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Abstract

Asthma is characterized by airway inflammation in-
duced by immune dysfunction to inhaled antigens. 
Although respiratory viral infections are the most com-
mon cause of asthma exacerbation, immunologic 
mechanisms underlying virus-associated asthma ex-
acerbation are controversial. Clinical evidence in-
dicates that nitric oxide (NO) levels in exhaled air are 
increased in exacerbated asthma patients compared 
to stable patients. Here, we evaluated the immunologic 
mechanisms and the role of NO synthases (NOSs) in 
the development of virus-associated asthma ex-
acerbation. A murine model of virus-associated asth-
ma exacerbation was established using intranasal 
challenge with ovalbumin (OVA) plus dsRNA for 4 
weeks in mice sensitized with OVA plus dsRNA. Lung 

infiltration of inflammatory cells, especially neu-
trophils, was increased by repeated challenge with 
OVA plus dsRNA, as compared to OVA alone. The neu-
trophilic inflammation enhanced by dsRNA was partly 
abolished in the absence of IFN-gamma or IL-17 gene 
expression, whereas unaffected in the absence of 
IL-13. In terms of the roles of NOSs, dsRNA-enhanced 
neutrophilic inflammation was significantly decreas-
ed in inducible NOS (iNOS)-deficient mice compared 
to wild type controls; in addition, this phenotype was 
inhibited by treatment with a non-specific NOS in-
hibitor (L-NAME) or an specific inhibitor (1400 W), but 
not with a specific endothelial NOS inhibitor (AP-CAV 
peptide). Taken together, these findings suggest that 
iNOS pathway is important in the development of vi-
rus-associated exacerbation of neutrophilic inflam-
mation, which is dependent on both Th1 and Th17 cell 
responses.
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Introduction

The development of asthma is linked not only with 
respiratory allergen sensitization but also with viral 
respiratory tract infections in early childhood 
(Sigurs et al., 2005; Thomsen et al., 2009). The 
respiratory tract is commonly infected by a range of 
viruses, and double-stranded (ds) RNA is a 
pathogen-associated molecular pattern (PAMP) 
expressed by many viruses during their replicative 
cycles (Yang et al., 1995; Guillot et al., 2005). 
Antiviral immune responses have innate and 
adaptive components; dsRNA stimulates innate 
immune responses via pattern-recognition recep-
tors (PRRs), including Toll-like receptor 3 (TLR3), 
which result in the production of pro-inflammatory 
and immunomodulatory mediators, such as type I 
interferons (e.g., IFN-α and IFN-β), IFN-γ, and 
IL-12 (Alexopoulou et al., 2001; Kulka et al., 2004; 
Kato et al., 2006). Recently, we developed a novel 
asthma model that mimics virus-associated asth-
ma; this model is characterized by neutrophilic 
inflammation induced by sensitization with al-
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lergens and dsRNA and is in part dependent upon 
type I helper T (Th1) cell response (Jeon et al., 
2007b). There is increasing evidence that neutro-
philic inflammation contributes to the pathophy-
siology of asthma exacerbation associated with 
viral infections (Jatakanon et al., 1999). Therefore, 
it is worthwhile to elucidate the precise molecular 
mechanisms underlying the development of virus- 
associated asthma exacerbation and to discover 
therapeutic targets. 
    Mild and moderate asthma are related to 
eosinophilic inflammation, whereas severe asthma 
is associated with neutrophilic (or non-eosinophilic) 
inflammation (Busse and Lemanske, 2001; Kim et 
al., 2007; Bateman et al., 2008). Eosinophilic 
inflammation represents Th2 cell response, where-
as neutrophilic inflammation may be related to Th1 
or Th17 cell responses (Kim et al., 2007, 2009). 
However, the precise immunologic mechanisms of 
neutrophilic inflammation seen in asthma exacer-
bation during respiratory viral infections are con-
troversial.
    Nitric oxide (NO) is a reactive, free radical gas 
that is produced by diverse cells via the activation 
of nitric oxide synthases (NOSs). All three known 
NOS isoforms are expressed within airways and 
mediate various functions, including innate host 
defense (Karupiah et al., 1993). In general, 
endothelial NOS (eNOS) and neuronal NOS 
(nNOS) are expressed under physiologic con-
ditions, whereas inducible NOS (iNOS) is up- 
regulated in the presence of pro-inflammatory 
factors, such as IFN-γ, VEGF, and TNF-α (Ches-
rown et al., 1994; Dembinska-Kiec et al., 1997). 
The NO levels in the airways are increased in 
asthma animal models, as well as in patients with 
asthma (Kharitonov et al., 1995; Weicker et al., 
2001). Measurement of exhaled NO has been 
suggested as being helpful in the monitoring of 
airway inflammation in asthma, especially in the 
case of exacerbated asthma (Harkins et al., 2004). 
However, the role of NO or NOS-mediated effects 
in the development of asthma exacerbation during 
viral infections remains controversial.
    In the present study, we hypothesized that both 
Th1 and Th17 cell responses are important in the 
development of virus-associated asthma exacer-
bation and that NOSs could be used as novel 
therapeutic targets against this condition. The 
evidence that viral respiratory tract infections 
exacerbate asthma severity suggested that airway 
allergen challenge in combination with the viral 
PAMP dsRNA might induce severe inflammation, 
as compared to inhalation of the allergen alone. To 
test this hypothesis, we first established a murine 
model of asthma exacerbation that involved al-

