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Nitrogen Dioxide Promotes Allergic Sensitization to
Inhaled Antigen1

Mieke Bevelander,* Jana Mayette,* Laurie A. Whittaker,* Sara A. Paveglio,*
Christine C. Jones,* Justin Robbins,† David Hemenway,† Shizuo Akira,‡ Satoshi Uematsu,‡

and Matthew E. Poynter2*

Allergen sensitization and allergic airway disease are likely to come about through the inhalation of Ag with immunostimulatory
molecules. However, environmental pollutants, including nitrogen dioxide (NO2), may promote adaptive immune responses to
innocuous Ags that are not by themselves immunostimulatory. We tested in C57BL/6 mice whether exposure to NO2, followed by
inhalation of the innocuous protein Ag, OVA, would result in allergen sensitization and the subsequent development of allergic
airway disease. Following challenge with aerosolized OVA alone, mice previously exposed via inhalation to NO2 and OVA de-
veloped eosinophilic inflammation and mucus cell metaplasia in the lungs, as well as OVA-specific IgE and IgG1, and Th2-type
cytokine responses. One hour of exposure to 10 parts per million NO2 increased bronchoalveolar lavage fluid levels of total protein,
lactate dehydrogenase activity, and heat shock protein 70; promoted the activation of NF-�B by airway epithelial cells; and
stimulated the subsequent allergic response to Ag challenge. Furthermore, features of allergic airway disease were not induced in
allergen-challenged TLR2�/� and MyD88�/� mice exposed to NO2 and aerosolized OVA during sensitization. These findings offer
a mechanism whereby allergen sensitization and asthma may result under conditions of high ambient or endogenous NO2

levels. The Journal of Immunology, 2007, 179: 3680–3688.

T he incidence of allergic asthma has risen steadily over the
last 20 years and now represents a significant health and
financial burden. Reasons for this rise remain unclear, but

increases in ambient pollutant levels, such as the oxidant, nitrogen
dioxide (NO2),3 correlate with the increased incidence of allergic
sensitization, asthma, and wheeze (1, 2). NO2 is a toxic-free rad-
ical gas that is a component of air pollution (1, 3) and is also
formed in the lung during inflammation (4). NO2 has been impli-
cated in the aggravation of asthma, particularly in children (1,
5–8). We and others have demonstrated that NO2 inhalation is
injurious to the lung and can augment the degree of allergic airway
inflammation and prolong allergen-induced airway hyperrespon-
siveness in rodent models of asthma (9, 10).

Traditional mouse models to replicate features of human allergic
asthma achieve allergen sensitization by i.p. injection with the Ag,

OVA, along with the adjuvant, aluminum hydroxide (Alum), to
skew the generation of an Ag-specific Th2-biased adaptive im-
mune response (11). Sensitized mice are then challenged with in-
haled Ag, resulting in features of allergic asthma (12, 13), includ-
ing Th2 cytokines in the lungs, Ag-specific Th2-driven Igs (IgE
and IgG1) in the serum, mucus cell metaplasia, airway eosino-
philia, and airway hyperresponsiveness to inhaled methacholine.
These recall responses to the Ag are well documented in mice and
equally well recognized as triggers in human allergic asthma. De-
spite modeling many of the cardinal features of human asthma, this
well-established murine model does not allow for the study of
sensitization to inhaled Ags, a necessary first step in the develop-
ment of allergic asthma. The generation of an Ag-specific Th2
immune response is both necessary and sufficient (14) to confer
sensitization in allergic asthma. IL-4 promotes Ig class switching
by B cells to produce IgE; IL-5 promotes eosinophil growth, sur-
vival, and recruitment; and IL-13 promotes mucus production and
airway hyperresponsiveness, all hallmarks of asthma.

Host organisms have evolved in the presence of immunos-
timulatory microbial products and recognize these molecules
through TLRs to modulate immunity against the intact micro-
organism (15). A number of endogenous molecules have also
been reported to stimulate TLRs, especially TLR2, and induce
intracellular signaling (16 –18). TLR2 is expressed by structural
lung cells and leukocytes, signaling through which promotes
inflammation, dendritic cell (DC) maturation, and Th2 polar-
ization (19 –24), leading to allergic sensitization and the devel-
opment of asthma-like disease in mice (25–27). Examples of
endogenous molecules that stimulate TLR2 include heat shock
protein (HSP)70 (28, 29), HSP60 (30), high mobility group box
1 (31–33), low m.w. hyaluronic acid fragments (34), and mol-
ecules with hydrophobic domains (35), which are normally se-
questered intracellularly, preventing them from activating cells
of the innate immune system. For TLR2-induced signaling,
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MyD88 is the critical adaptor molecule that promotes down-
stream intracellular signaling events (36), including activation
of NF-�B and MAPK (15, 37).

