflammasome in Th17
response development, we subjected Nlrp32/2 and caspase-12/2

mice to NO2-promoted allergic sensitization and antigen chal-
lenge. Whereas we observed no differences in BAL cells (Figure
6A), we observed a decrease in IL-17A production from in vitro
restimulated lung cells from caspase-12/2, but not Nlrp32/2, mice
compared with WT mice (Figure 6B). No significant differences in
Th2 cytokine production were observed between Nlrp32/2,
caspase-12/2, and WT mice (data not shown). We tested the con-
tribution of IL-1a to antigen-specific IL-17A production in NO2-
promoted allergic airway disease by neutralizing IL-1a at the time
of allergic sensitization. Compared with IgG-treated mice, anti–
IL-1a–treated mice exhibited no differences in BAL cells (Figure
6C) or IL-17A production during the in vitro restimulation of lung
single-cell suspensions in the presence of antigen (Figure 6D).
Because neutrophils are capable of expressing and activating
IL-1b (38), we tested whether neutrophils at sensitization contrib-
ute to the development of Th17 responses. Our data indicate that
neutrophils do not contribute to IL-1R–dependent IL-17A pro-
duction after an antigen challenge (see RESULTS in the online
supplement and Figure E6). Thus, the Nlrp3-independent activa-
tion of IL-1b by caspase-1 partly contributes to antigen-specific
IL-17A production and the development of Th17 cells in the lung
during NO2-promoted allergic airway disease.

IL-1b and Antigen at Sensitization Is Sufficient to Elicit IL-17A

Production from Pulmonary CD41 T Cells upon

Antigen Challenge

Because our findings implicate IL-1b production at the time of
sensitization as critical for generating IL-17A production at the

time of antigen challenge in NO2-promoted allergic airway dis-
ease, we tested whether the administration of IL-1b at the time of
initial inhaled antigen exposure (sensitization) would be sufficient to
facilitate the antigen-specific production of IL-17A as a consequence

Figure 4. IL-1R is required for Th17 cyto-
kine production by lung cells in NO2-

promoted allergic airway disease. Wild-type

(WT) C57BL/6 and IL-1R2/2 mice were

subjected to NO2-promoted allergic sen-
sitization, challenged, and analyzed 48

hours after the final antigen challenge.

Differential counts of BAL macrophages
(A), neutrophils (B), and eosinophils (C)

were performed. Lung Th2 cytokines

were measured by ELISA (D), and lung

Th17 cytokines were measured by Milli-
plex (Millipore, Billerica, MA; E) after the

96-hour in vitro restimulation of single-cell

suspensions in the presence of OVA anti-

gen. **P , 0.01 and ****P , 0.0001,
according to an unpaired Student t test

(n ¼ 5–6/group). GM-CSF, granulocyte/

macrophage colony-stimulating factor.

Figure 5. IL-1R deficiency selectively inhibits CD41TCRb1 T-cell IL-17A

production. Wild-type (WT) C57BL/6 and IL-1R2/2 mice were sub-

jected to NO2-promoted allergic sensitization, challenged, and ana-
lyzed 48 hours after the final antigen challenge. Lung single-cell

suspensions were stimulated with PMA and ionomycin before staining

for IL-17A and surface markers. Cell populations were gated by cell
type. The percentages of IL-17A1 lymphocytes (A) of the total events

analyzed (at least 50,000) and of the IL-17A1 subsets (B) were deter-

mined. (C) A representative histogram depicts the fluorescence inten-

sity of CD41 cells within the IL-17A1 gate. (D) The total number of
IL-17A1 cells in each identified subset was determined by applying the