lergen challenge with dsRNA, and we then eva-
luated the underlying immunologic mechanisms 
for the development of lung inflammation. Next, we 
used pharmacologic and transgenic approaches to 
discover therapeutic targets against the virus- 
associated asthma exacerbation, and then we 
performed target validation with drug candidates in 
our novel model of asthma exacerbation.

Results

Role of viral PAMP dsRNA in the development of 
allergic inflammation

It is known that respiratory viral infections ag-
gravate asthma severity (Jatakanon et al., 1999). 
We evaluated the effects of a viral PAMP, dsRNA, 
on the development of allergic inflammation in a 
virus-associated asthma model described pre-
viously (Jeon et al., 2007b). Thus, 6-week-old wild- 
type (WT) C57BL/6 mice were sensitized with 
allergen (ovalbumin, OVA) and synthetic dsRNA 
[polyinosine-polycytidylic acid, poly(I:C)], subse-
quently challenged with OVA with or without 
poly(I:C) for 4 weeks, and evaluated 48 h after the 
final allergen challenge, as shown in Figure 1A. 
Cellularity in bronchoalveolar lavage (BAL) fluids 
showed that lung infiltration of inflammatory cells, 
such as macrophages, lymphocytes, and neutro-
phils, was enhanced in the OVA-challenged mice, 
as compared to the PBS-challenged mice, and that 
this inflammation was more aggravated by chal-
lenge with OVA + poly(I:C) than with OVA alone 
(Figure 1B). Lung histology showed that airway 
infiltration of inflammatory cells was markedly 
enhanced in the OVA + poly(I:C)-challenged mice, 
as compared to the OVA-challenged mice (Figure 
1C). Interestingly, repeated challenge with OVA +
poly(I:C) induced parenchymal inflammation and 
alveolar destruction (Figure 1C). 

Infiltration of Th1, Th17, and Th2 cells in the 
virus-associated asthma exacerbation model

With regard to lung infiltration by Th1 , Th17 , and 
Th2 cells, the expression levels of IFN-γ and IL-17 
by lung CD3+ cells were higher in the OVA - or 
OVA + poly(I:C)-challenged mice than in the PBS- 
challenged mice (Figure 2A). Moreover, the ex-
pression levels of these cytokines by lung CD3+ 
cells were further increased by OVA + poly(I:C) 
challenge, as compared to challenge with OVA 
alone (Figure 2A). In addition, the expression of 
IL-17 was increased in lung CD3- cells by chal-
lenge with OVA + poly(I:C), as compared to OVA 
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Figure 1. Repeated allergen challenge with the viral PAMP dsRNA 
[poly(I:C), IC] induces severe neutrophilic inflammation in the lung. In all 
the experiments: PBS, mice sensitized with OVA and challenged with 
PBS; OVA, mice sensitized with OVA + poly(I:C) and then challenged 
with OVA; IC/OVA, mice sensitized and then challenged with OVA +
poly(I:C). Five mice in each group were evaluated 48 h after the final al-
lergen challenge; *, P ＜ .05 compared to the PBS group; **, P ＜ .05 
compared to the other groups. (A) Study protocol. #, Challenge with OVA
+ poly(I:C). (B) BAL cellularity. (C) Representative lung histologies (a, 
PBS; b, OVA; c and d, IC/OVA; H&E staining, original magnification ×
200).