Because allergic sensitization does not develop when purified
Ag alone is inhaled (38), immunostimulatory signals must also be
necessary. Because immunostimulatory signals, including those
that activate TLR2, are generated endogenously as a consequence
of tissue injury (39), we hypothesized that NO2 exposure may
promote development of allergic sensitization if encountered with
inhaled Ag. To test this hypothesis, we developed a mouse model
of NO2 exposure, consisting of as little as 1 h of 10 parts per
million (ppm) NO2, followed by exposure to aerosolized 1% OVA.
Mice were subjected to the same sensitization regimen 1 wk after
and challenged with 1% OVA alone an additional week later. Fol-
lowing OVA challenge, mice elicited changes consistent with the
phenotypic alterations in allergic asthma. These include airway
eosinophilia, mucus cell metaplasia, IgE and IgG1, airway hyper-
responsiveness, and Ag-specific T cells that produce Th2 cytokines
following in vitro restimulation. All of the features were similar to
those elicited following OVA challenge of mice that were Ag sen-
sitized by i.p. injection of OVA and Alum. Interestingly, exposure
to NO2 can precede exposure to Ag by at least 2 days and elicit an
allergic response. Lung cellular damage induced by NO2 exposure
promotes the release of intracellular proteins that may stimulate
airway epithelial cells to activate the transcription factor NF-�B.
Allergen sensitization following NO2 exposure was found to re-
quire functional TLR2 and MyD88, suggesting that endogenous
agonists capable of stimulating TLR2 modulate the response to
NO2. Our results demonstrate that NO2, a common component of
polluted air, as well as a molecule generated endogenously during
inflammatory responses, is capable of stimulating the generation of
an atopic immune response, resulting in allergic asthma-like fea-
tures. Therefore, NO2 exposure, possibly through the release of
immunostimulatory molecules, can promote the development of
asthmatic responses to Ags that are not inherently immunogenic,
thereby increasing the repertoire of Ags that act as asthma triggers.

Materials and Methods
Mice and experimental model of Ag sensitization and challenge

C57BL/6J mice were purchased from The Jackson Laboratory. TLR2�/�

and MyD88�/� mice on the C57BL/6 background were bred at the Uni-
versity of Vermont. All mice were housed in an American Association for
the Accreditation of Laboratory Animal Care-accredited animal facility,
and the Institutional Animal Care and Use Committee granted approval for
all studies. As a positive control for the induction of allergic airway dis-
ease, mice were sensitized by administering OVA (20 �g, grade V; Sigma-
Aldrich) with Alum (2.25 mg, Imject Alum; Pierce) in 100 �l of total
volume via i.p. injection (i.p. Alum/i.p. OVA) on days 0 and 7. In the
experimental group, mice were exposed to NO2, as described below, for 1 h
and were then exposed to aerosolized 1% OVA in PBS for 30 min (NO2/
OVA) on days 0 and 7. As controls, mice were administered Alum i.p. (i.p.
Alum/none), were exposed to room air (0 ppm NO2) and then 1% OVA
aerosol (none/OVA), were exposed only to NO2 (NO2/none), or were ad-
ministered Alum i.p. and immediately exposed to aerosolized 1% OVA for
30 min (Alum i.p./OVA aerosol) on days 0 and 7. For the data presented
in Fig. 8, mice in the experimental groups were exposed to 30 min of 1%
OVA aerosol either before (48 h, 24 h, 6 h, or immediately) or after (im-
mediately, 6 h, 24 h, or 48 h) exposure to NO2. All mice were challenged
using three exposures to aerosolized 1% OVA for 30 min on days 14, 15,
and 16 and were analyzed on day 18. Mice were euthanized by a lethal dose
of pentobarbital via i.p. injection.

In vivo NO2 inhalation

A 50-L Tedlar bag was filled with 1 part pure NO2 to �3 parts dry air, thus
diluting the NO2 and allowing the dimer to dissociate to NO2. This mixture
was then pumped through a regulating valve using a stainless steel/Teflon
diaphragm pump, into a mixing chamber, where it was introduced into a
stream of dry air entering the inhalation chamber. A calibrated NO ana-

lyzer, equipped with an NO2 thermal converter, was used to measure NO2

in the gas phase via chemiluminescence, according to manufacturer’s in-
structions (ECO PHYSICS). As controls, groups of mice were exposed to
high-efficiency particle air (HEPA)-filtered room air in an identical cham-
ber for the same amount of time as the NO2-exposed mice. In some in-
stances, the NO2 exposure regimen was followed by 30 min of exposure to
aerosolized 1% OVA. An identical regimen was repeated 1 wk later. For
the studies presented in Fig. 9, mice in the experimental groups were ex-
posed to 1 h of 10 ppm NO2 and were assessed 0.5, 6, 24, or 48 h later.

Pulmonary function assessment to measure airway
hyperresponsiveness

Mice anesthetized with 90 mg/kg pentobarbital and tracheotomized were
mechanically ventilated for the assessment of pulmonary function using the
forced oscillation technique, as previously described (9). Briefly, a trache-
otomy tube was inserted and then connected to the inspiratory and expi-
ratory ports of a volume-cycled ventilator ( flexiVent; SCIREQ). Mice were
ventilated at a rate of 160–200 breaths/min, with a tidal volume of 0.2 ml,
using a computer-controlled volume ventilator with 3 cm H2O positive
end-expiratory pressure. Data from regular ventilation was collected to
establish the baseline values for each animal. Pressure, flow, and volume
were used to calculate the peak response for airway resistance after chal-
lenge with inhaled doses of saline or aerosolized methacholine (Sigma-
Aldrich) in saline, ranging from 3.125 to 50 mg/ml in half-log increments.
The percentage change from baseline after each methacholine dose is
reported.

Bronchoalveolar lavage (BAL)

