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The Journal of Immunology

Double-Stranded RNA Exacerbates Pulmonary Allergic
Reaction through TLR3: Implication of Airway Epithelium
and Dendritic Cells

David Torres,*,†,‡,x,{,1 Audrey Dieudonné,*,†,‡,x,‖,1 Bernhard Ryffel,# Eva Vilain,*,†,‡,x

Mustapha Si-Tahar,**,†† Muriel Pichavant,*,†,‡,x Philippe Lassalle,†,‡,x,‡‡

François Trottein,*,†,‡,x and Philippe Gosset*,†,‡,x

Respiratory viral infections have been implicated in exacerbations of allergic asthma, characterized by a Th2-biased immune response.

Respiratory viruses target airway epithelial cells and dendritic cells (DCs). Their activation is, at least in part, mediated by the TLR3-

dependent recognition of virus-derived dsRNA. To elucidate the role of epithelial cells and DCs and the implication of TLR3/Toll/

IL-1R domain-containing adaptor-inducing IFN-b (TRIF) pathway, we developed a mouse model of lung allergic exacerbation. The

effect of intranasal administration of dsRNA in OVA-sensitized wild-type mice and TRIF2/2 mice was evaluated on airway hyper-

responsiveness and pulmonary inflammation. Our data demonstrated that treatment with dsRNA significantly increased the airway

hyperresponsiveness, the lung inflammation, and the OVA-specific Th2 response. This was associated with an infiltrate of eosinophils,

myeloid DCs, and T lymphocytes. TRIF activation was required for the development of dsRNA-induced exacerbation of the allergic

reaction. Intratracheal transfer of IL-4/dsRNA/OVA–pretreated DCs also triggered exacerbation of the allergic reaction, whereas cells

primedwith dsRNA/OVAhad amore limited effect. dsRNA-induced production of CCL20 by airway epitheliumwas associatedwith DC

recruitment. In vivo and in vitro treatment with dsRNA amplified airway epithelial production of the pro-Th2 chemokines CCL11 and

CCL17, their secretion being enhanced by Th2 cytokines. In conclusion, dsRNAderived from respiratory viruses trigger exacerbation of

the pulmonary allergic reaction through TLR3/TRIF-dependent pathway. Moreover, Th2 cytokines participate in this process by

modulating the response of airway epithelium and DCs to dsRNA. The Journal of Immunology, 2010, 185: 000–000.

A
llergic asthma is a complex inflammatory disease as-
sociated with mucus hypersecretion, remodeling, air-
way hyperresponsiveness (AHR), eosinophil, and Th2