Figure 2. Repeated allergen challenge with dsRNA enhances both Th1 
and Th17 cell responses in the lung. In all the experiments: PBS, mice 
sensitized with OVA and challenged with PBS; OVA, mice sensitized with 
OVA + poly(I:C) and then challenged with OVA; IC/OVA, mice sensitized 
and then challenged with OVA + poly(I:C). Five mice in each group were 
evaluated 48 h after the final allergen challenge; *, P ＜ .05 compared to 
the PBS group; **, P ＜ .05 compared to the other groups. (A) Numbers 
of IFN-γ- and IL-17-producing CD3+ and CD3- cells in the lung tissues. 
(B) Levels of IP-10 and TGF-β1 in the BAL fluids.

challenge alone (Figure 2A). However, the ex-
pression levels of IL-4 in lung CD3+ and CD3- cells 
were not enhanced in the OVA - or OVA +
poly(I:C)-challenged mice, as compared with the 
PBS-challenged mice (data not shown). Regarding 
the production of pro-inflammatory mediators, the 
levels of IP-10 and TGF-β1 were significantly 
higher in the OVA - or OVA + poly(I:C)-challenged 
mice than in the PBS-challenged mice, and the 
production levels of these mediators were further 
enhanced by challenge with OVA + poly(I:C), as 
compared to challenge with OVA alone (Figure 
2B). Taken together, these data suggest that re-
peated airway exposure to dsRNA in combination 
with allergens enhances neutrophilic inflammation 
compared to exposure to allergen alone, which is 
accompanied by enhanced infiltration of Th1 and 
Th17 cells in the lung. 

Role of Th1, Th17, and Th2 cell responses in the 
development of the virus-associated asthma 
exacerbation

Based on the finding that neutrophilic inflammation 
enhanced by challenge with dsRNA is associated 
with increases in the activities of Th1 and Th17 
cells in the lung, we assessed the role of helper T 
cell subsets in the development of dsRNA- 
enhanced neutrophilic inflammation using trans-
genic approach. In terms of the role of Th1 cells in 
the development of the dsRNA-enhanced neu-
trophilic inflammation, BAL cellularity analyses 
showed that lung infiltration of macrophages, 
lymphocytes, and neutrophils was significantly 
lower in IFN-γ-deficient mice challenged with OVA
+ poly(I:C) than in WT mice challenged in the same 
manner, although eosinophilic infiltration was en-
hanced in the former group (Figure 3A). In terms 
of the effects of IFN-γ on the production of 
pro-inflammatory mediators enhanced by OVA +
poly(I:C) challenge, the levels of IP-10 in the BAL 
fluids were negligible, the levels of TGF-β1 were 
increased in the IFN-γ-deficient mice compared 
with the WT mice, and the BAL TNF-α levels were 
similar in the two groups (Figure 3B).
    With regard to the role of the Th17 cells in the 
development of the dsRNA-enhanced neutrophilic 
inflammation, BAL cellularity analysis showed that 
lung infiltration of macrophages, lymphocytes, and 
neutrophils was lower in the IL-17-deficient mice 
than in the WT mice, although the levels of 
eosinophilic infiltration were similar between the 
two groups (Figure 3C). As for the production of 
pro-inflammatory mediators enhanced by challen-
ge with OVA + poly(I:C), the levels of TNF-α in the 
BAL fluids were significantly lower in the IL- 
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Figure 3. Lung inflammation induced by repeated allergen challenge in combination with dsRNA is dependent upon both IFN-γ- and IL-17-mediated ef-
fects, but not on IL-13. Evaluation (n = 5 per group) was performed 48 h after the final allergen challenge. PBS, mice sensitized with OVA and then chal-
lenged with PBS; IC/OVA, mice sensitized and then challenged with OVA + poly(I:C). (A) BAL cellularity in IFN-γ-deficient and WT (both BALB/c back-
ground) mice. (B) The levels of IP-10 and TGF-β1 (left panel) and TNF-α (right panel) in the BAL fluids of IFN-γ-deficient and WT mice. (C) BAL cellu-
larity in the IL-17A-deficient and WT (both BALB/c background) mice. (D) The levels of IP-10 and TGF-β1 (left panel) and TNF-α (right panel) in the BAL 
fluids of IL-17A-deficient and WT mice. (E) BAL cellularity in the IL-13-deficient and WT (both C57BL/6 background) mice. (F) Levels of IP-10 and TGF-β1 
(left panel) and TNF-α (right panel) in the BAL fluids of the IL-13-deficient and WT mice. For all figures, *, P ＜ .05 compared to the PBS groups; **, P ＜
.05 compared to the other groups.