BAL fluid (BALF) was immediately collected from euthanized mice by
instillation and recovery of 800 �l of 0.9% NaCl plus protease inhibitor
mixture (Sigma-Aldrich) into the lungs through the tracheal cannula using
a tuberculin syringe. The BALF was centrifuged, and the total cells in the
pellet were resuspended in PBS and enumerated by counting with an Advia
120 Hematology System (Bayer HealthCare). For cytospins, 2 � 104 cells
were centrifuged onto glass slides at 800 rpm. Cytospins were stained using
the Hema3 kit (Biochemical Sciences), and differential cell counts were
performed on at least 500 cells. BALF supernatants were collected for
protein (Bio-Rad) and lactate dehydrogenase (LDH; Promega) quantitation
from undiluted samples, as previously described (9). HSP70 levels in
BALF supernatants were quantitated by ELISA using a technique adapted
from Njemini et al. (40). Briefly, plates were coated overnight at 4°C with
5 �g/ml anti-HSP70-heat shock cognate 70 (SPA-820; StressGen Biotech-
nologies) in 0.1 M carbonate buffer (pH 9.6). Wells were washed and
blocked for 4 h at room temperature (RT) with PBS/0.05% Tween 20 with
1% BSA. After washing, undiluted BALF or dilutions of human rHSP70
(ESP-555; StressGen Biotechnologies) in 0.9% saline (as a standard) were
added to appropriate wells and incubated overnight at 4°C. After washing,
10 ng/ml anti-HSP70/HSP60 was added to the wells and incubated at 4°C
overnight. The wells were again washed, and anti-mouse peroxidase-con-
jugated Ab (1:2500) was added to each well and incubated at RT for 1 h.
Plates were washed and developed using reagents from R&D Systems, and
ODs were read using a Bio-Tek Instruments PowerWaveX at 450 nm with
background subtraction at 570 nm. Control wells in which the anti-HSP70/
HSP60 coating or detection Ab was omitted displayed no reactivity with Ig
in BALF, because no color development was measured.

Serum collection and Ig analysis

Following euthanasia, �300 �l of blood was collected via cardiac puncture
of the right ventricle using a 26-g needle attached to a 1-ml syringe into
serum separator tubes (BD Biosciences) and centrifuged, and serum was
kept frozen at �80°C. For IgG1 and IgG2a, indirect ELISAs were per-
formed. Ninety-six-well plates were coated overnight at 4°C with 2 �g/ml
OVA in PBS (pH 7.2–7.4), washed with 0.05% Tween 20 in PBS, and
blocked for 2 h at 4°C with 1% BSA in PBS. Plates were washed, and
serum diluted in blocking solution was applied to the wells in triplicate at
dilutions of 1/8–1/4096 and incubated overnight at 4°C. Plates were
washed, and 2 �g/ml biotinylated secondary Abs (BD Pharmingen) in 1%
BSA/PBS were incubated in the plates at RT for 1 h. Plates were washed,
and 0.05 U/ml streptavidin/peroxidase (Roche) was incubated in the plates
at RT for 1 h. For determination of OVA-specific serum IgE by two-step
sandwich (capture) ELISA, plates were coated with 2 �g/ml anti-mouse
IgE mAb (BD Pharmingen clone R35-72) in PBS for 1 h at RT. Plates were
washed and serum samples were added in duplicate in PBS/1% BSA for
1 h at RT. Plates were washed and incubated with a 1/2500 dilution of
digoxigenin-coupled OVA (Roche) in PBS/1% BSA for 1 h at RT. Plates
were washed and incubated with a 1/2000 dilution of anti-digoxigenin-Fab
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coupled to peroxidase (Roche) in PBS/1% BSA for 30 min. Plates were
washed, developed using reagents from R&D Systems, and stopped with 1
N H2SO4, and ODs were read using a Bio-Tek Instruments PowerWaveX

at 450 nm with background subtraction at 570 nm. Data for each Ig isotype
are reported as OD values from identical dilutions in the linear range of the
readings (1:10 for OVA-specific IgE, 1:1000 for OVA-specific IgG1, and
1:50 for OVA-specific IgG2a).

Histopathology and morphometry

Following euthanasia and BAL, the left lobe of the lungs was instilled with
4% paraformaldehyde in PBS (4% paraformaldehyde) for 10 min at a pres-
sure of 25 cm H2O and placed into 4% paraformaldehyde at 4°C overnight
for fixation of the tissue. Fixed lungs were then mounted in paraffin, and
7-�m sections were cut, affixed to glass microscope slides, deparaffinized,
stained with periodic acid-Schiff (PAS), coverslipped, and examined by
light microscopy. Sections were morphometrically assessed for inflamma-
tory cell infiltration and PAS (mucin) positivity of the airways. Multiple
airways of similar size with a length:diameter ratio of �2:1 were assessed
per section, and the type, number, and location of inflammatory cells, as
well as the percentage of PAS-positive airway epithelial cells, were
recorded.

NF-�B immunostaining

Following euthanasia, lungs were instilled with PBS for 5 min at a pressure
of 25 cm H2O, placed into Tissue-Tek OCT Compound (Sakura Finetek),
frozen in liquid nitrogen-chilled isopentane, and stored at �80°C until
sectioning. Sections (10 �m) were immunostained for the RelA subunit of
NF-�B and for nuclei, and visualized by confocal microscopy, as previ-
ously described (41).

Semiquantitative and quantitative RT-PCR

Total RNA isolated from lungs by RNeasy columns (Qiagen) was DNase
treated and reverse transcribed into cDNA using SuperscriptII (Invitrogen
Life Technologies). Semiquantitative RT-PCR was performed using PCR
Supermix (Invitrogen Life Technologies) and intron-spanning primers de-
signed and validated for mouse Gob-5, an indicator of mucus cell meta-
plasia (42), and the housekeeping gene �-actin. PCR conditions were de-
naturation at 94°C for 30 s, annealing at 55°C for 30 s, and elongation at
72°C for 30 s. For Gob-5 and �-actin, 25 and 30 cycles were performed,
respectively. Real-time quantitative RT-PCR was performed using
TaqMan Universal PCR Master Mix (Applied Biosystems) and intron-
spanning primers and probe (Applied Biosystems) designed and validated
for mouse Muc5AC, and the housekeeping gene HPRT. Forty cycles of
PCR were performed on an Applied Biosystems Prism 7900HT Sequence
Detection System (Applied Biosystems), using universal cycling condi-
tions as follows: denaturation at 95°C for 15 s and annealing/extension at
60°C for 1 min. The level of Muc5AC expression was normalized to HPRT
levels, and relative Muc5AC mRNA levels were determined according to
the comparative threshold cycle (CT) method (Applied Biosystems Prism
7700 Sequence Detection System, User Bulletin No. 2; Applied Biosys-
tems). Briefly, the CT was determined for Muc5AC and HPRT in each
sample, and the �CT was calculated for each sample by subtracting the CT

of HPRT from the CT of Muc5AC. The ��CT values were calculated by
subtracting the �CT of the experimental samples from the controls. The
��CT values were transformed into absolute values using the following
equation: 2���CT.

