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Influenza A is a highly contagious single-stranded
RNA virus that infects both the upper and lower respi-
ratory tracts of humans. The host innate immune Toll-
like receptor (TLR) 3 was shown previously in cells of
myeloid origin to recognize the viral replicative, inter-
mediate double-stranded RNA (dsRNA). Thus, dsRNA
may be critical for the outcome of the infection. Here we
first compared the activation triggered by either influ-
enza A virus or dsRNA in pulmonary epithelial cells. We
established that TLR3 is constitutively expressed in hu-
man alveolar and bronchial epithelial cells, and we de-
scribe its intracellular localization. Expression of TLR3
was positively regulated by the influenza A virus and by
dsRNA but not by other inflammatory mediators, includ-
ing bacterial lipopolysaccharide, the cytokines tumor
necrosis factor-a and interleukin (IL)-18, and the pro-
tein kinase C activator phorbol 12-myristate 13-acetate.
We also demonstrated that TLR3 contributes directly to
the immune response of respiratory epithelial cells to
influenza A virus and dsRNA, and we propose a molec-
ular mechanism by which these stimuli induce epithe-
lial cell activation. This model involves mitogen-acti-
vated protein kinases, phosphatidylinositol 3-kinase/
Akt signaling, and the TLR3-associated adaptor
molecule TRIF but not MyD88-dependent activation of
the transcription factors NF-«B or interferon regulatory
factor/interferon-sensitive response-element pathways.
Ultimately, this signal transduction elicits an epithelial
response that includes the secretion of the cytokines
IL-8, IL-6, RANTES (regulated on activation normal T
cell expressed and secreted), and interferon-g and the
up-regulation of the major adhesion molecule ICAM-1.

Influenza is a highly contagious, acute respiratory disease
that affects all age groups and that can promote exacerbations
of obstructive airways disorders, including asthma and cystic
fibrosis. The etiological agent of the disease, the single-
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stranded RNA influenza viruses, are responsible for an average
of 114,000 hospitalizations and 20,000 deaths each year, in the
United States alone (1). Influenza viruses are classified into
three types (A, B, and C) of which influenza A is the most
important clinically (2). The major problem in fighting influ-
enza is the high genetic variability of the virus, resulting in the
rapid emergence of variants that escape the acquired immunity
induced by the available vaccines or the resistance of the patho-
gen to antiviral agents (1, 3). In that context, it would be
valuable to unravel the mechanisms of virus-host cell interac-
tions that are responsible for the “flu” syndrome. Indeed, sev-
eral studies suggest that the inflammatory response to respi-
ratory viral infections contributes to the pathogenesis of the
airway symptoms. In that regard, it is of note that the viral
replicative intermediate double-stranded RNA (dsRNA)! is
critical for the outcome of the infection (reviewed in Refs. 4 and
5). For instance, synthetic dSRNA and dsRNA isolated from
influenza virus-infected lungs are each able to induce both the
local and systemic cytotoxic effects typical of flu (6—8).

Cells are armed with various latent mechanisms that are
able to sense viral components and initiate intracellular signal
transduction to respond rapidly to virus infections. Previously,
the interferon (IFN)-inducible RNA-dependent protein kinase
R was considered to be central in the interaction with dsRNA
(5). However, cells from RNA-dependent protein kinase R-de-
ficient mice still respond to polyinosinic-polycytidylic acid
(poly(I-C)), a synthetic dsRNA analog, suggesting the existence
of a more critical receptor involved in the sensing and signaling
in response to this viral component. Alexopoulou et al. (9)
demonstrated that dsRNA recognition relies on the Toll-like
receptor (TLR) 3, a member of the conserved family of host
innate immune receptors, essential for detecting pathogen-
associated molecular patterns. The stimulation of TLR3 by
dsRNA transduces signals to activate the transcription factors
NF-kB and interferon regulatory factor (IRF)/interferon-sensi-