17-deficient mice than in the WT mice, whereas 
the BAL IP-10 and TGF-β1 levels were similar 
among the two groups (Figure 3D).
    We also evaluated the role of Th2 cells in the 
development of dsRNA-enhanced neutrophilic in-
flammation. Based on the evidence that IL-13 is a 
key mediator in the development of Th2 asthma 
(Grunig et al., 1998), the severe asthma model 
was applied to IL-13-deficient mice. BAL cellularity 
analysis showed that lung infiltration of inflam-
matory cells enhanced by challenge with OVA +
poly(I:C) was similar between the IL-13-deficient 
and WT mice (Figure 3E). As for the production of 
pro-inflammatory mediators after OVA + poly(I:C) 
challenge, the levels of IP-10 and TNF-α in the 
BAL fluids were similar between the IL-13-deficient 

and WT mice, although the BAL TGF-β1 levels 
were lower in the former group (Figure 3F).
    Taken together, these data indicate that neu-
trophilic inflammation enhanced by dsRNA relies 
on both Th1 and Th17 cell responses, but not on 
Th2 cell responses.

Role of NOSs on the development of neutrophilic 
inflammation in the virus-associated severe asthma 
model

It has been suggested that the levels of exhaled 
NO reflect disease severity and exacerbation in 
patients with asthma (Smith et al., 2005). The 
production of NO is up-regulated by IFN-γ and 
TNF-α (Chesrown et al., 1994; Dembinska-Kiec et 
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Figure 4. Treatment with a non-specific NOS inhibitor (L-NAME), but not 
with an eNOS inhibitor (AP-CAV), inhibits lung inflammation induced by 
repeated allergen challenge with dsRNA. In all the experiments, the eval-
uation (n = 5 per group) was performed 48 h after the final allergen chal-
lenge; PBS, mice sensitized with OVA and then challenged with PBS; 
IC/OVA, mice sensitized and then challenged with OVA + poly(I:C); *, P
＜ .05 compared to PBS; **, P ＜ .05 compared to the other groups. (A) 
BAL cellularity after treatment with AP-CAV (1 mg/kg) and L-NAME (10 
mg/kg) during allergen challenge. (B) Representative lung histologies (a, 
PBS; b, IC/OVA_sham; c, IC/OVA_AP-CAV; d, IC/OVA_L-NAME; H&E 
staining, original magnification × 200). (C) The levels of IP-10 and 
TGF-β1 (left panel) and TNF-α (right panel) in the BAL fluids.

al., 1997). This led us to evaluate NOSs as 
therapeutic targets for virus-associated asthma 
exacerbation. Thus, mice with virus-associated 
asthma exacerbation were treated with a non- 
selective NOS inhibitor (Nω-Nitro-L-arginine methyl 
ester hydrochloride, L-NAME, 10 mg/kg) or a 
specific eNOS inhibitor (a fusion peptide of the 
caveolin-1 scaffolding domain with the Antenna-
pedia internalization sequence from the Drosophila 
Antennapedia homeodomain, AP-CAV, 1 mg/kg). 
BAL cellularity analyses showed that lung in-
filtration of inflammatory cells was significantly 
inhibited by treatment with L-NAME, but not with 
AP-CAV (Figure 4A). Representative lung histo-

logies showed that peribronchiolar and peri-
vascular inflammation induced by challenge with 
OVA + poly(I:C) was reduced by treatment with 
L-NAME, but not with AP-CAV (Figure 4B). In 
terms of the production of downstream mediators 
of Th1 and Th17 cytokines, the levels of IP-10, 
TGF-β1, and TNF-α in the BAL fluids were 
significantly inhibited by L-NAME treatment, as 
compared to sham or AP-CAV treatment (Figure 
4C). These data suggest that NOSs other than 
eNOS play an important role in the development of 
virus-associated asthma exacerbation and that 
these are good therapeutic targets for this con-
dition.

