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Dysfunctional expression of T-bet, a transcription factor that is critical for IFN-� production, has been implicated in the development
of asthma. To investigate in detail the mechanisms responsible for exacerbated disease in the absence of T-bet expression, BALB/c
wild-type (WT) and T-bet�/� mice were used in a murine model of OVA-induced allergic lung inflammation. Following OVA challenge,
T-bet�/� mice displayed increased histological inflammation in the lungs as well as greater thickening of the bronchiole linings, increased
numbers of eosinophils and neutrophils in the lung, and enhanced airway hyperresponsiveness, compared with WT mice. However, the
production of Th2 cytokines in T-bet�/� mice did not appear to be significantly greater than in WT mice. Interestingly, a marked
increase in the levels of the proinflammatory cytokine IL-17 was observed in T-bet�/� mice. Neutralization of pulmonary IL-17 in
T-bet�/� mice by anti-IL-17 mAb treatment during OVA challenge resulted in decreased levels of neutrophilic infiltration into the
airways and decreased airway inflammation, essentially reversing the development of allergic asthma development. These findings
indicate that IL-17 is a key mediator of airway inflammation in the absence of T-bet. The results of this study suggest a possible target
for therapeutic intervention of human asthma. The Journal of Immunology, 2009, 183: 0000–0000.

A llergic asthma, the most common form of asthma, is a
chronic inflammatory disorder of the lung in which CD4
Th cells play a key role. Experimental evidence indi-

cates that there is a predominance of CD4 Th2 immune responses
during the asthmatic disease process (1). Th2 cells are character-
ized by the production of IL-4, IL-5, and IL-13 (2), which, in
response to inhaled allergens, results in the classic phenotypic
traits of allergic asthma, specifically, eosinophilic infiltration,
bronchial hyperresponsiveness, mucus hypersecretion, and aller-
gen-specific IgE production (3, 4). In contrast, expression of IFN-�
has been shown to prevent development of allergen-induced air-
way inflammation (5, 6). IFN-� is mainly produced by CD4 Th1
cells and suppresses Th2 responses. Therefore, allergic airway in-
flammation appears to be regulated by a sensitive balance between
an overactive Th2 response and an inhibitory Th1 response.

The T-box transcription factor, T-bet, is crucial for Th1 cell
differentiation (7). Expression of T-bet induces IFN-� production
and suppresses Th2-associated transcription factors (8). In agree-
ment with its key regulatory role in immune responses, dysfunc-
tional expression of T-bet has been implicated in the development
of allergic asthma (9). Indeed, reduced expression of T-bet in pul-
monary T cells from asthmatic patients has been observed com-
pared with T cells from nonasthmatic patients (9). In addition,
mice that are genetically deficient in T-bet expression have been

found to spontaneously exhibit airway hyperresponsiveness, as
well as increased production of pulmonary Th2 cytokines and en-
hanced eosinophilic infiltration into the lung. These changes mimic
both acute and chronic human asthma (9). Recently, the role of
T-bet in asthma has been further underscored by reports that poly-
morphisms of the T-bet gene are associated with allergic asthma
and airway hyperresponsiveness (10, 11). Thus, T-bet expression
appears to be a critical genetic factor in allergic asthma. However,
the precise role of T-bet in the regulation of allergen-induced air-
way inflammation remains unknown.

Recent evidence has also suggested a role for the proinflammatory
cytokine IL-17, in the pathogenesis of airway disease, including al-
lergic asthma. IL-17 is primarily secreted by CD4 Th cells and aids in
neutrophil influx into peripheral sites partially through the induction
of G-CSF and other chemokines (12). Not only has IL-17 expression
been found to be up-regulated in the airways of mice and humans
following allergen-induced airway inflammation (13–16), but IL-17
has also been found to induce pulmonary inflammation (17). In ad-
dition, there appears to be strong evidence that in response to IL-17
production, there is a neutrophilic influx into the lung, which contrib-
utes to pulmonary diseases, including asthma (18, 19). Similar studies
have suggested that IL-17 is crucial for allergen-specific bronchial
hyperresponsiveness (20). Thus, accumulating evidence indicates that
IL-17 has a key role in allergic asthma.