cell infiltrates in the lung (1–4). Ag-induced allergic airway

inflammation is mediated by Th2 cytokines, such as IL-4, IL-

5, and IL-13 (1–4). IL-4 is important for Th2 cells and IgE re-

sponse development, whereas IL-13 induces airway remodeling

and AHR as well as goblet cell hyperplasia (5, 6). IL-5 mainly

mediates eosinophil recruitment into the airways of sensitized

mice (7, 8). A critical role for dendritic cells (DCs) is now fairly

established in allergen sensitization, airway inflammation, and

AHR alteration associated with experimental models of allergic

asthma (9, 10).
Airway epithelial cells (AECs) are involved in the control of

lung inflammation and DC recruitment during allergic asthma

(11). AECs exposed to airway contaminants (virus, bacteria, and

pollutants) produce higher levels of chemokines (MIP3-a

[CCL20], IP-10 [CXCL10], and RANTES [CCL5]) involved

in the recruitment of myeloid (m)DCs (12, 13). Airway exposure

to TLR agonists also affects the expression of adhesion mole-

cules on AECs as well as the production of cytokines involved in

their cross-talk with mDCs. This leads to the maturation of

mDCs and the polarization of the T cell response toward

a Th2 profile (12, 14). Furthermore, AECs drive allergic inflam-

mation to house dust mites via TLR4-dependent activation of

mucosal mDCs (15).
Viral airway infections by influenza A virus, rhinovirus, and

respiratory syncytial virus are responsible for the majority of

asthma exacerbation in children (16–18). In nonatopic mice, these

infections induce a Th1 immune response (19). However, infec-

tions with respiratory viruses in allergic mice exacerbate Th2

pathologies (20–22). Influenza A virus infection promotes the

maturation of lung DCs and leads to increased Th2 response (22).
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Mixte de Recherche 8204; ‡Institut Pasteur de Lille; xUniversité Lille Nord de France;
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Induction of immune responses by respiratory viruses involves
pattern recognition receptors located either in endosomes, such as
TLRs 3, 7, 8, and 9, or present in the cytoplasm including the RNA
helicases RIG-I and MDA -5 (23, 24). Both TLR3 and RNA
helicases recognize dsRNA produced during viral infections as
well as poly(I:C), a synthetic ligand mimicking viral dsRNA
(25–28). This recognition induces activation of NF-kB and IFN
regulatory factor-3/7 transcription factors that further regulate in-
flammatory and antiviral mediator expression. In virus-infected
AECs, secretion of proinflammatory chemokines is dependent
on TLR3 through the mobilization of the adaptor molecule Toll/
IL-1R domain-containing adaptor-inducing IFN-b (TRIF) (29),
whereas retinoic acid-inducible gene-I controls the production of
type I IFN (30). In DCs, involvement of TLR3 versus RNA hel-
icases depends on the targeted subpopulation and their degree of
activation (31, 32).
Although several studies showed an exacerbation of allergic asthma

after viral infections, the cellular and molecular processes involved in
this disease are still unknown. For this purpose, we developed amouse
model for allergic reaction exacerbation based on the local admin-
istration of dsRNA. In this study, we investigated the potential role of
AEC/DC interactions and the implication of TLR3/TRIF pathway in
exacerbation of the allergic reaction. Our data show that the
TLR3/TRIF pathway is involved in lung allergic exacerbation and
suggests the importance of AEC/mDC cross-talk in this setting.

Materials and Methods
Animals

C57BL/6micewere purchased fromCharles River Laboratories (Le Genest-St-
Isle, France). TRIF2/2 mice and TLR32/2 mice (a gift from Prof. S. Akira,
Osaka University, Osaka, Japan) were backcrossed on the C57BL/6 back-
ground (Unité Mixte de Recherche 6218, Orleans, France) and were bred in
a specific pathogen-free animal facility at the Centre National de la Recherche
Scientifique. For experiments, female (8–10 wk old) animals were kept iso-
lated in ventilated cages. All protocols complied with the French government’s
ethical and animal experiment regulations.

Model of pulmonary allergic reaction exacerbation

Wild-type (WT) mice and TRIF2/2 mice were sensitized with 50 mg OVA
(Sigma-Aldrich, St. Louis, MO) in 2 mg aluminum hydroxide i.p. in a vol-
ume of 200 ml on days 0 and 7 (Fig. 1A). From days 14 to 16, anesthetized
(with xylasin/ketamin) mice were challenged intranasally with 100 mg
OVA (Sigma-Aldrich) diluted in PBS alone or in association with 50 mg
endotoxin-free poly(I:C) (dsRNA; InvivoGen, San Diego, CA) to induce
allergic airway inflammation. dsRNA preparations are devoid of endotoxin
as determined by the Limulus amebocyte test and did not activate a cell
line transfected with TLR4 (data not shown). Controls received PBS alone.
Ten days after intranasal administration, mice were challenged with OVA
aerosol (OVA 2% in PBS for 20 min) on 3 consecutive days. Animals were
sacrificed 48 h after the last challenge. Lung, sera, and bronchoalveolar
lavage (BAL) fluids were then collected for analysis. In some experiments,
mice were sacrificed after the first set of challenge (at day 17) to analyze
the lung recruitment of innate immune cells induced by dsRNA.

FIGURE 1. Local administration of dsRNA exacerbates the lung allergic reaction inWTC57/BL6mice.A, Protocol for exacerbation of the allergic reaction

induced by dsRNA administration in C57BL/6 mice. B and C, Lung function, as determined by measurement of PenH (B) and RL (C) by noninvasive and

invasive methods, respectively (pp , 0.05 versus mice treated with OVA); D, eosinophil numbers in the BAL; E, H&E staining of lung sections (original

magnification3300); F andG, number of T cells (F) and DCs (G) in lung tissue as determined by flow cytometry. InG, DCs are defined as nonautofluorescent

MHC II+CD11c+CD11b+/2 andMHC II+CD11c+CD11b+, respectively;H, serumOVA-specific IgG1, IgE, and IgG2a levels. Data are expressed as themean6
SD (n = 5 mice) and are from one representative experiment out of three. pp, 0.05; ppp, 0.01; pppp, 0.001 versus mice treated either with OVA or PBS.
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Measurement of AHR

Measurement of AHR was first performed by a noninvasive method using
whole-body plethysmography and then confirmed by an invasive method
using flexivent (Scireq, Montreal, Quebec, Canada). Responsiveness to
b-metacholine was assessed in conscious mice using the measurement of
enhanced pause (PenH) by chamber whole-body plethysmography. Alter-
natively, airway resistance (RL) and dynamic compliance was measured by
flexivent.