1 The abbreviations used are: dsRNA, double-stranded RNA; DN,
dominant-negative; ERK, extracellular signal-regulated kinase; IRF,
interferon regulatory factor; ISRE, interferon-sensitive response ele-
ment; MyD, myeloid differentiation; NS, nonstimulated; TLR, Toll-like
receptor; poly(I-C), polyinosinic-polycytidylic acid; TIR, Toll-IL-1 recep-
tor; TRIF, TIR domain containing adaptor inducing interferon-8; PMA,
phorbol 12-myristate 13-acetate; RANTES, regulated on activation nor-
mal T cell expressed and secreted; IL, interleukin; PI3K, phosphatidyl-
inositol 3-kinase; ELISA, enzyme-linked immunosorbent assay; IFN,
interferon; PFU, plaque-forming units; LPS, lipopolysaccharide; FACS,
fluorescence-activated cell sorter; RT, reverse transcription; FITC, flu-
orescein isothiocyanate; MAPK, mitogen-activated protein kinase;
TNF, tumor necrosis factor; PBS, phosphate-buffered saline; CRE,
cAMP-response element; JNK, c-Jun amino-terminal kinase.
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tive response element (ISRE) via myeloid differentiation factor
88 (MyD88)-dependent and/or independent signaling path-
ways. The last of these involves a distinct adaptor molecule,
namely the Toll-IL-1 receptor (TIR) domain containing adap-
tor-inducing interferon (IFN)-B (TRIF), also called the TIR
domain containing adaptor molecule (TICAM)-1 (10, 11). This
molecule elicits an anti-viral response, especially through the
production of type I IFN.

In humans, TLR3 mRNA is detected in the lung, placenta,
pancreas, liver, heart, and brain. It is expressed in dendritic
cells (12) and in intestinal epithelial cells (13) but does not
seem to be present in monocytes, lymphocytes, polymorphonu-
clear leukocytes, or natural killer cells (14). Most interestingly,
although TLR3 expression per se was not reported, a study by
Gern et al. (15) showed recently that viral dsRNA activates
bronchial epithelial cells. Lung epithelial cells are the primary
target and the principal host for influenza viruses, causing
cytopathic effects to the respiratory tract as well as shedding of
infective viral particles. These epithelial cells also play a key
role in the initiation of innate and subsequently adaptive im-
mune responses to the virus (16, 17).

Most surprisingly, very little information is available con-
cerning the expression and localization of TLR3 in pulmonary
epithelial cells. Moreover, the role of epithelial TLR3, its
regulatory mechanisms, and the signaling pathways under-
lying the response to influenza A virus have not been inves-
tigated previously.

We first studied the activation of bronchial epithelial cells
induced by either purified dsRNA or following influenza A
virus infection. Next, we demonstrated that TLR3 is constitu-
tively expressed in distinct human alveolar and bronchial epi-
thelial cells, and we described its intracellular localization.
Finally, we determined that TLR3 and its signaling-associated
molecule TRIF play a key role in the immune response of
respiratory epithelial cells to both dsRNA and influenza A
virus.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—RPMI 1640, F-12K nutrient mixture
(Kaighn’s modification), antibiotics, glutamine, Hanks’ balanced salt
solution, and trypsin-EDTA were from Invitrogen. Fetal calf serum was
from Hyclone (Logan, UT). Leupeptin, aprotinin, soybean trypsin in-
hibitor, phenylmethylsulfonyl fluoride, benzamidine, paraformalde-
hyde, poly(I-C) acid, forskolin, and phorbol 12-myristate 13-acetate
(PMA) were from Sigma. The p38 (SB203580) and ERK1/2 (PD98059)
inhibitors were obtained from Calbiochem and Cell Signaling technol-
ogy (Beverly, MA), respectively. The PI3K inhibitor, L.Y294002, was
obtained from Cell Signaling technology. Horseradish peroxidase-con-
jugated secondary antibody was from Pierce. Anti-TLR3 antibodies
used included the goat polyclonal antibody N-15, directed against an
amino-terminal region of human TLR3 (Santa Cruz Biotechnology,
Santa Cruz, CA), and the rabbit polyclonal antibody H-125, specifically
raised against a peptide close to the transmembrane domain (amino
acids 653-777) of TLR3 (Santa Cruz Biotechnology). The anti-human
B-actin antibody was from Sigma, and the anti-NF-«B-p65, anti-phos-
pho-ERK1/2, and anti-phospho-JNK antibodies were from Santa Cruz
Biotechnology. The anti-phospho-p38 was purchased from Cell Signaling.
Fluorescein isothiocyanate (FITC)-labeled anti-goat and anti-rabbit anti-
bodies were obtained from Dako and Rockland (Gilbertsville, PA). Anti-
human-ICAM-1 antibody was from R&D Systems (Minneapolis, MN).