Interestingly, T-bet-deficient cell cultures secrete higher levels
of IL-17 than wild-type (WT)3 cultures in response to TCR and
cytokine stimulation, suggesting that T-bet is a critical negative
regulator of Th17 cells (21). In addition, it has been shown that
Th17 cells can develop in vitro in the absence of T-bet and STAT1
(22). Indeed, T-bet appears to be an inhibitory factor for IL-17
production, and the loss of T-bet suggests a possible default path-
way leading to IL-17 production. However, the interplay between
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the regulatory role of T-bet and the production of IL-17 following
allergen-specific provocation remains to be investigated. In this
study, we have now used the established murine model of OVA-
induced lung inflammation to test the hypothesis that in the ab-
sence of T-bet regulation, an enhanced proinflammatory IL-17 re-
sponse would lead to increased pulmonary inflammation. We
further hypothesized that neutralization of IL-17 in T-bet�/� mice
would prevent development of asthmatic symptoms.

Materials and Methods
Mice

BALB/c WT mice were obtained from Charles River Laboratories through
a contract with the National Cancer Institute. BALB/c T-bet�/� mice were
obtained from The Jackson Laboratory. IL-17R�/� mice were provided by
Amgen and backcrossed seven generations onto the BALB/c background.
All mice were housed in microisolator cages under pathogen-free condi-
tions at Albany Medical College, and the Institutional Animal Care and
Use Committee approved all procedures concerning the use of these mice.

Ag-induced allergic airway inflammation

Allergic lung inflammation was induced, as previously described (23). Mice
(5–7 wk of age) were immunized i.p. twice with 10 �g of OVA (Sigma-
Aldrich) in 4 mg of alum (Reheis) at weekly intervals for 2 wk. One week
following second immunization, the sensitized mice were lightly anesthetized
and challenged intranasally (i.n.) with 100 �g of OVA in saline once daily for
5 days. Controls included naive mice and mice that were OVA sensitized, but
challenged with only saline. Twenty-four hours after the final inoculation of
OVA, the mice were sacrificed. Bronchoalveolar lavage (BAL) fluids were
collected with a microsyringe fitted with a cannula that was gently inserted into
the trachea, and the lungs were lavaged three times with 1 ml of PBS. The
amount of recovered lavage fluid was 750–900 �l per mouse � 5% variability
among groups. The BAL fluids were centrifuged at 300 � g for 10 min at 4°C,
and the cell-free lavage fluids were stored at �80°C until analysis. Numbers
of viable cells in BAL were determined by trypan blue exclusion, and the cells
were mounted on slides for cytospin analysis by centrifugation at 110 � g for
5 min at room temperature. In addition, portions of lung tissues were snap
frozen in liquid nitrogen and stored at �80°C for cytokine analysis. Other lung
tissue samples were fixed in formalin (Fisher Scientific) for histological
analysis.

Histology

After collection of BAL fluids, lung tissues were fixed overnight in 5%
buffered formalin, dehydrated, and embedded in paraffin blocks (Richard
Allan Scientific). The blocks were sectioned (5 �m thickness) and stained
with H&E (Fisher Scientific). Slides were blinded, and the peribronchial
regions, six to eight per mouse, were scored at �200 magnification for
inflammatory cellular infiltrate severity around airways, as previously de-
scribed (24) (0, normal; 1, �3 cells diameter thick; 2, 3–10 cells thick; 3,
�10 cells thick). The presence of inflammatory cells was assessed using
standard light microscopy; inflammation manifested as infiltrates in the
perivascular and peribronchiolar regions of the lung.

Inflammatory cells isolated from BAL fluids were evaluated using a com-
mercially available modified Wright-Giemsa stain (HEMA 3; Biochemical
Sciences). Cytospins were stained according to the manufacturer’s instructions
and examined under oil-immersion light microscopy.

Cytokine levels

Protein levels of IL-4, IL-5, IL-13, and IFN-� in BAL samples and lung
homogenates were determined by cytometric bead array (CBA) analysis
using a BD FACSArray. Protein levels of homogenized lung tissues were
normalized to total lung tissue protein to determine cytokine levels in dif-
ferent groups of mice. The following were used to quantitate other cytokine
protein levels: IL-17, DuoSet ELISA (R&D Systems); IL-23, Elisa Ready-
Set-Go! (eBioscience); and IL-25, ElisaMax (BioLegend), per the manu-
facturer’s instructions.

Quantitative real-time PCR

Total RNA was prepared from lung homogenates with TRIzol reagent
(Invitrogen). cDNA was synthesized with superscript reverse transcriptase
and oligo(dT) primers (Invitrogen). Gene expression was examined using
a Bio-Rad iCycler Optical System and an iQ SYBR Green real-time PCR
kit (Bio-Rad). The ��Ct method was used to normalize transcript to
GAPDH and to calculate expression relative to untreated mice. Ct values

were validated with different concentrations of RNA, and the number of
fold inductions remained constant. The primers for IL-17A and retinoic
acid-related orphan receptor (ROR) �t were previously described (25).