Generation of mDCs and adoptive transfer of OVA-pulsed DCs

In brief, bonemarrow-derivedDCs (BMDCs)were differentiated in the pres-
ence of GM-CSF (20 ng/ml; PeproTech, London, U.K.) (see supplemental
Extended Methods section for further details). After 10 d, a pro-Th2 envi-
ronment was constituted by addition of IL-4 (10 ng/ml) (PeproTech) into
some cultures. At day 13, both types of BMDCs were stimulated with OVA
(100 ng/ml) alone or in association with dsRNA (10 mg/ml). Control cells
were incubated inmediumalone.After 24h of incubation, BMDCphenotype
was analyzed by flow cytometry and for its capacity to produce cytokines. To
address the role of DCs in asthma exacerbation, C57BL/6 mice were sensi-
tized as described above. At day 14, 106BMDCs (sensitized or notwith IL-4)
were injected intratracheally and then challenged with OVA aerosol (days
26–28) before evaluation of the allergic reaction.

Assessment of allergic airway inflammation in BALs, lung
tissue, and draining lymph nodes

BAL fluids were prepared by washing the lungs twice with 0.5 ml ice-cold
PBS. Cell-free BAL fluids and the cell pellets were prepared and used for
differential cell counts and measurement of cytokine levels. Lung homoge-
nates were prepared after dispersion of the middle right lobe in 1 ml lysis
buffer (see Extended Methods for further details). The concentration of the
total protein and cytokine levels was measured using protein assay (Bio-
Rad, Hercules, CA) and ELISA (R&D Systems, Abingdon, U.K.), respec-
tively. After dissociation of the left lobe, lung cells were counted, and the
cell phenotype was analyzed by flow cytometry. The gating strategy to
identify DCs was described in Extended Methods and in Supplemental
Fig. 1. For lung histology and immunohistochemistry, caudal right lobe
of the lung from each mouse was fixed in Immunohistofix and embedded
in resin using the Immunohistowax processing method (A PHASE, Gos-
selies, Belgium). Inflammatory infiltrate was analyzed on lung sections
stained with H&E. CCL11, CCL17, and CCL20, as well as MHC class
II (MHC II)-positive cells, were also studied by immunohistochemistry on
lung sections.

Mediastinal lymph node (LN) cells (3 3 105/well) were plated and
restimulated with 20 mg/ml OVA and 5 mg/ml fixed anti-mouse CD3 mAb
(BD Biosciences, San Jose, CA). Cell supernatants were collected 4 d later.
In some cases, mediastinal LN cells were analyzed by flow cytometry.

Determination of OVA-specific serum Ab concentration

OVA-specific IgG1, IgG2a, and IgE serum levels were measured by ELISA
as previously described (33) with some modifications (see Extended Meth-
ods for further details). Results were expressed as the inverse of the di-
lution corresponding to 50% of the maximal OD.

Murine AECs

After sacrifice of WT mice and TLR32/2 mice, AECs were prepared by
enzymatic digestion within the airways (see Extended Methods for further
details). After cell culture, .95% of AECs stained for cytokeratin and
were negative for vimentin (data not shown) (Sigma-Aldrich). After cell
starvation, AECs were activated by dsRNA (10 mg/ml) for 24 h before cell
supernatant collection. In some cases, AECs were presensitized with
recombinant mouse IFN-g (10 ng/ml) or IL-4 plus IL-13 (10 ng/ml)
(PeproTech) for 18 h before activation.

Measurement of cytokine levels

Levels of IL-4, IL-5, IFN-g, IL-13, CCL11, CCL17, CCL20, CXCL10, and
CCL5 were measured by ELISA (R&D Systems) in BAL fluids and
lung extracts and in the supernatants of AECs, BMDCs, and mediastinal
LN cells.

Chemotaxis assays

Chemotaxis assays were performed using 24-well Transwells (5-mm-pore
polycarbonate filter) (Corning, Avon, France) (see Extended Methods for
further details). After 2 h at 37˚C, the number of migrated BMDCs
(CD11c+MHC II+) was numerated and identified by flow cytometry. The

implication of CXCL10, CCL5, CCL11, and CCL20 in the chemotactic
activity of AEC supernatant was determined by using specific neutralizing
Abs (R&D Systems).

Statistical analysis

Results are expressed as the mean 6 SD. Statistical significance of the
differences between experimental groups was calculated by ANOVA with
a Bonferroni posttest or an unpaired Student t test (GraphPad Prism 4
Software; GraphPad, San Diego, CA). Results with a value of p , 0.05
were considered as significant. The in vivo experiments were performed
two or three times with at least five mice per group. One representative
experiment out of these replicates is shown.