Cell and Culture Conditions—The human promonocytic cell line
U-937, the human alveolar epithelial cell line A549, and the human
bronchial epithelial cell line BEAS-2B were obtained from the Ameri-
can Type Cell Collection (Manassas, VA). The human tracheal epithe-
lial cell lines CFT-2 and NT-1 were a kind gift from Dr. A. Paul
(INSERM U402, Paris, France). CFT-2 was derived from primary tra-
cheal epithelia homozygous for the common cystic fibrosis mutation
AF508, and NT-1 was derived from normal primary tracheal epithelial
cells (18). Cells were cultured as described previously (19).

Virus Preparation and Inactivation—Influenza A/Scotland/20/
74(H3N2) virus was grown on Madin-Darby canine kidney cells in the
presence of 2 ug/ml L-1-tosylamido-2-phenylethyl chloromethyl ketone-
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treated trypsin. The supernatant was harvested on day 3 and clarified
by centrifugation at 680 X g for 15 min. Viral stocks were stored in
aliquots at —80 °C. Virus titers were determined by a standard plaque
assay using Madin-Darby canine kidney cells. A noninfected cell culture
was used for preparation of the control inoculum. UV light-inactivated
virus was prepared by exposing stock virus solution (0.5 ml/6-cm Petri
dish) to a 15-watt UV light at a distance of 20 cm for 15 min.

RT-PCR—Total RNA was extracted by using an RNeasy kit (Qiagen,
Courtaboeuf, France). RT was performed using 0.5 pg of total RNA
extracted as described previously (19). PCR was performed using spe-
cific primers (Proligo, Evry, France) for human TLR3 (sense, 5'-AAA
TTG GGC AAG AAC TCA CAG G-3’; and antisense, 5'-GTG TTT CCA
GAG CCG TGC TAA-3'). As an internal control, we used primers for
human B-actin (sense, 5'-AAG GAG AAG CTG TGC TAC GTC GC-3/;
and antisense, 5'-AGA CAG CAC TGT GTT GGC GTA CA-3’). Ampli-
fications were performed in a Peltier thermal cycler apparatus (MdJ
Research, Watertown, MA) using the Qbiotaq polymerase (Qbiogene,
Illkirch, France). To detect TLR3, the thermocycling protocol was as
follows: 95 °C for 3 min, 36 cycles of denaturation at 95 °C for 45 s,
annealing at 56 °C for 45 s, and extension at 72 °C for 1 min. To detect
B-actin, only 30 cycles were used, and the annealing temperature was
62 °C. Amplification products were resolved on 1.5% agarose gel con-
taining ethidium bromide. Band intensities on gels were recorded after
amplification with an Ultra-Lum system (Ultra-Lum, Claremont, CA).
Samples for each point were serially diluted to verify that PCR was
performed in the linear phase of the amplification reaction (data not
shown).

Immunoblotting—Epithelial cell extracts were prepared and solubi-
lized as described previously (19). Aliquots (15 ug of protein) were run
on SDS-10% PAGE, and the proteins were then electrotransfered to a
nitrocellulose membrane (Optitran BA-S 85, Schleicher and Schuell)
and probed with specific antibodies, as specified in the figure legends.
Bound antibodies were detected using ECL+ immunoblotting detection
system (Amersham Biosciences), according to the manufacturer’s in-
structions. Molecular masses were estimated from calibration stand-
ards included in each gel.