Measurement of airway responsiveness

Bronchial responsiveness to aerosolized methacholine (Mch) was mea-
sured 24 h following final OVA challenge, as previously described, using
anesthetized, tracheostomized, paralyzed mice connected to a computer-
controlled small-animal mechanical ventilator (flexiVent; SCIREQ).
Forced oscillation measurements of airway resistance, tissue damping, and
tissue elastance were obtained in response to increasing doses of Mch by
fitting the constant phase model to the impedance data (26–28).

Flow cytometry

Single-cell suspensions were obtained from the lungs of T-bet�/� and
T-bet�/� mice by collagenase digestion (2.5 mg/ml collagenase D, 0.25
mg/ml DNase I, and 1 mM MgCl2; Roche) for 1 h at 37°C, followed by
passage through a nylon mesh. The cells were first incubated with 2.4G2
mAb to mouse Fc�RII/RIII for 20 min and then incubated with PE rat
anti-mouse IL-17 mAb (BD Pharmingen) or rabbit anti-mouse IL-23p19
Ab (Abcam) at 4°C for 30 min. Cells incubated with anti-IL-23p19 were
washed and incubated with secondary PE-conjugated anti-rabbit IgG (Jack-
son ImmunoResearch Laboratories). Abs were titrated before use to deter-
mine specificity and optimal staining concentrations. Stained cells were
detected with a FACSCanto flow cytometer and analyzed using FACSDiva
(BD Biosciences) software. The lymphocyte population was gated based
on forward and side scatter; 10,000 events per gate per sample were col-
lected; and the data were reported as the percentage of cells within the
lymphocyte gate.

Anti-IL-17 mAb treatment

To neutralize pulmonary IL-17, rat anti-murine IL-17A mAb (Amgen) or
control rat IgG (Jackson ImmunoResearch Laboratories) was inoculated
both i.n. at a dose of 5 �g on days 1 and 2 of OVA challenge phases, as
well as i.p. at a dose of 50 �g on days 1, 3, and 5 of OVA challenge.

Statistics

Statistical comparisons between mice were performed using two-tailed
Student’s t test or ANOVA for multiple groups of mice with a Tukey
multiple comparison posttest (GraphPad InStat 3). Values of p � 0.05 were
considered to be statistically significant.

Results
Allergen-induced airway inflammation is enhanced in BALB/c
T-bet�/� mice compared with WT mice

To assess development of Ag-induced allergic airway inflamma-
tion in the absence of T-bet regulation, a murine model of allergic
lung inflammation was used. BALB/c T-bet�/� and T-bet�/� mice
were sensitized by i.p. injection of OVA in alum and then chal-
lenged i.n. for 5 consecutive days with soluble OVA. Following
challenge, lung tissues and BAL fluids were obtained for histolog-
ical and cytokine analyses. Histological examination showed that
Ag-induced inflammation was apparent in the peribronchial and
perivascular areas of the lung following OVA challenge, and the
extent of inflammation was much greater in T-bet�/� mice com-
pared with T-bet�/� mice (supplementary Fig. 1A).4 No pulmo-
nary inflammation was seen in either naive or Ag-sensitized and
saline-only-challenged T-bet�/� and T-bet�/� mice (supplemen-
tary Fig. 1A and data not shown). In addition to histological in-
flammation, it was found that T-bet�/� mice challenged with OVA
developed a significantly increased pulmonary tissue resistance
(G) and tissue elastance (H) to aerosolized Mch compared with
T-bet�/� mice (Fig. 1, B and C). There was no significant effect on
airway resistance (RN) in T-bet�/� mice compared with T-bet�/�

mice following OVA challenge. As expected, enhanced airway
inflammation correlated with increased infiltration of inflam-
matory granulocytic cells into the airways. Expression of gran-
ulocytes was increased in both T-bet�/� and T-bet�/� mice

4 The online version of this article contains supplemental material.
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following OVA challenge, and levels of both eosinophils and
neutrophils were greater in T-bet�/� mice compared with
T-bet�/� animals (supplementary Fig. 1B). Numbers of granu-
locytes did not differ among naive animals or animals that were
OVA sensitized and challenged with saline (data not shown).
Taken together, the results show that BALB/c T-bet�/� mice
exhibit more severe OVA-induced allergic lung inflammation
compared with T-bet�/� counterparts.