Preparation, stimulation, and ELISA analysis of single-cell
CD4� lymphocyte suspensions

Single-cell suspensions were generated from spleens by passing the tissues
through a 70-�m mesh, and lymphocytes were enriched by separation with

Lymphocyte Separation Medium (MP Biomedicals). CD4� T cells were
isolated by positive selection using CD4 magnetic microbeads (Miltenyi
Biotec), according to the manufacturer’s protocol. Isolated CD4� T cells
were �95% pure, as assessed by CD4 surface staining and FACS analysis.
CD4� T cells (4 � 106 cells/ml) were activated with 100 �g/ml OVA in
the presence of syngeneic APCs (4 � 106 cells/ml). APCs were obtained
by splenic T cell depletion by negative selection using Abs to CD4
(GK1.5), CD8, and Thy-1, and treatment with rabbit complement and
mitomycin C, as previously described (43). Following 96 h of stimu-
lation, supernatants were collected and analyzed for IL-2, IL-4, IL-5,
IL-13, and IFN-� using reagents and instructions from R&D Systems.
ODs from triplicate samples and duplicate standards were read using a
Bio-Tek Instruments PowerWaveX at 450 nm with background subtrac-
tion at 570 nm.

Statistical analysis

Data were analyzed by two-tailed unpaired Student’s t test or by two-way
ANOVA, followed by comparison between groups by two-tailed unpaired
Student’s t test with Welch’s correction. Statistical calculations were per-
formed using GraphPad Prism 4 for Windows. A p value smaller than 0.05
was considered statistically significant.

FIGURE 1. Methods of Ag sensitization and challenge. Eight-week-old
female C57BL/6J mice were allergically sensitized by administration of
adjuvant (Alum) and Ag (OVA) via i.p. injection or by exposure to 1 h of
NO2 (5–25 ppm), followed immediately by inhalation of 1% OVA aerosol
for 30 min on days 0 and 7. Control groups in which mice were only
exposed to aerosolized OVA, i.p. OVA, Alum, NO2, or i.p. Alum plus
aerosolized OVA were also used in these studies. Mice were then chal-
lenged with aerosolized OVA for 3 days (days 14, 15, and 16) and exam-
ined 48 h later (day 18).

FIGURE 2. As little as 10 ppm NO2 plus Ag exposure during sensiti-
zation promotes eosinophilic airway inflammation following allergen chal-
lenge. On days 0 and 7, mice were exposed to HEPA-filtered room air
containing 0–25 ppm NO2 for 1 h, followed by inhalation of aerosolized
OVA. Positive control mice were Ag sensitized by i.p. injection of Alum
and OVA. Mice were challenged on days 14–16 with aerosolized OVA,
and on day 18, BALF was collected and total and differential cell types
were enumerated. Values are means (�SEM) of four mice/group. Data
were analyzed by a two-tailed unpaired Student’s t test and results are
compared with 0 ppm NO2. ��, p � 0.01.

FIGURE 3. NO2 plus Ag promotes eosinophilic airway inflammation
following allergen challenge. On days 0 and 7, mice were exposed to
adjuvant (top line on x-axis) and/or Ag (bottom line on x-axis), as follows:
i.p. Alum alone (ip Alum/none), aerosolized OVA alone (none/OVA), the
positive control of i.p. injection of Alum and OVA (i.p. Alum/i.p. OVA),
10 ppm NO2 alone (NO2/none), or the experimental condition of 10 ppm
NO2 plus OVA aerosol (NO2/OVA). All mice were challenged on days
14–16 with aerosolized OVA, and on day 18, BALF was collected, and
total cells, as well as macrophages, eosinophils, neutrophils, and lympho-
cytes were enumerated. Values are means (�SEM) of four mice/group and
are representative of three independent experiments. ��, p � 0.01 com-
pared with values in i.p. Alum alone, aerosolized OVA alone, and the 10
ppm NO2 alone groups.
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Results
NO2 induces allergic sensitization to inhaled Ag, resulting in
airway eosinophilia following allergen challenge