percentages to total lung cell counts. *P , 0.05 and ****P , 0.0001,

according to two-way ANOVA and Bonferroni post hoc analysis. 11P ,
0.01, according to unpaired Student t test (n ¼ 5–6/group).
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of antigen challenge. Mice received 1 mg of IL-1b or 0.1% BSA
in saline intranasally on Day 1, followed by OVA nebulization
on Days 1, 2, and 3 and again during challenge on Days 14, 15,
and 16. Because neutrophil recruitment is a characteristic of
Th17 responses in the lung, and neutrophils are recruited early
into the airways (Figure 1), our analyses were performed 24
hours after the final antigen challenge. We found that mice
sensitized with IL-1b recruited an increased number of neutro-
phils into the airway after antigen challenge, compared with
mice that received vehicle control (Figure 7A). Upon antigen
restimulation of lung cells, IL-1b sensitization elicited increased
IL-17A production (Figure 7B). IL-17A was not detected in lung
cells that were not incubated with OVA antigen during in vitro
restimulation (data not shown). Furthermore, our earlier findings
implicated IL-1R signaling in the generation of IL-17A production
by CD41 T cells. Therefore, we measured the percentage of
IL-17A1 cells within the CD41TCRb1 cell population from the
lung. We found that antigen sensitization with IL-1b was sufficient
to amplify the percentages of IL-17A1CD41TCRb1 cells in the
lungs of OVA-challenged mice (Figure 7C). Together, these data
demonstrate that the administration of IL-1b during initial an-
tigen exposure manifests in a sensitization that is sufficient to
generate Th17 responses during subsequent antigen challenge.

DISCUSSION

Whereas a traditional alum/OVA model for studying allergic
asthma generates a robust Th2 response and eosinophil recruit-
ment to the airway, alternative methodologies better model the
heterogeneity of clinical asthma (39). Notably, the route of sen-
sitization seems to determine the immune response generated.
Inhalational antigen exposure is thought to best replicate the
route of sensitization leading to allergic asthma (40). A sensi-
tizing scheme in which LPS and antigen were administered via
the airway generated more neutrophils and eosinophils in the
airway, IL-17 in the BAL, and CD41IL-171 T cells in the lung,

whereas the alum/OVA model elicited purely eosinophilic re-
cruitment to the airway and Th2 cytokines in the BAL (19). In
the experiments presented here, we used NO2, a toxic byprod-
uct of combustion and an environmental pollutant that is cor-
related with asthma development (10) and exacerbation (41), to
sensitize mice to the innocuous antigen OVA. We previously
reported that NO2-promoted allergic airway disease generates
a mixed Th2/Th17 response upon the in vitro restimulation of
CD41 splenic T cells stimulated with OVA-exposed antigen-
presenting cells (APCs) from antigen-naive mice (12).

This series of studies first investigated the generation of
IL-17A responses in NO2-promoted allergic airway disease. Af-
ter the identification of Th17 cells as the prominent source for
IL-17A in the lungs during NO2-promoted allergic airway dis-
ease, we investigated the upstream events required for the Th17
response, illustrating the critical role of IL-1R and caspase-1 in
IL-17A production. Whereas the Nlrp3 inflammasome–caspase-
1–Th17 link was explicitly hypothesized in a recent review (35),
this is the first airway-sensitizing model of asthma that specifi-
cally examines the requirement for Nlrp3/caspase-1 and the
IL-1R in the generation of Th17 responses.

In our initial studies determining the kinetics of IL-17A pro-
duction from antigen-restimulated lung, MLN, and spleen
cells, we found that the IL-17A response from MLN cells and
splenocytes was abbreviated in comparison with that of restimu-
lated lung cells. These results support earlier findings (42), and
reinforce the notion that the lung is the critical organ from which
to measure immune responses subsequent to airway challenge.

Although many cell types can produce IL-17A (43–45), we found
that the major producer of IL-17A in the lung during NO2-promoted
allergic airway disease was the CD41TCRb1 Th17 cell, a finding
similar to that in another inhalational asthma model (19). Although
both gd T cells (37) and NK T cells (46) can augment the production
of IL-17 by conventional T cells, we found that neither cell type
affected the inflammatory cells in the BAL after antigen challenge
or IL-17A production by lung cells upon in vitro restimulation with

Figure 6. Caspase-1 (Casp1) activity is involved

in the generation of IL-17A during NO2-
promoted allergic airway disease. For antigen

sensitization, WT C57BL/6, nucleotide-binding

oligomerization domain, leucine rich repeat and

pyrin domain (Nlrp)32/2 or caspase-12/2 mice
were subjected to NO2-promoted allergic sen-

sitization, challenged, and analyzed 48 hours

after the final antigen challenge. BAL cells were

assessed (A), and cytokine production from
lung single-cell suspensions was measured by