Enhanced airway inflammation in the absence of T-bet does not
correlate with increased Th2 cytokine production

To investigate whether the absence of T-bet regulation leads to a
dominant Th2 response following OVA challenge, cytokine expres-
sion in lung homogenates was analyzed. As expected, the lungs of
T-bet�/� animals showed increased levels of Th2-like cytokines,
namely, IL-4, IL-5, and IL-13, following a 5-day OVA inhalation
challenge (Fig. 2). However, these cytokines were not elevated in
T-bet�/� mice. In fact, the cytokine levels appeared to be lower in the
lungs of T-bet�/� mice compared with T-bet�/� mice, with the ex-
ception of increases in IL-13. Cytokine levels were also measured in
BAL fluids, and the pattern of cytokine expression remained consis-

tent (data not shown). Intracellular cytokine staining for IL-4 expres-
sion confirmed a deficiency of IL-4 expression in T-bet�/� mice (data
not shown). Thus, there is a paucity of Th2 cytokine production fol-
lowing specific Ag challenge of T-bet�/� mice, implying that addi-
tional factors are responsible for the enhanced Ag-induced airway
inflammation observed in these mice.

IL-17 production is significantly enhanced in T-bet�/� mice
following OVA challenge

IL-17 has been implicated in airway granulocyte recruitment (29).
To determine whether IL-17 was produced during allergic lung
inflammation in T-bet�/� mice, lung homogenates from OVA-
sensitized and -challenged animals were analyzed. T-bet�/� ani-
mals demonstrated an increase in pulmonary IL-17 levels, but in-
terestingly, IL-17 levels were even more dramatically increased in
T-bet�/� animals following OVA-induced allergic lung inflam-
mation (Fig. 3A). There were no detectable levels of IL-17 in the
BAL fluids obtained from these mice. IL-17A transcripts were also
significantly increased in T-bet�/� mice following OVA sensiti-
zation and challenge (Fig. 3B). Similar patterns were observed for
ROR�t expression, a key regulator of IL-17A transcription (Fig.
3B). ROR� expression was also measured, and there appeared to
be no significant difference between T-bet�/� and T-bet�/� ani-
mals (Fig. 3B). Intracellular cytokine staining of lung lymphocytes
also demonstrated an increase in IL-17 production in T-bet�/�

mice (Fig. 3C). Serum IL-17 levels were low in all mice (data not
shown), suggesting that IL-17 expression is locally amplified and
particularly enhanced in T-bet-deficient lungs following allergen
challenge. Many of the IL-17-expressing cells isolated from the
lungs were found to be CD4� (supplementary Fig. 2). In both the
naive and OVA-challenged groups, little, if any, CD8�IL-17�

cells were found (data not shown), suggesting a major role for
Th17 cells in response to inhaled allergen. Furthermore, IL-23, a
critical cytokine for IL-17 production, was detectable in the lungs
of OVA-sensitized and -challenged mice (Fig. 3D). The levels of
IL-23 were increased in T-bet�/� animals following OVA chal-
lenge, but were increased to an even greater extent in T-bet�/�

animals. In addition, 13.5 � 1.4% of lung lymphocytes isolated from
T-bet�/� animals were IL-23� compared with 10.1 � 0.7% IL-23�

lymphocytes in T-bet�/� lungs. Also, there was a significant increase
in IL-23R expression in T-bet�/� lungs (39.2 � 13.8 relative expres-
sion) compared with T-bet�/� lungs (16.1 � 2.2 relative expression)

FIGURE 1. OVA-induced airway hyperresponsiveness is enhanced in
T-bet�/� mice. Five- to 7-wk-old BALB/c T-bet�/� and T-bet�/� mice
were sensitized to OVA and challenged i.n. for 5 consecutive days. After
challenge, airway function was assessed with forced oscillations using the
constant phase model for lung mechanics. Newtonian resistance (RN) (A),
tissue damping (G) (B), and tissue elastance (H) (C) were obtained in
response to increasing doses of Mch in naive and OVA-sensitized and
OVA-challenged T-bet�/� and T-bet�/� mice. The data are shown as
means � SEM; six mice/group; ���, p � 0.001.

FIGURE 2. Levels of Th2 cytokines in T-bet�/� compared with
T-bet�/� mice. Lung cytokine levels following allergic lung inflamma-
tion induction. Twenty-four hours after a 5-day i.n. OVA challenge,
lung tissues were collected from T-bet�/� and T-bet�/� mice. Protein
levels were normalized to total lung tissue protein, and cytokine levels
were measured by murine CBA. The data represent means � SEM;
eight mice/group; ���, p � 0.001.
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following OVA challenge. These data correlate and reinforce the sig-
nificant role of IL-17 in T-bet�/� animals.