We have previously demonstrated that exposure of allergically in-
flamed mice to NO2 prolongs airway eosinophilia and hyperre-
sponsiveness to methacholine (9). Because elevated levels of am-
bient NO2 have been correlated with increased incidence of
asthma, we sought to determine whether NO2 exposure could
cause allergic sensitization to an inhaled Ag that is otherwise non-
immunogenic and whether challenge with inhaled Ag alone would
promote the development of cardinal features of allergic asthma.
Therefore, on day 0, we exposed C57BL/6J mice to 1 h of 0–25
ppm NO2, immediately followed by inhalation of aerosolized
OVA (Ag) for 30 min. The same regimen was repeated 1 wk later
on day 7 (see Fig. 1). As a positive control, mice were adminis-
tered OVA plus Alum via i.p. injection on days 0 and 7, which
represents a widely used model for allergic sensitization, in which
the sensitization largely takes place in the spleen and lymph nodes
draining the peritoneum instead of in the relevant draining lymph
nodes of the lung. All mice were Ag challenged with aerosolized
OVA on days 14, 15, and 16 and were analyzed 48 h following the
final aerosolized Ag challenge (day 18), at which time BAL was
performed and airway inflammation was determined by BAL cell
count. As anticipated, in mice administered Alum and OVA i.p.,
eosinophilic airway inflammation was pronounced and lympho-
cytic inflammation was evident (Fig. 2). In contrast, mice that had
been administered aerosolized OVA following inhalation of room
air with 0 ppm NO2 on days 0 and 7 and that were subsequently
challenged with aerosolized OVA on days 14, 15, and 16 displayed
no eosinophilic or lymphocytic airway inflammation on day 18.
Consistent with previous reports (38), these results demonstrate
that inhalation of OVA alone is insufficient to promote allergic
sensitization to this Ag. However, in mice that had been exposed
for 1 h to room air containing 25, 20, 15, or 10 ppm NO2, followed
by exposure to aerosolized OVA on days 0 and 7, eosinophilic and
lymphocytic airway inflammation was evident on day 18, follow-
ing OVA challenge on days 14, 15, and 16, and was of a magnitude
similar to mice that had been exposed to the conventional sensi-
tization regimen of Alum plus OVA via the i.p. route (Fig. 2).
Mice exposed to 5 ppm NO2, however, did not display lympho-
cytic or eosinophilic inflammation following OVA challenge. The
mice exposed to 5 ppm NO2 during sensitization on days 0 and 7,

in fact, appeared identical with the mice exposed to 0 ppm NO2,
demonstrating that 1 h of exposure to 10 ppm NO2 is the minimum
dose necessary to promote eosinophilic airway inflammation fol-
lowing aerosolized Ag challenge (Fig. 2). Therefore, we used a
regimen of 1 h of 10 ppm NO2 for the remainder of our studies.

Because exposure to 10 ppm NO2 followed by inhalation of
aerosolized OVA appears to be sufficient to promote allergic sen-
sitization leading to airway eosinophilia following Ag challenge,
we performed additional studies to evaluate the manifestation of
other features of allergic airway disease reminiscent of asthma. As
is shown in Fig. 3, additional control groups, including adminis-
tration of i.p. Alum without OVA, aerosolized OVA alone, NO2

alone, or i.p. Alum plus aerosolized OVA (data not shown) during
the sensitization regimen, did not promote alterations in the num-
bers or types of leukocytes recovered in BAL following aerosol-
ized OVA challenge (day 18). Only Alum plus OVA i.p. or NO2

plus aerosolized OVA promoted eosinophilic and lymphocytic
airway inflammation following subsequent OVA challenge.

FIGURE 4. NO2 plus Ag promotes mucus cell metaplasia following allergen challenge. On days 0 and 7, mice were exposed to adjuvant and/or Ag, as
follows: i.p. Alum alone (i.p. Alum/none), aerosolized OVA alone (none/OVA), the positive control of i.p. injection of Alum and OVA (i.p. Alum/i.p.
OVA), 10 ppm NO2 alone (NO2/none), or the experimental condition of 10 ppm NO2 plus OVA aerosol (NO2/OVA). All mice were challenged on days
14–16 with aerosolized OVA, and on day 18 lavaged lungs were collected for RNA analysis of Gob-5 and �-actin mRNA expression by RT-PCR or were
inflation fixed, sectioned, and PAS stained. Arrows indicate mucus-positive (PAS�) cells; �, indicates perivascular inflammation. Data are representative
of three independent experiments.

FIGURE 5. NO2 plus Ag induces Ag-specific Igs. On days 0 and 7,
mice were exposed to adjuvant (top line on x-axis) and/or Ag (bottom
line on x-axis), as follows: i.p. Alum alone (ip Alum/none), aerosolized
OVA alone (none/OVA), the positive control of i.p. injection of Alum
and OVA (i.p. Alum/i.p. OVA), 10 ppm NO2 alone (NO2/none), or the
experimental condition of 10 ppm NO2 plus OVA aerosol (NO2/OVA).
All mice were challenged on days 14 –16 with aerosolized OVA, and on
day 18, serum was collected and OVA-specific IgE was measured using
a capture ELISA, whereas IgG1 and IgG2a were measured using an
indirect ELISA. Values are means (�SEM) of six mice/group and are
representative of three independent experiments. ��, p � 0.01 com-
pared with values in i.p. Alum alone, aerosolized OVA alone, and the
10 ppm NO2 alone groups.
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None of the sensitization and challenge regimens significantly
altered the numbers of macrophages or neutrophils recovered in
the BAL.

Priming with NO2 and Ag induces mucus cell metaplasia
following allergen challenge

Because airway mucus cell metaplasia and mucus hypersecretion
are commonly observed in allergic asthma, we examined whether
expression of the mucus-associated gene, Gob-5, and mucus cell
metaplasia were present in the lungs of mice challenged with aero-
solized OVA. Only in the Alum plus OVA and the 1 h of 10 ppm
NO2 plus aerosolized OVA-exposed mice was expression of
Gob-5 augmented and were PAS� cells (arrows) observed (Fig. 4).
In addition, only in these groups of mice were peribronchiolar and
perivascular inflammatory cells evident (�), which upon higher
magnification were identified primarily as lymphocytes and
eosinophils.

Sensitization with NO2 and OVA results in Th2-induced Ig
production and a Th2-biased CD4� T cell adaptive immune
response

Because allergic sensitization and allergy itself are associated with
the generation of Ag-specific Abs, we examined the serum from
mice and measured OVA-specific IgE and IgG1, the isotype switch
to which is controlled by the Th2 cytokine, IL-4. Only in mice
sensitized by Alum plus OVA i.p., or by the NO2 regimen, were
there significant elevations in the levels of these OVA-specific Abs
(Fig. 5). We also measured OVA-specific IgG2a, the isotype
switch to which is controlled by IFN-�, but saw no elevations in
this Ab in the mice allergically sensitized by the NO2 regimen,
whether they were C57BL/6 (Fig. 5) or BALB/c (data not shown).