Results
Administration of dsRNA in OVA-sensitized mice induces
exacerbation of the pulmonary allergic reaction

Allergic asthma is a complex, multifactorial inflammatory disease
that may be exacerbated by viral infection. To reproduce virus-
induced exacerbation of asthma, OVA-sensitized mice were chal-
lenged intranasally with OVA in the presence of dsRNA, a viral mi-
metic, at days 14–16 and then rechallenged with OVA alone at days
26–28 (Fig. 1A). As seen in Fig. 1, an asthma-like phenotype with
AHR and eosinophilic airway inflammation was induced after intra-
pulmonary challenge with OVA alone. Interestingly, relative to
the mice challenged with OVA alone, dsRNA/OVA administration
induced a significant increase of AHR as measured by PenH in
a whole-body plethysmograph (Fig. 1B) and by direct measurement
of RL and dynamic compliance in anesthetized, tracheotomized,
intubated, and mechanically ventilated mice (Fig. 1C). Treat-
ment with dsRNA/OVA was also associated with more total cells,

FIGURE 2. Local administration of ds-RNA increases Th2 responses in

allergic C57BL/6 mice. A and B, Levels of cytokines (A) and chemokines

(B) in protein extract of lung tissue as determined by ELISA; C, cytokine

concentrations in supernatants from draining LN cells restimulated with

OVA or anti-CD3 mAb. Data are expressed as the mean6 SD (n = 5 mice)

and are from one representative experiment out of three. pp , 0.05; ppp ,
0.01; pppp , 0.001 versus mice treated either with OVA or PBS.
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including eosinophils, in the BAL fluids (Fig. 1D and data not
shown). Moreover, dsRNA/OVA treatment enhanced the infiltration
of peribronchial cell in the BAL fluids, which are mostly composed
of eosinophils and mononuclear cells (Fig. 1E). In parallel, as
revealed by flow cytometry, a strong infiltration of CD4+ and CD8+

lymphocytes, as well as lungDCs (MHC II+CD11c+CD11b+/2), was
observed in the lungs (Fig. 1F and 1G) and in the mediastinal LNs
(data not shown) of dsRNA-treated mice, relative to animals chal-
lenged with OVA alone. Among DCs, ∼70% expressed the CD11b
molecule. Interestingly, it appears that the dsRNA treatment also
heightened serum titers of OVA-specific IgG1 and IgE but not IgG2a
(Fig. 1H).
To further investigate the impact of dsRNA treatment, we

monitored the nature of the local immune response. Analysis of
Th2-type cytokine concentrations in lung tissues revealed that,

relative to mice challenged with OVA alone, a higher level of
IL-5 and IL-13 was found in mice treated with OVA plus dsRNA
(Fig. 2A). In contrast, no significant difference in IFN-g was
observed between the two groups. Furthermore, chemokine levels
associated with Th2 response, such as CCL11 and CCL17, were
more abundant in mice receiving dsRNA/OVA in comparison
with mice receiving OVA alone (Fig. 2B). In contrast, dsRNA
administration did not modulate the level of the Th1-related che-
mokine CXCL10. The polarization of the T cell response was then
analyzed, and mediastinal LN cells were restimulated with OVA
or anti-CD3, and cytokine production was assessed. As depicted in
Fig. 2C, higher levels of IL-4 and IL-5 were found in the super-
natants of cells prepared from dsRNA/OVA mice, as compared
with cells obtained from mice only challenged with OVA. The
levels of IFN-g were not changed.

FIGURE 3. TRIF expression is necessary for dsRNA-induced exacerbation of the lung allergic reaction. A, Lung function, determined by measurement

of PenH; B, absolute number of eosinophils in the BAL; C, H&E staining of lung sections (original magnification 3300); D and E, cytokine (D) and

chemokine (E) levels in lung extracts as determined by ELISA. F, Serum OVA-specific IgG1 and IgE levels. Data are expressed as the mean 6 SD (n = 5

mice) and are from one representative experiment out of two. pp , 0.05; ppp , 0.01; pppp , 0.001 versus mice treated either with OVA or PBS.

FIGURE 4. Local administration of dsRNA induces recruitment and maturation of mDCs. A, Treatment with dsRNA/OVA (from days 14 to 16) increased

at day 17 the number of DCs (MHC II+CD11C+CD11b+/2 and MHC II+CD11C+CD11b+) within the lung of sensitized mice; B, treatment with dsRNA/

OVA enhanced at day 17 the level of CD86 expression and the number of CD86+ DCs within the lung of sensitized mice. Data are expressed as one

representative experiment out of three and as the mean 6 SD (n = 5 mice). pp , 0.05; ppp , 0.01; pppp , 0.001 versus the indicated condition.
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Overall, local administration of dsRNA during the primary
challenge phase induces exacerbation of the pulmonary allergic
reaction, a phenomenon associated with an enhanced Th2 response
in the lungs.