Role of iNOS in the development of neutrophilic 
inflammation in the virus-associated asthma 
exacerbation model

Based on the finding that dsRNA-enhanced 
neutrophilic inflammation was inhibited by treat-
ment with the non-specific NOS inhibitor (L- 
NAME), but not with the specific eNOS inhibitor 
AP-CAV, we used a transgenic approach to 
evaluate the potential of iNOS as a therapeutic 
target for the virus-associated asthma exacer-
bation. Thus, the virus-associated asthma ex-
acerbation model was applied to iNOS-deficient 
mice. Analyses of BAL cellularity showed that lung 
infiltration of inflammatory cells was significantly 
decreased in the absence of iNOS gene ex-
pression (Figure 5A). Representative lung histo-
logies showed that peribronchiolar and peri-
vascular inflammation induced by challenge with 
OVA + poly(I:C) was lower in the iNOS-deficient 
mice than in the WT mice (Figure 5B). With regard 
to the production of downstream pro-inflammatory 
mediators after OVA + poly(I:C) challenge, the 
levels of IP-10, TGF-β1, and TNF-α in the BAL 
fluids were significantly lower in the iNOS-deficient 
mice than in the WT mice (Figure 5C). Taken 
together, these findings indicate that iNOS is a 
good therapeutic target for the virus-associated 
asthma exacerbation.

Target validation with a specific iNOS inhibitor (1400 
W) for the treatment of the virus-associated asthma 
exacerbation

We validated iNOS as a therapeutic target against 
the virus-associated asthma exacerbation using 
candidate drugs. Thus, mice with virus-associated 
asthma exacerbation were treated with a specific 
iNOS inhibitor [N-(3-aminomethyl)benzylacetami-
dine, 1400 W, 1 mg/kg and 5 mg/kg] during 
challenge. Analyses of BAL cellularity showed that 



726    Exp. Mol. Med. Vol. 42(10), 721-730, 2010

Figure 5. Virus-associated severe inflammation in the lung is abolished 
in the absence of iNOS gene expression. In all the experiments, evalua-
tion (n = 5 per group) was performed 48 h after the final allergen chal-
lenge; PBS, mice sensitized with OVA and challenged with PBS; IC/OVA, 
mice sensitized and challenged with OVA + poly(I:C); *, P ＜ .05 com-
pared to the PBS groups; **, P ＜ .05 compared to the other groups. (A) 
BAL cellularity in iNOS-deficient and WT (both C57BL/6 background) 
mice. (B) Representative lung histologies (a and c, WT_IC/OVA; b and d, 
iNOS KO_IC/OVA; H&E staining; a and b: original magnification × 200; 
c and d: original magnification × 400). (C) Levels of IP-10 and TGF-β1 
(left panel) and TNF-α (right panel) in the BAL fluids from iNOS-deficient 
and WT mice. 

Figure 6. Treatment with a specific iNOS inhibitor (1400 W) abolishes 
lung inflammation induced by repeated allergen challenge with dsRNA. 
Evaluation (n = 5 per group) was performed 48 h after the final allergen 
challenge; PBS, mice sensitized with OVA and then challenged with 
PBS; IC/OVA, mice sensitized and challenged with OVA + poly(I:C); *, P
＜ .05 compared to PBS; **, P ＜ .05 compared to the other groups. (A) 
BAL cellularity in mice treated with different doses (1 and 5 mg/kg) of 
1400 W. (B) Representative lung histologies of mice treated with 1400 W 
(a, PBS; b, IC/OVA_sham; c, IC/OVA_1400 W (1 mg/kg); d, 
IC/OVA_1400 W (5 mg/kg); H&E staining, original magnification × 400). 
(C) Levels of IP-10 and TGF-β1 (left panel) and TNF-α (right panel) in 
the BAL fluids from mice treated with 1400 W.

lung infiltration of inflammatory cells was sig-
nificantly inhibited by 1400 W treatment, ir-
respective of dosage, as compared to sham 
treatment (Figure 6A). Evaluation of lung histology 
showed that peribronchiolar and perivascular 
infiltration of inflammatory cells was markedly 
decreased by 1400 W treatment, as compared to 
sham treatment (Figure 6B). In addition, the 
production levels of the downstream pro-inflam-
matory mediators IP-10, TGF-β1, and TNF-α were 
significantly inhibited by 1400 W treatment, 
irrespective of the dosages used, as compared to 
sham treatment (Figure 6C). These findings in-
dicate that drugs that target iNOS are good 

candidates for the treatment of asthma exacer-
bation during respiratory viral infections.