ELISA after restimulation in the presence of

OVA antigen (B). For the IL-1a neutralization
experiment, mice were untreated or received iso-

type control antibody or anti–IL-1a–neutralizing

antibody as a single intraperitoneal injection dis-

pensed daily for 5 days during allergic sensitization,
on Days 0–4. All mice were antigen-challenged

on Days 14, 15, and 16, and analyzed 48 hours

later on Day 18. BAL cells were assessed (C), and

the lung-cell production of IL-17A upon 96-hour
restimulation in the presence of OVA antigen was

measured by ELISA (D). Nlrp3/caspase-12/2 BAL

data are compiled from three experiments (n ¼
10–23/group). Nlrp3/caspase-12/2 lung restimu-

lation data (n ¼ 6/group) represent a single ex-

periment. The IL-1a neutralization data (n ¼ 5/

group) represent a single experiment. *P ,
0.05, according to one-way ANOVA and Bonfer-

roni post hoc analysis.
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OVA antigen. NK T cells or gd T cells may participate in eliciting
immune responses at time points not measured in this study, but
these data reinforce our conclusion that the critical cell type produc-
ing IL-17A in the lung as a consequence of NO2 sensitization and
antigen challenge is the CD41TCRb1 Th17 cell.

One of the requirements in the generation of a Th17 response
IL-1R signaling (24, 25). In house dust mite–promoted allergic
airway disease, the IL-1R was required for cytokine production
by antigen-restimulated MLN cells after antigen challenge, in-
cluding IL-17A and Th2 cytokines IL-10, IL-5, and IL-13 (27).
In contrast, the IL-1R was not required in an alum/OVA
model (36). These studies and others (29, 47) implicate the
importance of the IL-1R in the generation of both Th2 and
Th17 responses in the absence of alum adjuvant. Although we
found that eosinophil recruitment and Th2 cytokine production
upon the in vitro restimulation of lung single-cell suspensions
were independent of IL-1R signaling, IL-1R2/2 mice demon-
strated a compromised ability to recruit neutrophils into the
airways at challenge (trend only) and a selective diminution in
the generation of Th17 responses upon in vitro restimulation of
lung single-cell suspensions. Our experiments demonstrate the
critical role of IL-1R in promoting Th17 responses in an alum-
independent model of asthma. In addition, the Th17 response does
not affect eosinophil recruitment or Th2 cytokine production dur-
ing restimulation (18, 48).

IL-1R signaling is implicated in the regulation of IL-17A pro-
duction from multiple cell types (25, 37). Similar to observations
from an LPS-mediated airway-sensitizing scheme, both TCRb1

and TCRgd1 T cell populations produced IL-17A in NO2-
promoted allergic airway disease (19). However, gating on the
IL-17A1 cell population revealed that only the CD41TCRb1

Th17 subset, and not the TCRgd1 T-cell subset, was significantly
diminished in lungs from IL-1R2/2 mice compared with WT mice
after antigen challenge. IL-1R signaling on CD41 T cells regulates
Th17 polarization and maintenance (22), and may promote IL-17
signaling by Th2 cells (42). Further investigation is required to
elucidate whether IL-1R controls IL-17A production at the level
of naive CD41 T-cell polarization, mature Th2 cells, or both.

NO2 exposure rapidly leads to NF-kB activation in airway
epithelia, and later, the up-regulation of Saa3 and the produc-
tion of SAA3 from airway epithelia (6, 11, 28). SAA is a candi-
date downstream mediator of NO2-promoted allergic
sensitization (6, 28, 49). Similar to NO2, apoSAA can promote
allergic sensitization and induce an IL-1R–dependent Th17 and
an IL-1R–independent Th2 adaptive immune response after
antigen challenge (42). After exposure to apoSAA, Nlrp3/
caspase-1 inflammasome components are required for IL-1b

production and pulmonary inflammation (28). In NO2-promoted
allergic airway disease, a deficiency of Nlrp3 did not result in
decreased IL-17A production upon in vitro restimulation. We
observed no change in Th2 cytokines (data not shown), which
contradicts the requirement of Nlrp3 for Th2 cytokine produc-
tion reported by others (29). In line with our finding that airway
inflammation is independent of the Nlrp3 inflammasome, a re-
cent study questioned the role of the Nlrp3 inflammasome in
multiple in vivo models of asthma (50). Results from our expri-
ments showed that in contrast to Nlrp3-deficient mice, lungs
from caspase-1–deficient mice exhibited decreased IL-17A pro-
duction from lung single-cell suspensions restimulated in the pres-
ence of OVA antigen, suggesting that caspase-1–derived IL-1b
does contribute to the generation of Th17 responses.