TRIF mobilization is involved in the dsRNA-induced exacer-
bation of the allergic reaction

Activation of TLR3, through TRIF signaling, plays an essential role
in the inflammatory response induced by dsRNA exposure (34, 35).
To determine the role of this signaling pathway in our experimental
model, OVA-sensitized WT mice and TRIF2/2 mice were chal-
lenged with or without dsRNA. Although OVA exposure in
TRIF2/2 mice induced allergic reaction, dsRNA/OVA administra-
tion did not exacerbate the reaction as seen in WT animals. As
depicted in Fig 3A, and relative to WT animals, treatment with
dsRNA did not enhance AHR in TRIF2/2 mice. The numbers of
eosinophils in the BAL (Fig. 3B) as well as the levels of the peri-
bronchial and perivascular cellular infiltrate (Fig. 3C) were not in-
creased in TRIF2/2 mice. Of note, dsRNA did not increase the
recruitment of T lymphocytes and lung DCs in the lungs of
TRIF2/2 mice (data not shown). In TRIF2/2 mice compared with
WTmice, dsRNA/OVAadministration did not amplify the synthesis
of IL-5, IL-13 (Fig. 3D), CCL11, CCL17 (Fig. 3E and data not
shown), the titer of OVA-specific IgG1 and IgE (Fig. 3F), or the
level of IgG2a (data not shown). These results indicate that TRIF
signaling is essential in the dsRNA-induced exacerbation of the
pulmonary allergic reaction.

Transfer of dsRNA-stimulated IL-4/BMDCs exacerbates the
pulmonary allergic reaction

Because mDCs play a critical role in experimental models of
pulmonary allergic reaction (10, 36), we evaluated the potential
ability of dsRNA-treated DCs to mediate asthma exacerbation. We
first analyzed the recruitment of DCs into the lungs immediately
after dsRNA/OVA administration at day 17. As observed after the
secondary OVA challenge (Fig. 1G), dsRNA/OVA administration
during the primary challenge strongly promoted the recruitment
toward the lung of MHC II+CD11c+CD11b+/2 cells (Fig. 4A).
Moreover, the expression level of the costimulatory molecule
CD86 was strongly enhanced on both CD11b+/2 and CD11b+ lung
DCs from mice that received dsRNA (Fig. 4B).
To study the involvement of mDCs in our experimental model,

in vivo transfer experiments were performed. The mDC was dif-
ferentiated in vitro from bone marrow progenitors in the presence
(IL-4/BMDCs) or absence (BMDCs) of IL-4. As seen in Fig. 5A and
5B, exposure of IL-4/BMDCs with dsRNA/OVA resulted in an
enhanced synthesis of CD80 and CD86. This, however, was not
the case for cells differentiated without IL-4. For both BMDC prep-
arations, dsRNA/OVA exposure did not induce the production of the
Th1-promoting cytokine IL-12p70. The synthesis of CCL5 was in-
creased by dsRNA/OVA addition in both preparations (Fig. 5C).
We next evaluated the impact of DC transfer (day 14) on the

pathology. The transfer of OVA-pulsed BMDCs did not modulate
AHR, whereas the mice receiving dsRNA-stimulated IL-4/
BMDCs, and to a lesser extent BMDCs, developed a significantly
higher AHR (Fig. 6A). In parallel, dsRNA/OVA-primed IL-4/
BMDCs promoted strong recruitment of eosinophils and mono-
nuclear cells (including CD4+ and CD8+ T lymphocytes) in the
lungs and in the BAL, an effect that was far more potent compared
with BMDCs (Fig. 6B, 6C, Supplemental Table I). Higher levels
of IL-5 and IL-13 but not IFN-g (Fig. 6D) were found in the lungs
of mice that received dsRNA/OVA-pulsed IL-4 BMDCs, com-
pared with the animals receiving OVA-pulsed IL-4 BMDCs.