FIGURE 6. NO2 plus Ag induces Ag-specific CD4� cells that produce
Th2 cytokines in vitro. On days 0 and 7, mice were exposed to adjuvant
(top line on x-axis) and/or Ag (bottom line on x-axis), as follows: i.p. Alum
alone (i.p. Alum/none), aerosolized OVA alone (none/OVA), the positive
control of i.p. injection of Alum and OVA (i.p. Alum/i.p. OVA), 10 ppm
NO2 alone (NO2/none), or the experimental condition of 10 ppm NO2 plus
OVA aerosol (NO2/OVA). All mice were challenged on days 14–16 with
aerosolized OVA, and on day 18, CD4� cells were isolated from spleens
by positive selection. CD4� cells were cultured in the presence of OVA

and splenic APCs from untreated C57BL/6J mice. Conditioned medium
was collected at 96 h and analyzed for IL-2; the Th2 cytokines IL-4, IL-5,
and IL-13; and the Th1 cytokine IFN-� by ELISA. No cytokines were
detected in the conditioned medium from APCs alone or CD4� T cells plus
APCs in the absence of OVA. Values are means (�SEM) of four mice/
group. �, p � 0.05 compared with values in i.p. Alum alone, aerosolized
OVA alone, and the 10 ppm NO2 alone groups.

FIGURE 7. NO2 plus Ag promotes airway hyperresponsiveness follow-
ing allergen challenge. On days 0 and 7, 8-wk-old female C57BL/6J mice
were exposed to aerosolized OVA alone (none � OVA), the positive con-
trol of i.p. injection of Alum and OVA (i.p. Alum � i.p. OVA), or the
experimental condition of 10 ppm NO2 plus OVA aerosol (NO2 � OVA).
All mice were challenged on days 14–16 with aerosolized OVA, and on
day 18, pulmonary responsiveness to inhaled methacholine was measured
using the flexiVent. Values are means (�SEM) of four to six mice/group.
Differences in the curves for the three groups of mice were analyzed by
two-way ANOVA (p � 0.01), and differences at each dose of methacholine
between the none � OVA and the i.p. Alum � i.p. OVA or NO2 � OVA
groups were compared using two-tailed unpaired Student’s t test with
Welch’s correction. ��, p � 0.01.
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Therefore, we speculated that NO2-promoted allergic sensitization
is generating a Th2-biased immune response to OVA, much like
what is observed following i.p. Ag sensitization with Alum plus
OVA. To definitively test this hypothesis, CD4� T cells from the
spleens of Ag-sensitized and challenged mice or control mice were
isolated by positive selection and incubated for 96 h in the pres-

ence of OVA and APCs from naive syngeneic mice, and cytokines
were then measured by ELISA. As is shown in Fig. 6, only in mice
sensitized by Alum plus OVA i.p. or the NO2 regimen were the
levels of IL-2, IL-4, IL-5, and IL-13 elevated, without augmented
production of the Th1 cytokine, IFN-�. Therefore, we conclude
that the 1 h of 10 ppm NO2 exposure followed by OVA inhalation

FIGURE 8. The magnitude of the response to Ag
challenge elicited following sensitization to allergic
airway disease by exposure to NO2 depends on when
Ag is delivered. On days 0 and 7, mice were exposed
to aerosolized 1% OVA either 48 h, 24 h, 6 h, or
immediately before exposure to HEPA-filtered room
air containing 10 ppm NO2 for 1 h, or immediately,
6 h, 24 h, or 48 h following NO2 exposure. Negative
control mice were administered Alum i.p. and were
exposed to aerosolized OVA. Positive control mice
were Ag sensitized by i.p. injection of Alum and
OVA. Mice were challenged on days 14–16 with
aerosolized OVA, and on day 18, BALF was col-
lected for the enumeration of total and differential
cell types (A) and serum was collected for the mea-
surement of OVA-specific IgG1 (B). Values are
means (�SEM) of three to four mice/group.

FIGURE 9. NO2 inhalation induces lung damage and
NF-�B activation in airway epithelium. Female C57BL/6
mice were exposed to HEPA-filtered room air or 10 ppm
NO2 for 1 h, and mice were studied between 6 h thereafter
(A). BALF was analyzed for total protein, LDH activity,
and HSP70 content (B). Values are means (�SEM) of
three to six mice per group. �, p � 0.05; ��, p � 0.01
compared with values in the air-exposed groups. Lungs
were immunostained for NF-�B RelA (green) and nuclei
(red). Nuclear RelA (bright green/yellow) is indicative of
NF-�B activation (C). Immunostaining data are represen-
tative of three mice per group.
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regimen promotes a Th2 immune response and the development of
many features of allergic asthma following Ag challenge with in-
haled OVA, similar to that observed when mice are allergically
sensitized using a conventional regimen of i.p. Alum plus OVA.