IL-17R signaling is necessary for Ag-induced airway
inflammation

To determine the requirement for IL-17 in allergic asthma, IL-
17R�/� mice were used. Following OVA challenge, granulocytic

pulmonary inflammation was decreased in the peribronchial and
perivascular regions of IL-17R�/� lungs compared with IL-17R�/�

lungs (Fig. 4A). Similarly, recruitment of eosinophils as well as
neutrophils was decreased in IL-17R�/� mice compared with IL-
17R�/� mice (Fig. 4B). Furthermore, expression of IL-4, IL-5, and
IL-13 was reduced in IL-17R�/� vs IL-17R�/� mice following Ag
challenge (Fig. 4C). Levels of IL-17 in IL-17R�/� mice were

FIGURE 3. IL-17 production is increased in the lungs of T-bet�/� mice following OVA-induced allergic lung inflammation. A, IL-17 cytokine levels
in the lung homogenates of naive and OVA-sensitized and -challenged T-bet�/� and T-bet�/� mice. Twenty-four hours after a 5-day i.n. OVA
challenge, lung tissues were collected from T-bet�/� and T-bet�/� mice. Following normalization to total lung protein, cytokine levels were
measured by ELISA. The data represent means � SEM; eight mice/group; ���, p � 0.001. B, IL-17, ROR�t, and ROR� transcripts were detected
by quantitative RT-PCR 24 h following final OVA challenge. C, Flow cytometric detection of IL-17-producing cells in lung lymphocyte preparations
from naive and OVA-sensitized T-bet�/� and T-bet�/� mice following a 5-day i.n. OVA challenge. The data represent mean percentages of
positively stained cells within the lymphocyte gate of six mice/group. D, Expression of IL-23 in the lungs of sensitized mice upon Ag challenge.
Lungs were collected from naive and OVA-sensitized mice that were challenged with OVA 24 h earlier, and levels of IL-23 were measured by
ELISA. The data represent means � SEM; eight mice/group; �, p � 0.05.
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normal or even somewhat higher than in WT mice. In response to
aerosolized Mch, IL-17R�/� mice demonstrated an overall reduc-
tion in airway response to Mch compared with WT mice (Fig. 4D).
Therefore, signaling through IL-17R is required for the develop-
ment of Ag-induced allergic asthma.

To confirm these findings and to determine whether IL-17 is nec-
essary for mediating airway inflammation in T-bet�/� mice, pulmo-
nary IL-17 activity was neutralized by in vivo rat anti-IL-17 mAb
treatment during OVA challenge. Protein levels of IL-17 in T-bet�/�

mice were significantly decreased following Ab treatment, demon-
strating that the procedure was effective. Anti-IL-17 treatment essen-
tially reversed the perivascular and peribronchial inflammation
observed in control rat IgG-treated T-bet�/� mice (Fig. 5, A and B).
This reduction in inflammation correlated with reduced neutrophilic
infiltration (Fig. 5C). However, anti-IL-17 Ab treatment had little ef-
fect on the levels of lung Th2 cytokine production (Fig. 5D). It also
appears the anti-IL-17 Ab treatment had little effect on airway resis-
tance and tissue damping, but did have a significant effect on tissue
elastance in T-bet�/� mice (Fig. 5E), suggesting a specific role for
IL-17-induced inflammation in the peripheral airways.

We considered the possibility that other members of the IL-17 cy-
tokine family could have the potential to enhance airway inflamma-
tion. IL-25 (IL-17E), a Th2 cell-derived cytokine, is structurally re-
lated to IL-17 and uses the IL-17R as a receptor component (30). In
addition, IL-25 enhances Ag-induced allergic airway inflammation by
promoting Th2-type inflammatory responses (31). To determine its
potential role, IL-25 was measured in WT, T-bet�/�, and IL-17R�/�

OVA-induced and -challenged mice. IL-25 expression in T-bet�/�

mice following OVA challenge was somewhat attenuated compared
with WT mice (Fig. 6A), confirming that Th2 cells are not as active in
T-bet�/� mice at this stage of allergen challenge. However, a signif-
icant increase in IL-25 production in IL-17R�/� animals was ob-

served following OVA challenge (Fig. 6A), presumably due to accu-
mulation of the cytokine in the absence of functional signaling. Anti-
IL-17A mAb treatment of T-bet�/� mice resulted in levels of IL-25
that were not significantly different from isotype control-treated mice,
indicating that IL-17 depletion targeted IL-17A only and not IL-25
(Fig. 6B).

Taken together, these results indicate that IL-17 is the primary
mediator of lung inflammation that is observed in the absence of
T-bet and, furthermore, that T-bet is essential for the inhibition of
Ag-induced Th17 as well as Th2 cytokine production. Finally,
neutralization of IL-17 essentially reverses airway inflammation in
T-bet�/� mice.