Discussion

Eosinophilic inflammation, which has long been 
considered as a distinctive pathologic hallmark of 
asthma, features in many contemporary definitions 
of this disease (Vignola et al., 1997). However, 
non-eosinophilic forms of asthma are relatively 
common (Jatakanon et al., 1999). There have 
been several reports of subgroups of asthmatic 
patients with persistent neutrophil-rich airway 
inflammation and lack of response to corti-
costeroids (Jatakanon et al., 1999; Gibson et al., 
2001; Silvestri et al., 2006). Methodological ad-
vances, such as bronchoscopy and studies of 
induced sputum in severe asthma, have demon-
strated that non-eosinophilic and even eosinophilic 
forms of severe asthma are associated with airway 
neutrophilia (Vrugt et al., 1999; Louis et al., 2000). 
Our previous data indicated that sputum neutro-
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phils, rather than eosinophils, were positively 
associated with asthma disease severity (Kim et 
al., 2007). Neutrophilic inflammation is also a 
characteristic feature of viral infections, which 
represent an important trigger of asthma ex-
acerbation (Teran et al., 1997; Wark et al., 2002). 
These findings led to the notion that airway 
exposure to allergens during respiratory viral 
infections might induce exacerbation of lung 
inflammation than exposure to allergen alone. 
Indeed, in the present study, we showed that 
repeated allergen challenge together with dsRNA 
aggravated neutrophilic inflammation compared to 
allergen alone. Interestingly, neutrophilic inflam-
mation enhanced by dsRNA was not only abo-
lished in the absence of iNOS gene expression, 
but was also effectively blocked by treatment with 
the iNOS inhibitor 1400 W. These results suggest 
that iNOS pathway plays an important role in the 
exacerbation of neutrophilic inflammation during 
respiratory viral infections.
    Murine models of allergic asthma have tra-
ditionally comprised intraperitoneal sensitization 
with OVA using aluminum hydroxide as the 
adjuvant, followed by OVA challenges (Yang et al., 
1995; Temelkovski et al., 1998). Although this type 
of model presents the characteristic features of 
asthma, i.e., extensive infiltration of eosinophils, 
subepithelial fibrosis, and airway hyperresponsive-
ness, it is not appropriate to evaluate mechanisms 
underlying neutrophilic inflammation seen in virus- 
associated asthma and/or viral infection-induced 
asthma exacerbation. The present study shows 
that the synthetic dsRNA analogue poly(I:C) 
enhances neutrophilic inflammation in the context 
of antigen inhalation. The increased total cell 
numbers and neutrophil numbers in the BAL fluids 
coincided with the elevation of Th1 (INF-γ) and 
Th17 (IL-17) cytokines, and were attenuated by the 
abrogation of IFN-γ or IL-17 gene expression. 
These findings suggest that Th17 cellular re-
sponses, together with Th1 cellular responses, 
play important roles in the development of 
neutrophilic inflammation in the model of virus- 
associated asthma exacerbation. 
    Although previous studies support the notion of 
Th1 cells and IFN-γ as inhibitors of Th2 cellular 
responses, many studies have shown that Th1 
cells enhance allergic inflammation (Hansen et al., 
1999; Jeon et al., 2007b). For example, Dahl et al. 
reported that influenza A infection incited a robust 
IFN-γ response in the mouse lung, which promoted 
the development of IL-12-producing dendritic cells 
and subsequently enhanced Th1 and Th2 cellular 
responses (2004). Our previous studies showed 
that airway exposure to dsRNA plus allergens 