CCL11 and CCL17 levels were also significantly increased in
mice that received dsRNA/OVA-pulsed IL-4 BMDCs (Fig. 6E).
In contrast, dsRNA/OVA-stimulated BMDC transfer had no sig-
nificant effect on cytokine production. Exposure of IL-4 BMDCs
with dsRNA also enhanced the production of OVA-specific IgG1
and IgE but did not affect IgG2a synthesis (Fig. 6F).
We next analyzed cytokine secretion by mediastinal LN cells

after restimulation with OVA or anti-CD3. When we compared
mice treated with BMDCs and IL-4/BMDCs plus OVA with mice
transferred with nonpulsed BMDCs, cell restimulation with OVA
and anti-CD3 slightly increased IL-4 and IL-5 but not IFN-g levels
(Supplemental Fig. 2). For restimulated LN cells, BMDC treatment

FIGURE 5. BMDC differentiation with Th2 cytokines increases the

dsRNA-induced expression of costimulatory molecules. A, Representative

experiment evaluating the expression of CD86 and CD80 by flow cytometry

in BMDCs differentiated with GM-CSF (BMDCs) or with GM-CSF plus

IL-4 (IL-4 BMDCs); B, the mean 6 SD of CD86 and CD80 expression in

BMDCs and IL-4 BMDCs is also reported;C, differentiation with IL-4 does

not modulate the IL-12p70 and CCL5 secretion by dsRNA-activated

BMDCs and IL-4 BMDCs (n = 4). Data are given as the mean 6 SD of

four independent experiments. pp, 0.05; ppp, 0.01 pppp, 0.001 versus

the indicated condition.
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with dsRNA significantly enhanced IL-4 and IL-5 production com-

pared with unstimulated and OVA-activated BMDCs. Interestingly,

transfer of IL-4 BMDCs induced a higher level of IL-4 compared

with BMDCs. In conclusion, our data indicate that transfer of

BMDCs exposed to dsRNA/OVA induces exacerbation of the lung

allergic reaction and differentiation of BMDCs in the presence of

IL-4 amplifies the response.

dsRNA-activated AECs participate in mDC recruitment

Our data revealed that dsRNA exposure induced DC recruitment into
the lungs through a TRIF-dependent mechanism. Because AECs are

one of the first targets of dsRNA and are involved in DC migration

(12, 37, 38), we hypothesized that dsRNA-activated AECs might

participate in mDC recruitment through chemokine synthesis. We

first analyzed the expression of CCL20, a key chemokine involved

in DC migration, in the airway epithelium by immunohistochemis-

try, 24 h after the last dsRNA/OVA administration (day 17). As

illustrated in Fig. 7A, airway epithelium (arrows) was labeled with
anti-CCL20 Ab in OVA- and dsRNA/OVA-treated mice. The per-
centage of positive AECs was higher in mice that received
dsRNA/OVA compared with OVA (71 6 8 versus 15 6 3%, re-
spectively). CCL20 increased expression was associated with an
augmented number of peribronchial MHC II+ cells (Fig. 7A). When
compared with OVA alone, dsRNA/OVA administration increased
CCL11 and CCL17 synthesis in airway epithelium (33 6 4 versus
63 6 6% for CCL11; 31 6 6 versus 61 6 11% for CCL17, re-
spectively).
We then analyzed in vitro the capacity of dsRNA-activated AECs

to produce chemokines and the contribution of the TLR3 pathway in
these settings. Activation of TLR3-competent AECs with dsRNA
significantly enhanced the secretion of CCL5, CCL20, CXCL10,
CCL11, and CCL17 (Fig. 7B). In contrast, dsRNA activation of
TLR3-deficient AECs did not trigger the production of these che-
mokines. Migration of mDCs was then assessed by chemotaxis

FIGURE 6. Intratracheal administration of BMDCs primed with dsRNA/OVA exacerbates the lung allergic reaction in sensitized mice. A, Lung function

determined by measurement of PenH of mice receiving intratracheal administration of BMDCs differentiated with GM-CSF (BMDCs) or GM-CSF plus

IL-4 (IL-4 BMDCs) and then activated with OVA, with dsRNA/OVA or unstimulated (medium) (pp , 0.05 versus mice treated with IL-4 BMDCs plus

OVA); B, H&E staining of lung sections (original magnification 3300); C, eosinophil numbers in BAL; D and E, cytokine (D) and chemokine (E)

production as determined by ELISA in the protein extract from the lung; and F, serum OVA-specific IgG1, IgE, and IgG2a levels. Data are expressed as the

mean 6 SD (n = 5 mice) and are from one representative experiment out of three. pp , 0.05; ppp , 0.01; pppp , 0.001 versus mice receiving either

BMDCs or IL-4 BMDCs primed with medium or OVA.