NO2 sensitization and Ag challenge lead to airway
hyperresponsiveness to methacholine

Although allergic asthma is indeed associated with Ag-specific
IgE, eosinophilic airway inflammation, and mucus cell metaplasia,
which are controlled by the Th2 cytokines IL-4, IL-5, and IL-13,
respectively, the definitive feature of allergic asthma is airway hy-
perresponsiveness to agonists such as methacholine. To measure
whether the 1 h of 10 ppm NO2-promoted allergic sensitization
regimen induces airway hyperresponsiveness to inhaled methacho-
line following Ag challenge, mice from this group were compared
with negative control mice, which during the sensitization phase
inhaled OVA following exposure to room air without NO2, and
positive control mice, which were administered Alum plus OVA
i.p. during the sensitization phase. All mice were challenged three
times with aerosolized OVA and analyzed 48 h following the third
challenge. As is shown in Fig. 7, compared with the negative con-
trol mice, the mice exposed to the NO2-promoted allergic sensiti-
zation regimen demonstrated a lower threshold of responsiveness
to methacholine and an increased overall responsiveness to the
highest dose of methacholine tested. In fact, the airway hyperre-
sponsiveness to inhaled methacholine was indistinguishable from
that induced by the i.p. Alum plus OVA regimen. Similar results
were observed in BALB/c mice (data not shown). Altogether,
these data support the notion that NO2 exposure can promote
the generation of an Ag-specific Th2 immune response to an
inhaled Ag that is otherwise not immunogenic, and that this
Th2-biased immune response manifests in the development of
asthma-like pathophysiologies indistinguishable from those in-
duced by an established model of allergic asthma in which mice
are sensitized via i.p. administration of Alum plus OVA.

OVA inhalation following NO2 exposure induces allergic
sensitization

The generation of a Th2 immune response is incumbent upon stim-
ulation of naive CD4� T cells, which is accomplished by APCs,
especially DCs. DCs have been reported to be capable of under-
going maturation several days following exposure to Ag (44).
Therefore, we speculated that exposure of mice to aerosolized
OVA before exposure to NO2 would allow resident lung APCs to
engulf the Ag and subsequently undergo maturation following
NO2 inhalation, thereby promoting allergic sensitization and sub-
sequent airway eosinophilia and Th2-biased Ig isotypes. To test
this hypothesis, we subjected mice to allergen inhalation either
before or after 1 h of 10 ppm NO2 exposure. To our surprise,
our results demonstrate that exposure to NO2 following allergen
inhalation does not promote the subsequent development of air-
way eosinophilia (Fig. 8A) or serum OVA-specific IgG1 (Fig.
8B). On the contrary, NO2 exposure can precede the inhalation
of Ag by several days and still induce allergic sensitization, as
evidenced by airway eosinophilia and OVA-specific serum
IgG1 levels following subsequent allergen challenge. This find-
ing suggests that exposure to NO2 several days before inhala-
tion of an allergen may be sufficient to induce allergic sensiti-
zation, implicating that the health effects mediated by NO2 and
allergen exposure may manifest even if they are not encoun-
tered simultaneously.

NO2 exposure promotes release of intracellular proteins and
activation of NF-�B

To investigate some of the early events that may promote allergic
sensitization to Ags subsequent to NO2 inhalation, mice were ex-
posed to air or to 10 ppm NO2 for 1 h and then placed in room air
(Fig. 9A). To assess tissue damage, BAL was performed 6 h fol-
lowing air or NO2 exposure, and total protein, LDH activity, and
HSP70 were measured. Protein, LDH, and HSP70 were signifi-
cantly elevated in the BALF from the NO2-exposed mice (Fig. 9B)
relative to those mice exposed to normal room air. These findings
demonstrate that NO2 inhalation causes lung damage and promotes
the release of molecules that are normally sequestered within cells
(LDH and HSP70). Of importance, HSP70 is an endogenous mol-
ecule capable of stimulating innate immune responses through
TLR2 or TLR4 (28–30). One of the intracellular signaling cas-
cades induced by HSP70 is activation of the transcription factor,
NF-�B, a critical modulator of innate and adaptive immune re-
sponses. To determine whether exposure to 1 h of 10 ppm NO2 is
capable of activating NF-�B in the lung, frozen sections were im-
munostained for the transcriptionally active subunit of NF-�B,
RelA, which is normally localized to the cytoplasm, but which is
retained in the nucleus upon NF-�B activation. The RelA subunit
of NF-�B (green) is normally excluded from the nucleus (red) of

FIGURE 10. TLR2�/� and MyD88�/� mice are not responsive to
NO2-promoted allergic sensitization. On days 0 and 7, 8-wk-old female
C57BL/6J, TLR2�/�, and MyD88�/� mice were exposed to 10 ppm NO2

plus OVA aerosol (NO2 plus OVA). All mice were challenged on days
14–16 with aerosolized OVA, and on day 18, BAL cells (A), whole lung
Muc5AC mRNA expression (B), and serum OVA-specific IgE and IgG1
(C) were measured using capture and indirect ELISAs, respectively. Val-
ues are means (�SEM) of six mice per group. �, p � 0.05; ��, p � 0.01
compared with values in C57BL/6J mice.
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cells in the airways from air-exposed mice (Fig. 9C, left). How-
ever, inhalation of NO2 induces activation of NF-�B in the airway-
epithelium 6 h following exposure, as demonstrated by the in-
creased nuclear localization (yellow) (Fig. 9C, right).

NO2-induced allergic sensitization requires TLR2 and MyD88

Having demonstrated that mice allergically sensitized by exposure
to NO2 plus OVA develop cardinal features of allergic asthma, we
examined whether TLR2 or MyD88, which facilitate recognition
of endogenous molecules released by damaged cells (28–35),
might be required for the response. Therefore, C57BL/6,
TLR2�/�, and MyD88�/� mice were experimentally sensitized by
exposure to 10 ppm NO2 for 1 h, followed by exposure to 1%
OVA. As positive controls, C57BL/6, TLR2�/�, and MyD88�/�

mice were sensitized by i.p. injection of OVA and Alum. The same
regimens were repeated 1 wk later, and mice were challenged with
aerosolized OVA alone another week later and were studied 48 h
after the final OVA challenge (see Fig. 1). We found that TLR2�/�

and MyD88�/� respond like C57BL/6 mice to the Alum/OVA
sensitization regimen, manifesting robust eosinophilic airway in-
flammation, mucus cell metaplasia, and OVA-specific IgE and
IgG1 (data not shown). However, compared with the C57BL/6J
mice, TLR2�/� and MyD88�/� mice were not responsive to the
NO2-induced sensitization regimen because they developed signif-
icantly less eosinophilic airway inflammation (Fig. 10A), Muc5AC
up-regulation (Fig. 10B), and serum levels of IgE and IgG1 (Fig.
10C) upon allergen challenge. These results demonstrate the re-
quirement of TLR2 and MyD88 to promote allergic sensitization
following NO2 and OVA exposure.