Discussion
The purpose of this study was to investigate the regulatory role of
T-bet in allergen-induced asthma because variable expression of
T-bet has been identified as a major factor associated with allergic
asthma. We demonstrated that airway inflammation is enhanced in
T-bet�/� mice following allergen challenge and that this inflam-
mation is mediated by Th17 cells. Allergic inflammation was sig-
nificantly decreased in T-bet�/� mice following treatment with
neutralizing anti-IL-17 mAb, and little disease was observed in
IL-17R�/� mice. These results suggest a potential novel avenue
for therapeutic intervention of human asthma.

Our results show that T-bet has a crucial role following specific
allergen provocation, as demonstrated by an increase in goblet cell
hyperplasia and mucus production in T-bet�/� mice challenged with
OVA, as well as enhanced granulocytic cellular infiltration into the
airways, specifically eosinophils, neutrophils, and lymphocytes, and
an increase in bronchial responsiveness. Indeed, these results mirror
reports from human asthmatic patients (9–11). In addition, our results
confirm previous observations that BALB/c T-bet�/� mice do not

FIGURE 4. IL-17R signaling is
critical for Ag-induced airway inflam-
mation. A, Representative H&E-stained
lung tissues from 5- to 7-wk-old naive
and OVA-challenged BALB/c IL-
17R�/� mice (�200; four mice/group).
B, Numbers of total cells, eosinophils,
and neutrophils in BAL fluids were
evaluated 24 h after OVA instillation.
BAL cells were stained with Wright’s
modified stain and counted according to
standard morphological criteria. The
data represent means � SEM; four
mice/group. C, Cytokine levels in lungs
following allergic lung inflammation
induction. Twenty-four hours after a
5-day i.n. OVA challenge, lung tissues
were collected from naive and OVA-
challenged IL-17R�/� mice. IL-5, IL-4,
and IL-13 cytokine levels were mea-
sured by CBA; IL-17 levels were mea-
sured by ELISA. The data represent
means � SEM; four mice/group. D,
Mch dose-response curves 24 h follow-
ing 5-day i.n. OVA challenge. The data
are represented as means � SEM; six
mice/group; �, p � 0.05.
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spontaneously develop airway inflammation as compared with
C57BL/6 T-bet�/� mice (32). The reasons for this difference may
reflect genetic background bias related to the ability to mount Th1- vs
Th2-dominant responses (33), or could potentially be due to differ-
ences in animal husbandry between different laboratories (34). In any
case, the observation of increased airway inflammation following al-
lergen challenge in T-bet�/� mice, as well as the strong correlation
between T-bet deficiencies and development of asthma in humans,
suggests that dysfunction of T-bet expression may be involved in the
pathogenesis of allergic asthma.

T-bet is considered to be the master regulator of Th1 differ-
entiation. In addition to inducing IFN-� production, T-bet also
has the ability to suppress Th2 cytokine production (8). Sur-
prisingly, we did not observe a correlation between Th2 cyto-

kine production and enhanced inflammation in T-bet�/� mice
following a 5-day inhalation challenge with OVA. In contrast,
IL-4, IL-5, and IL-13 were significantly up-regulated in
T-bet�/� mice following allergen challenge. It has previously
been reported that in the absence of T-bet, IL-13 production is
enhanced and is responsible for airway remodeling in the asth-
matic airway (35). We also saw increases in IL-13 expression in
T-bet�/� mice, increases that might have played a role in the
increased bronchial hyperresponsiveness and changes in the
smooth muscle cells of the airway that were observed. How-
ever, the increased infiltration of inflammatory cells into the
airways, which most likely was the cause of more severe pul-
monary damage, is unlikely to be explained only by the changes
in IL-13 production. Thus, our results suggest that BALB/c

FIGURE 5. IL-17 mediates allergen-induced airway inflammation in T-bet�/� mice. A, Representative H&E-stained lung sections from naive and
OVA-challenged BALB/c T-bet�/� mice (�200; four mice/group). Neutralizing anti-IL-17 mAb (�-IL-17) and isotype control mAb (IgG) were admin-
istered on days 1–3 of the OVA i.n. challenge. B, H&E-stained lung sections were scored for levels of peribronchial inflammation. C, Numbers of total
cells, eosinophils, and neutrophils in BAL fluids were evaluated 24 h after OVA challenge. BAL cells were stained with Wright’s modified stain and counted
according to standard morphological criteria. The data represent means � SEM; eight mice/group. D, Cytokine levels in T-bet�/� lungs following induction
of allergic lung inflammation and treatment with neutralizing anti-IL-17 mAb. Cytokine levels were measured by CBA (IL-5, IL-4, and IL-13) and by
ELISA (IL-17). The data represent means � SEM; six mice/group; ��, p � 0.01. E, Mch dose-response curves 24 h following 5-day i.n. OVA challenge.
The data represent means � SEM; six mice/group; ��, p � 0.01.
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T-bet�/� mice do not develop enhanced airway inflammation
solely through induction of Th2 cytokines.