6 AEC/mDC CROSS-TALK IN dsRNA-INDUCED ALLERGIC EXACERBATION

 on M
ay 28, 2010 

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org


assays. Relative to the control, supernatants from dsRNA-activated
WT, but not TLR3-deficient AECs, strongly increased the migra-
tion of BMDCs (Fig. 7C). Preincubation of supernatants collected
from TLR3-expressing AECs with neutralizing Abs showed that
CXCL10 and CCL20 are implicated in the migration of BMDCs in
response to dsRNA exposure (85 and 70% inhibition, respectively)
(Fig. 7D). In contrast, CCL5 was not involved.
Because Th2 cytokine environment modulates BMDC functions

(Fig. 6), AECs were sensitized with Th1-type (IFN-g) or Th2-type
(IL-4/IL-13) cytokines, and their responses to dsRNA were ana-
lyzed. IFN-g treatment amplified CXCL10 secretion triggered by
dsRNA, whereas IL-4/IL-13 did not modulate its synthesis (Fig.
7E). In contrast, dsRNA-induced production of CCL11 and
CCL17 was increased in IL-4/IL-13–, but not IFN-g–, treated

AECs. Pretreatement of AECs with Th1- and Th2-type cytokines
did not affect the capacity of dsRNA-exposed cells both to pro-
duce CCL5 and CCL20 and to recruit mDC (data not shown).
These data indicate that, in response to dsRNA, TLR3-competent

AECs might be important to promote the recruitment of mDCs and
inflammatory cells through chemokine secretion. Although Th2
cytokines did not affect the AEC capacity to recruit DCs, they prob-
ably amplify the migration of Th2 cells and eosinophils.

Discussion
Viral infections have been shown to promote allergic asthma ex-
acerbation in the human and mouse systems (16–18). Although
experimental models mimicking asthma exacerbation have been
reported (19–22), little is known about the cellular and molecular

FIGURE 7. dsRNA-activated AECs participate in mDC recruitment through chemokine secretion. A, Immunohistochemistry with mAb anti-CCL20,

anti-MHC II, and anti-CCL17 or with an isotype control on lung sections from sensitized mice exposed to OVA and dsRNA/OVA (lungs are collected at day

17) (original magnification 3300). Black arrows indicate positive AECs stained in red. Of note, detected positive endothelial cells and fibroblasts are also

detected; B, dsRNA-induced secretion of CCL5, CCL20, CCL11, CCL17, and CXCL10 by AECs is dependent of TLR3 expression. In vitro, AECs from

WTand TLR32/2 mice are activated or not with dsRNA; C, chemotactic activity for BMDCs of supernatants fromWTand TLR32/2 AECs stimulated with

dsRNA; D, effect of neutralizing Abs against CCL5, CCL20, and CXCL10 on the BMDC migration induced by dsRNA-stimulated AECs; E, in vitro

exposure of AEC to Th2 (IL-4 and IL-13) and Th1 (IFN-g) cytokines modulate dsRNA-induced chemokine production. pp , 0.05; ppp , 0.01; pppp ,
0.001 versus the indicated condition.
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mechanisms involved in the pathology of this response. To mimic
respiratory virus infection, we developed in the current study an
experimental model of lung allergic exacerbation, based on the
administration of dsRNA. We also demonstrated that the TLR3-
TRIF pathway plays a key role in the dsRNA-induced exacerba-
tion of the allergic reaction and that AEC/DC cross-talk may also
be involved.
Previous studies have reported that systemic delivery of dsRNA

can prevent or suppress experimental asthma through the de-
velopment of a Th1 response (39). In contrast, local administration
of dsRNA during the challenge phase swiftly enhances airway
eosinophilia and AHR in sensitized mice (21). Inhalation of low
doses of dsRNA (100 ng/mice) during allergen sensitization in-
creased Th2 responses and the airway inflammation, whereas high
doses favored Th1 responses (40). We show in this study for the
first time that dsRNA instillation in sensitized mice has a long-
term effect by inducing exacerbation of the allergic reaction after
a secondary allergen challenge. Our unpublished findings reveal
that dsRNA given without OVA at days 14–16 does not exacerbate
allergic reaction and that coadministration of dsRNA and OVA
during the second challenge (days 26–28) had a lower effect on
the allergic airway inflammation compared with coadministration
at days 14–16 (data not shown). Collectively, it appears that the
route and the timing of dsRNA administration are critical for the
development of the allergic reaction. In our experimental setting,
dsRNA acts as a pro-Th2 adjuvant in sensitized animals and
amplifies the allergic reaction through an enhanced Th2-
mediated allergen-specific immune response.
Because dsRNA signal is delivered extracellularly in our model,