during sensitization enhanced antigen sensitization 
and IFN-γ expression, and that these events were 
impaired in T-bet-deficient mice (Jeon et al., 2007b). 
IFN-γ is known to activate macrophages and the 
surrounding structural cells, and to enhance the 
production of CXC chemokines, including IP-10 
and IL-8, which preferentially attract monocytes, 
neutrophils, and activated lymphocytes (Boehm et 
al., 1997; Brightling et al., 2005; Silvestri et al., 
2006). Moreover, transgenic over-expression of 
IFN-γ in the airways induces non-eosinophilic 
inflammation and alveolar remodeling, such as 
emphysema (Wang et al., 2000). In the present 
study, we found that the production of IP-10 in the 
severe asthma model was completely abolished in 
the absence of IFN-γ gene expression, which was 
accompanied by the inhibition of lung infiltration of 
inflammatory cells. These findings suggest that 
Th1 cellular responses induced by dsRNA-con-
taining antigens are important events in the 
development of neutrophilic inflammation seen in 
asthma exacerbation during viral infections. 
    Th17 cells, which represent a new subset of 
T-helper cells, are named based on their pro-
duction of the cytokine IL-17 (Bullens et al., 2006; 
Annunziato et al., 2007; Louten et al., 2009). 
These cells contribute to human chronic in-
flammatory diseases via the production of several 
pro-inflammatory cytokines (Jovanovic et al., 1998; 
Kotake et al., 1999; Iwakura and Ishigame, 2006). 
Furthermore, there is substantial evidence to 
suggest that Th17 cells are also involved in the 
airway inflammation associated with asthma (Kim 
et al., 2009). IL-17 orchestrates neutrophilic 
inflammation through the induction of pro-in-
flammatory mediators, such as TNF-α, IL-1β, IL-6, 
and CXCL8 (Laan et al., 1999). Indeed, the 
present study shows that neutrophilic inflammation 
in the virus-associated asthma exacerbation model 
is partly dependent upon IL-17, which is linked to 
the production of TNF-α. These findings, together 
with up-regulation of TNF-α production by IFN-γ, 
suggest that TNF-α is a key player in the 
development of neutrophilic inflammation induced 
by Th17 cellular responses in the virus-associated 
asthma exacerbation model. 
    In general, nNOS and eNOS are expressed 
under physiologic conditions, whereas iNOS is 
regulated at the transcriptional level by the 
presence of pro-inflammatory stimuli, such as 
IFN-γ and TNF-α (Chesrown et al., 1994; Dem-
binska-Kiec et al., 1997). The production of NO is 
increased in animal models of asthma, as well as 
in asthmatic patients (Kharitonov et al., 1995; 
Weicker et al., 2001). Respiratory viral infections 
are the predominant cause of exacerbations of 
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asthma (Beasley et al., 2000). In the context of 
respiratory viral infections, NO plays an important 
role in the host defense owing to its potent antiviral 
properties (Schuh et al., 2002). Viral infection can 
lead to the activation of iNOS within the airway 
epithelium (Sagara et al., 2002). However, high 
levels of NO in the airways may be deleterious 
because they contribute to increased vascular 
permeability, mucus hypersecretion, epithelial cell 
damage, and inflammatory cell infiltration (Di Maria 
et al., 2000). The fact that iNOS is induced by 
IFN-γ and TNF-α prompted us to explore whether 
iNOS is a good therapeutic target against the Th1 
and Th17 cellular responses that mediate neu-
trophilic inflammation seen in asthma exacerbation 
during viral infections.
    To assess the potential of NOSs as therapeutic 
targets against asthma exacerbation, we used 
pharmacologic and transgenic approaches to 
assess efficacy in the dsRNA-enhanced severe 
asthma model. The pharmacologic approach re-
vealed that neutrophilic inflammation enhanced by 
dsRNA was inhibited by treatment with a non- 
specific NOS inhibitor (L-NAME), but not with an 
eNOS-specific inhibitor (AP-CAV). This finding led 
us to evaluate iNOS as a therapeutic target against 
asthma exacerbation. The transgenic approach 
used in the present study revealed that neutrophilic 
inflammation in the asthma exacerbation model 
was abolished in the absence of iNOS gene 
expression. Furthermore, pharmacologic interven-
tion with a specific iNOS inhibitor (1400 W) 
effectively inhibited development of neutrophilic 
inflammation induced by allergen exposure in 
combination with dsRNA. Taken together, these 
findings strongly suggest that iNOS is a good 
therapeutic target against the neutrophil-dominant 
asthma exacerbation that results from Th1 and 
Th17 cellular responses. 
    In summary, the present study shows that 
allergen challenge with the viral PAMP dsRNA 
induces a mixed Th1-type and Th17-type allergic 
inflammation, which is characterized by neutro-
philic inflammation. Furthermore, we reveal iNOS 
as a potentially valuable therapeutic target for this 
type of severe inflammatory disease, which 
includes asthma exacerbation during respiratory 
viral infections. 