In addition to enhanced eosinophil infiltration, neutrophilic in-
filtration was also increased in OVA-challenged T-bet�/� mice.
Considering that IL-17 can induce neutrophil migration (12) and
that IL-17 has been associated with severe asthma pathogenesis
(36), we investigated the potential role of IL-17 in the disease
phenotype of T-bet�/� animals. IL-17 cytokine levels were up-
regulated in both T-bet�/� and the T-bet�/� lungs after allergen
challenge, and lymphocytes obtained from the lungs of these mice
also demonstrated increased IL-17 production. Surprisingly, how-
ever, IL-17 expression was significantly more pronounced in
T-bet�/� vs T-bet�/� mice. The majority of the IL-17-expressing
cells were CD3�. In addition to the increased presence of
CD4�IL-17� lymphocytes, there was a partial contribution of
IL-17 production among the CD4�CD8� population, suggesting
that in addition to Th17 cells, NKT cells may also play a role,
as recently reported (37). Our data parallel previous results by
McKinley et al. (38) that IL-17-producing cells are potential me-
diators of airway hyperresponsiveness and inflammation in the
lung. These studies also suggested that Th17 cells are steroid re-
sistant. Although it is unknown whether, in the absence of T-bet,
Th17 cells are steroid resistant or not, we have demonstrated that
Th17 cells are more predominant. Taken together, these data un-
derscore the necessity for better therapeutics. Ultimately, the find-
ings suggest that IL-17 has a crucial role in enhanced airway in-
flammation in the absence of T-bet regulation. Indeed, following
OVA sensitization and challenge, IL-17R�/� mice were found to
have an inability to mount an immunological response to allergen
compared with IL-17R�/� mice. Previous studies have similarly
shown that IL-17R signaling is crucial for optimal pulmonary de-
fense against Klebsiella pneumoniae infection (27, 39) as well as
for asthma development (40).

Because our results suggested a pivotal role for IL-17-induced neu-
trophil recruitment in mediating the enhanced allergic lung inflam-
mation observed in the absence of T-bet expression, we tested
whether lung inflammation could be reversed in T-bet�/� mice by
pulmonary delivery of anti-IL-17 mAb during allergic challenge. It
was found that administration of anti-IL-17 mAb abrogated the influx
of neutrophils into the bronchial lining and essentially prevented de-
velopment of pulmonary inflammation. At the same time, anti-IL-17
mAb treatment had a minor effect on eosinophilic airway infiltration
and Th2 cytokine production. These results suggest that in mice lack-
ing T-bet, IL-17 has a predominant effect on inducing recruitment of
neutrophils into the airways, and that this then promotes subsequent
inflammatory responses. Thus, blocking IL-17 in certain individuals
who are prone to asthma development may represent a novel thera-
peutic approach for prevention of pulmonary inflammation.

Our results in mice lacking the IL-17R clearly show that IL-17 is
required for the initiation of allergic asthma and confirm previous
studies of others (40). OVA-sensitized and -challenged IL-17R�/�

mice exhibited a deficiency in pulmonary cytokine production and
airway inflammation compared with OVA-sensitized and -challenged
WT animals. Administration of anti-IL-17 mAb to T-bet�/� mice
during the challenge phase also had dramatic effects on neutrophil
recruitment and on the peripheral airway response to Mch. However,
neutralization of IL-17 did not suppress Th2 responses, as was seen in
IL-17R�/� animals. The possibility that Th17 cells can convert to
Th2 cells following anti-IL-17 mAb treatment cannot be ruled out in
our model. However, the Th2 cytokine levels did not appear to be
restored to WT levels following OVA challenge (compare Figs. 2 and
5). It is interesting to note that the levels of IL-25 (IL-17E) were
elevated in IL-17R�/� mice. IL-25 is known to enhance Th2 re-
sponses, and because it signals through a receptor complex consisting
of the IL-17RB subunit (41), it would lose this capability in the ab-
sence of IL-17R. Thus, whereas signaling by IL-17 and IL-25 would
be lost in IL-17R�/� mice, IL-25 would still be functionally active in
anti-IL-17-treated animals. This may explain the differential effects on
Th2 cytokine expression observed in IL-17R�/� mice compared with
mice treated with neutralizing anti-IL-17A mAb. Indeed, our data
suggest that neutralizing IL-17 would be beneficial in reducing aller-
gic asthma; however, Schnyder-Candrian et al. (40) demonstrated that
eosinophilic asthma was exacerbated by neutralizing IL-17A. The
model used was a Th2 cell-mediated and eosinophil-dominant murine
asthma model. Our results suggest that in the absence of T-bet, asthma
is mediated by IL-17 and that this production of IL-17 is more potent
than Th2 cytokine production (see Fig. 2). These data demonstrate the
effector role of IL-17 in regulating neutrophilic as well as eosinophilic
infiltration and subsequent inflammation. Blocking the effector role of
IL-17 in the early stages alleviates allergic lung inflammation. Con-
sidering that asthmatic patients demonstrate decreased levels of T-bet
expression (9), our model becomes relevant to human asthmatics. In
addition to IL-17, IL-6 may also be a potential upstream target for
alleviation of allergic lung inflammation. IL-6 is known to be neces-
sary for Th17 cell differentiation, and there is an increase of Th17 cells
in our model. In contrast, there is no apparent role for CD8 T cells in
this model. Ultimately, these results further highlight the role of IL-17
in mediating enhancement of allergen-induced airway inflammation
during the challenge phase of experimental allergic asthma in the
absence of T-bet.

IL-17 has been shown to be produced in the airways in an allergic
lung inflammation model and to be necessary for neutrophilic recruit-
ment (14). Our results confirm these results and, furthermore, clearly
define the role of IL-17 in the increased severity of inflammation that
is observed in the absence of T-bet. The importance of T-bet in al-
lergic asthma is underscored by recent studies from asthmatic pa-
tients, who, as a group, have decreased T-bet expression (10, 11).

FIGURE 6. IL-25 (IL-17E) production in the lungs of OVA-sensitized
and -challenged mice. A, BALB/c WT, T-bet�/�, and IL-17R�/� mice
were sensitized with OVA in alum, and 2 wk later were challenged i.n. for
5 consecutive days with OVA. Twenty-four hours after the last OVA in-
oculation, homogenates were prepared from lung tissue, protein levels
were normalized to total lung protein, and IL-25 (IL-17E) was measured by
ELISA. The data represent means � SEM; four mice/group. B, IL-25 pro-
duction in T-bet�/� mice sensitized and challenged with OVA. Neutraliz-
ing anti-IL-17A mAb (�-IL-17) and isotype control mAb (IgG) were ad-
ministered in conjunction with OVA i.n. challenge. IL-25 (IL-17E)
cytokine levels were measured by ELISA 24 h after the final OVA chal-
lenge. The data represent means � SEM; four mice/group.
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Previously, it was shown that production of IL-17 can occur in
T-bet�/� mice (42). Our study is now the first to demonstrate that
neutralization of IL-17 during allergen challenge in the absence of
T-bet regulation strongly inhibits airway inflammation. Thus, T-bet in
wild-type animals appears to potently inhibit not only Th2 cell-me-
diated pulmonary inflammation, but also IL-17-mediated neutrophilic
inflammation. In fact, our results demonstrate that the enhanced air-
way inflammation following allergen challenge in the absence of T-
bet is dependent upon IL-17 function. These findings suggest that
therapeutic strategies aimed at reducing IL-17 production will be use-
ful for suppressing allergic inflammatory responses and other pulmo-
nary disorders characterized by inappropriate T cell activation. Tar-
geting both Th2 cytokines as well as IL-17 may ultimately lead to a
more effective therapeutic intervention.
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Supplementary Figure 1. OVA-induced airway inflammation is enhanced in T-bet-/-

mice. A. Representative H&E stained lung sections from naïve and OVA-sensitized and 

-challenged 5-7-week-old BALB/c T-bet+/+ and T-bet-/- mice (X200; 8 mice/group). B. 

The numbers of total cells, eosinophils, neutrophils and lymphocytes in BAL fluids were 

evaluated 24 hrs after OVA inoculation. BAL cells were stained with Wright’s modified 

stain and counted according to standard morphological criteria. The data represent means 

± SEM; 8 mice/group; *P<0.05.

Supplementary Figure 2. Pulmonary CD4+ lymphocytes express IL-17 during 

allergic inflammation. Lymphocytes isolated from the lungs of mice were stained for 

CD4 and intracellular IL-17, and analyzed by flow cytometry. The histograms are 

representative of FACS profiles and the data show mean percentages of positively-

stained cells from 6 mice/group. 