Caspase-1–dependent IL-1b activation only partly explains
the generation of Th17 in NO2-promoted allergic airway
disease, because the diminution of Th17 responses in caspase-
12/2 mice was blunted in comparison with that in IL-1R2/2 mice.
These data implicate either IL-1a (12, 51) or an alternative
source of IL-1b activation, such as neutrophil-derived proteases,
in promoting the IL-1R–dependent Th17 response (38). Because
a proteolytic activation step is required for the generation of
active IL-1b, but not IL-1a, NO2 could regulate IL-1b activity
separately from the regulation of IL-1a (21). We found that nei-
ther the neutralization of IL-1a nor neutrophil depletion at the
time of NO2 exposure and antigen sensitization resulted in
changes in IL-17A production at the time of antigen challenge.
We may not have achieved sufficient concentrations of neutral-
izing antibody to neutralize local IL-1a signaling effectively (52),
and intratracheal administration may confer a different result
in our model (27, 53, 54). In addition, we cannot exclude the
involvement of alternative proteases capable of cleaving IL-1b,
such as mast cell–derived chymase (38). Nonetheless, we con-
clude that IL-1b signals through IL-1R to promote Th17
responses in NO2-promoted allergic airway disease. The require-
ment for caspase-1 in generating a Th17 response introduces
the possibility for a role of active IL-18 (55). However, given the
critical nature of IL-1R in the generation of Th17 responses, IL-18
seems unlikely to be vital for the generation of Th17 in our model.

We demonstrate that the administration of IL-1b along with
antigen is sufficient to generate Th17 responses at the time of
antigen challenge. Earlier studies also demonstrated that IL-1b
instillation generates IL-17 production (56), and is sufficient to
allergically sensitize mice via the airway (27). However, accord-
ing to Willart and colleagues, IL-1b was sufficient to induce Th2
cytokine production in MLNs upon antigen restimulation, but
not IL-17 (27). In comparison, we restimulated lung cells with

Figure 7. IL-1b at sensitization is sufficient to
elicit IL-17A production by CD41TCRb1 T cells

at antigen challenge. For antigen sensitization,

wild-type (WT) C57BL/6 mice received IL-1b or

0.1% BSA in saline (control) by intranasal instil-
lation before OVA nebulization on Day 1. Mice

were again exposed to OVA on Days 2 and 3.

Mice were OVA-challenged on Days 14, 15, and
16, and analyzed on Day 17. (A) Total BAL neu-

trophils were enumerated. (B) Lung single-cell

suspensions were restimulated in the presence

of OVA antigen, and IL-17A was measured by
ELISA. Lung single-cell suspensions were stimu-

lated in PMA and ionomycin for 3 hours before

staining for intracellular IL-17A. (C) The per-

centage of IL-17A1 cells within the CD41

TCRb1 gate is shown. *P , 0.05, according to

unpaired Student t test (n ¼ 5/group).
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OVA antigen and found IL-17A production to be elevated from
mice sensitized with IL-1b. Furthermore, we did not note signif-
icant differences in Th2 cytokine production, although a trend
toward elevated IL-13 was present (data not shown). These dif-
ferences may be attributed to the IL-1b dose or route of admin-
istration. In a study of pulmonary fibrosis, the amount of IL-1b
we used during sensitization (1 mg) was sufficient for IL-17 pro-
duction upon the restimulation of MLNs with anti-CD3. Over
a protracted time course, this dose caused pathologic changes
in the lung characteristic of fibrotic disease, thus presenting a ca-
veat when testing the role of IL-1b in promoting allergic airway
disease (56). Nonetheless, our data show that IL-1b is sufficient
to generate antigen-specific IL-17A production in the lung, similar
to observations in NO2-promoted allergic airway disease.

Our experiments provide insight into the development and
upstream requirements for the in vivo generation of an
antigen-specific Th17 response in an airway-sensitizing model
of asthma. Here, we have determined that the antigen-specific
Th17 response in NO2-promoted allergic airway disease
requires IL-1R signaling and caspase-1, but is independent of
gd T cells, NK T cells, and Nlrp3. Given that IL-1b and IL-17
are present in some patients with severe asthma, and given the
availability of IL-1–blocking pharmaceutical agents, it will be
interesting to determine whether Th17 responses in human
asthma require similar IL-1–associated components.

Author disclosures are available with the text of this article at www.atsjournals.org.
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