Discussion
The incidence of asthma is elevated in populations living or work-
ing in heavily polluted areas, where ambient NO2 levels are high.
In addition to the role of exogenous NO2, respiratory viral infec-
tions in childhood are associated with the development of asthma
(45) and the endogenous production of NO2. Therefore, under-
standing the mechanisms by which NO2 exposure contributes to al-
lergic asthma has important domestic and global public health impli-
cations. In these studies, we demonstrate that exposure to low levels
of NO2 (as little as 10 ppm for 1 h) induces allergic Th2 sensitization
to inhaled Ag and promotes the development of asthma-like patho-
physiologies. Our results are in accordance with the observation
that OVA inhalation alone is insufficient to trigger the innate im-
mune response such that a subsequent Th2-biased adaptive re-
sponse is generated (38), probably because OVA is an innocuous
Ag that, unlike a number of allergens, does not itself possess in-
herent enzymatic or sufficient innate immune-stimulating activi-
ties. In addition, our results support the hypothesis that NO2 acts as
an effective inhaled adjuvant that accentuates the adaptive immune
response to otherwise innocuous Ags. Through the manner in
which the inhalations were performed, the Ag was never exposed
to the NO2, which is important because recent studies suggest that
gaseous air pollutants can enhance the effects of allergens (46, 47).
In addition, in our system, the mice have no NO2-induced inflam-
mation at the time of OVA challenge, which occurs a full week
after the last NO2 exposure.

Our work presented in this study is the first to demonstrate in a
mouse model that NO2 can promote allergic sensitization and the
development of allergic asthma features. Earlier studies in a Brown
Norway rat model, in which experimental animals were exposed to
much higher (87 ppm) doses of NO2, also demonstrated allergic
sensitization and the promotion of a number of aspects of asthma-
like disease (48). Concentrations of NO2 used in rodent studies
vary widely (0.2–170 ppm), as do the durations of exposure (1

h-28 days), whereas human studies have been performed using 2
ppm (49). Levels of NO2 in areas heavily congested with roadway
traffic can be as high as many hundred ppb (50), whereas the U.S.
Occupational Safety and Health Administration ceiling limit for
occupational exposure is 5 ppm. Our use of 10 ppm NO2 for 1 h
was chosen to represent an acute, moderate exposure to elicit mi-
nor lung damage without pain or distress.

Our data suggest that NO2-promoted cellular damage induces
the elaboration of immunostimulatory molecules that activate
TLR2. A number of endogenous molecules that are normally se-
questered intracellularly, preventing them from activating cells of
the innate immune system, have been reported to stimulate TLR2.
Exposure of these endogenous danger signals alerts the innate im-
mune system of potential threats and promotes responses to clear
damaging pathogens or damaged tissue (39). Importantly, TLR2
agonists can induce Th2 immune responses and promote experi-
mental asthma (25–27). Intracellular components, including pro-
tein and LDH, are recovered in bronchiolar lavage fluid of mice
exposed to NO2, suggesting that the release of these or other en-
dogenous molecules may be capable of stimulating pulmonary im-
mune responses via TLR2. Although HSP70 was elevated in the
BALF from NO2-exposed mice and is known to the innate immune
response via TLR2 (28, 29), we currently can only speculate about
the identity of the critical NO2-generated molecule(s) capable of
promoting allergic sensitization. In addition, we cannot exclude
the possibility that oxidation/nitration could affect cell membrane
properties and the cellular localization of cell surface receptors.
This process could generate ligands for specific receptors, initiat-
ing cell signaling within the lung or at distant sites.

Sensitization to an inhaled Ag requires the stimulation of naive
CD4� T cells in the tissue-draining lymph nodes. Pulmonary DCs
are a specialized cell population that sample Ags in the airway and
lung tissue, undergo maturation, migrate to the draining lymph
modes and present Ag in the context of MHCII, and express co-
stimulatory molecules necessary for naive CD4� T cell stimula-
tion. Although numerous DCs are present in the lung of naive mice
under normal conditions (51, 52), they do not initiate a stimulatory
adaptive immune response following inhalation of purified Ag to
which the animal has not been sensitized. One of the consequences
of NO2 exposure and NF-�B activation in the airway epithelium
could be the augmented expression of chemokines that promote
the release of inflammatory cytokines or chemokines and the sub-
sequent recruitment of inflammatory cells to the airway. Indeed,
our previous studies implicate airway epithelial NF-�B activation
as an important contributor to pulmonary inflammation (41, 53).
Whether expression of TLR2 and MyD88, or the activation of
NF-�B, are required in lung structural or hemopoietic-derived cells
will require future study.

Environmental exposure to NO2 may promote allergen sensiti-
zation, resulting in allergic airway disease in response to otherwise
innocuous inhaled Ags, even when the inhalation of Ag occurs as
much as several days following exposure to NO2. Whether allergic
sensitization can take place with even more time between the NO2

and Ag exposures remains unknown. Our novel murine model of
NO2-induced allergic sensitization supports a causal role of NO2 in
the pathogenesis of asthma and provides a powerful tool to further
define mechanisms underlying allergic sensitization.
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