Methods

Animals 

C57BL/6 IFN-γ-deficient and C57BL/6 iNOS-deficient mice, 
as well as C57BL/6 and BALB/c wild-type (WT) mice were 
purchased from Jackson Laboratories (Bar Harbor, ME). 

BALB/c IL-17-deficient and C57BL/6 IL-13-deficient mice 
were kindly donated by Y. C. Sung (POSTECH, Pohang, 
Republic of Korea) and by Z. Zhu (Johns Hopkins 
University, Baltimore, MD), respectively. Mice were bred in 
a pathogen-free facility at POSTECH, and all live animal 
experiments were approved by the POSTECH Ethics 
Committee.

Reagents

OVA and L-NAME were purchased from Sigma-Aldrich (St. 
Louis, MO). Poly(I:C) and 1400W were purchased from 
Calbiochem (La Jolla, CA). AP-CAV peptide was syn-
thesized by Peptron (Daejeon, Korea). For immuno-
histochemical staining, antibodies directed against eNOS 
(sc-654) and iNOS (sc-651) were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA).

Protocol for the generation of a murine model of 
virus-associated asthma exacerbation

To generate the virus-associated asthma model, mice were 
sensitized intranasally with 75 μg OVA plus 10 μg poly(I:C), 
as described previously (Jeon et al., 2007b). To generate a 
virus-associated severe asthma, sensitized mice were 
challenged with 50 μg OVA with or without 10 μg poly(I:C) 
twice weekly for 4 weeks as shown in Figure 1A. 
Pharmacologic intervention was performed during allergen 
challenge, and therapeutic efficacy was evaluated 48 h 
after the final allergen challenge. 

Evaluation of lung inflammation 

Lung and BAL samples were obtained, as previously 
described (Jeon et al., 2007a). The total numbers of 
inflammatory cells in the BAL fluids were assessed after 
staining with Diff-Quick (Dade Behring, Dudingen, 
Switzerland). For histology, Hematoxylin and eosin (H&E) 
staining of lung sections was performed after pressure 
fixation with Streck solution (Streck Laboratories, Omaha, 
NE). 

Fluorescent-activated cell sorting (FACS) analysis 
and intracellular cytokine staining

To identify T cells recruited into the lung, FACS analysis 
was performed using antibodies for a T-cell surface marker 
(anti-CD3). After preparation, single-cell-suspended 1 ×
106 isolated cells were aliquoted into tubes and stained 
with FACS antibodies (BD Biosciences Pharmingen, San 
Diego, CA). To determine the intracellular cytokine levels, 
isolated lung cells were incubated at 37oC for 3 h in RPMI 
media containing 10% fetal bovine serum (FBS) and 2 
μg/ml brefeldin A (Sigma-Aldrich). Then the cells were 
washed in PBS containing 3% FBS and 0.1% NaN3, 
followed by fixation in PBS containing 4% formaldehyde for 
20 min. After washing, the cells were permeabilized with 
0.5% saponin (Sigma-Aldrich) in PBS for 10 min, 
centrifuged, re-suspended in 50 μl of the same solution, 
and stained with anti-IFN-γ, anti-IL-17, or anti-IL-4 anti-
bodies for 30 min. The cells were analyzed using the 
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FACS Calibur system (BD Biosciences, Franklin Lakes, 
NJ), and the results were processed using CellQuest 
software (BD Biosciences). The number of each type in the 
lung was determined by multiplying the total number of 
lung cells by the percentage of each cytokine-positive 
cells.

Quantification of cytokines

The levels of IP-10, TGF-β1, and TNF-α in BAL fluids were 
measured by ELISA, in accordance with the manu-
facturer’s instructions (R&D Systems, Minneapolis, MN).

Statistical analysis 

Significant differences between the treatments were 
assessed using the Student’s t-test and ANOVA. For 
multiple comparisons, ANOVA was used initially, and when 
significant differences were found, individual t-tests for 
pairs of groups were performed. 
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