we need to determine how this mimics in vivo respiratory viral
infection. A large proportion of this signal is expected to be in-
tracellular during viral infections. However, in vitro and in vivo
dsRNA administration has been shown to reproduce most of the
proinflammatory effect of pulmonary viruses (41). Our data show
that the effect of dsRNA on asthma exacerbation is fully
TLR3/TRIF dependent. Interestingly, TLR3 contributes to dam-
ages associated with influenza A virus-induced acute pneumonia
(35). Having established this we cannot discard the possibility that
other innate sensors including RNA helicases, could participate
either in a positive or negative manner, in the pathology. Recent
reports demonstrated that extracellular delivery of oligonucleoti-
des is efficiently transported toward lysosomal TLR through the
mobilization of scavenger receptors (42, 43). Moreover, our model
mimics the clinical situation associated with virus-induced asthma
exacerbation, including an increase of AHR, eosinophilic airway
inflammation, innate immune cell infiltrate, allergen-specific Ig
levels, development of Th2 cells, and secretion of Th2-
associated chemokines (6, 21, 44). Finally, in mice treated with
dsRNA/OVA as well as in animals during respiratory viral infec-
tion and during respiratory syncitial virus-enhanced allergic in-
flammation (45, 46), CD8+ T cells represent the majority of
T lymphocytes infiltrating lung tissue and draining LNs (Fig.
1E). In conclusion, our model reproduces most of the situation
encountered during respiratory viral infection.
Several studies have underlined the involvement of mDCs in the

development of Th2 responses and during allergic asthma and the
regulatory role of plasmacytoid DCs (1, 47, 48). In this paper, we
demonstrated that administration of IL-4–conditioned BMDCs
activated with dsRNA reproduced the effect of dsRNA
inhalation, whereas BMDCs differentiated without IL-4 have
a limited effect. This suggests that Th2 cytokines modify the
capacity of mDCs to polarize the T cell response in our model.
It is likely that this effect is mediated by an increased CD80 and
CD86 expression on BMDCs, costimulatory molecules known to

be involved in the induction of Th2 responses (49). In contrast, no
effect on the production of the immunomodulatory cytokines
IL-10 and IL-12p70 was observed. This is in line with our finding,
revealing augmented expression of CD86 on pulmonary DCs after
dsRNA treatment. These data also suggest that mDCs expressing
CD86 might be responsible for the effect of ds-RNA on the OVA-
specific Th2 response and lung inflammation.
To define the mechanisms responsible for mDCmobilization, we

evaluated the implication of the AEC, which is the primary target
for respiratory virus (50, 51). We and others have shown that the
AEC controls the migration and the function of the mDC and
therefore is important in mucosal immunity (12, 14). In our model,
in vitro activation of TLR3-competent AECs by dsRNA enhances
mDC migration, suggesting a potential role of airway epithelium
in mDC trafficking and the development of asthma exacerbation
after dsRNA administration. In parallel, TRIF2/2 mice treated
with dsRNA/OVA are unable to recruit mDCs and present no
exacerbation of the allergic reaction. Notably, our preliminary
observations suggest that AECs infected by respiratory viruses
display the same functions (data not shown). As previously de-
scribed with a TLR2 ligand (12), we report that CCL20 and
CXCL10 play an essential role in mDC migration. In agreement
with this, airway epithelium expressed a higher level of CCL20
after dsRNA/OVA administration relative to mice challenged with
OVA alone. This enhanced production was associated with
a heightened infiltration of MHC II+ cells, such as DCs, in the
peribronchial area. Our data also show that AEC exposure to Th2
cytokines did not amplify mDC recruitment. This result is in
accordance with the lack of effect of IL-4 and IL-13 on the pro-
duction of these chemokines. Moreover, because these chemo-
kines are also produced by other cells, including smooth muscle
cells, we cannot exclude the implication of these cells in the re-
cruitment of lung DCs.
Airway epithelium is also involved in the direct control of lung

allergic inflammation through CCL11 and CCL17 synthesis (52).
Indeed, in vivo dsRNA/OVA administration enhances the pro-
duction of CCL11 and CCL17 by airway epithelium. In addition,
in vitro AEC pretreatment with Th2 cytokines enhances the
dsRNA-induced synthesis of CCL11 and CCL17. Thus, through
their ability to recruit eosinophils and Th2 lymphocytes (53),
AEC-derived CCL11 and CCL17 may be important in the exac-
erbation of allergic reaction.
In summary, our findings reveal for the first time that dsRNA

exacerbates lung allergic reaction through the TLR3/TRIF pathway.
Our data also pinpoint a crucial role for airway epithelium in asthma
exacerbation, an effect likely to be because of DCs and inflammatory
cell mobilization. This observation might be helpful to propose new
therapeutic approaches to better control virus-induced asthma exac-
erbation in the future.
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