Flow Cytometry Analysis—Epithelial and monocytic cells were dis-
pensed (1 X 10° cells/ml) into conical bottomed 96-well plastic plates
(Nunc A/S, Roskilde, Denmark) and were centrifuged at 100 X g at 4 °C
for 10 min. Cells were washed with Hanks’ balanced salt solution, 0.5%
bovine serum albumin supplemented with 1 mm Ca®* and Mg?*, and a
saturating concentration of anti-TLR3 antibodies (5 ug/ml), anti-
ICAM-1 antibody (1 pg/ml), or nonimmune IgG as controls was then
added, and the samples were incubated for 30 min at 4 °C. Cells were
washed and incubated for 30 min at 4 °C with the corresponding sec-
ondary FITC-conjugated antibody (5 wg/ml). For intracellular staining,
cells were fixed and permeabilized by incubation for 90 min on ice with
a solution of PBS, 3.2% paraformaldehyde, 0.2% Tween 20; they were
then incubated with an anti-TLR3 antibody (5 png/ml) and FITC-conju-
gated secondary antibodies (5 ug/ml). FACScan flow cytometer (Immuno-
cytometry Systems) was used for cytometric analysis.

NF-kB Immunostaining—BEAS-2B epithelial cells were cultured on
22-mm glass cell culture coverslips (CML France, Nemours, France).
Cells were washed three times with PBS and then fixed for 15 min in
PBS, 3.2% paraformaldehyde. After washing with gentle shaking, cells
were permeabilized for 5 min with 0.1% Triton X-100 and washed, as
before, prior to incubation with an anti-NF-«B-p65 antibody (0.4 ug/ml)
and a specific secondary antibody (5 pg/ml). In control experiments,
cells were incubated with nonimmune IgG as control isotypes. Finally,
the cells were washed extensively with PBS, and the coverslips were
mounted in fluorescence mounting medium. Fluorescence microscopy
was performed with a 63</1.4 oil objective lens on a confocal microscope
(model LSM 510; Carl Zeiss France, Le Pecq, France), using laser
excitation at 488 nm.

Epithelial Cell Transfection and Reporter Gene Studies—BEAS-2B
cells were seeded at 5 X 10* on 24-well plates (Costar, New York) 96 h
before transfection using FuGENE 6 transfection reagent (Roche Ap-
plied Science), according to the manufacturer’s instructions. Each sam-
ple contained 200 ng of an NF-«B-luciferase- (kindly provided by Dr. A.
Israel, Pasteur Institute, Paris, France), an ISRE-luciferase-, or a CRE-
luciferase-reporter plasmid (Clontech) and 500 ng of vector expressing
a dominant-negative form of either MyD88 (DN-Myd88; a kind gift from
Dr. M. Muzio, Mario Negri Institute, Milan, Italy) or TRIF (DN-TRIF).
The TLR3 construct from which the TIR domain is deleted (pZERO-
hTLR3) and encoding a nonfunctional TLR3 molecule were purchased
from InvivoGen (San Diego, CA). The empty plasmids, pcDNA3 (In-
vitrogen) and pCMV (Clontech), were used as controls as appropriate.
After 24 h, cells were left untreated or stimulated for 6 or 24 h at 37 °C
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with influenza A virus or 1 pg/ml poly(I-C). Luciferase activity was
measured in the cell lysates as described previously (19), using an
EGNG Berthold luminometer. Results are expressed as relative lucif-
erase units.

Cytokine Measurements—Human IL-8, IL-6, RANTES, and IFN-8
concentrations in cell culture supernatants were determined using Duo-
Set ELISA kits obtained from R&D Systems (Minneapolis, MN).

Statistical Analysis—Each point corresponds to the mean += S.D. of
the indicated number of experiments. The statistical significance of
differences between groups was tested using the unpaired Student’s ¢
test with a threshold of p < 0.05.

RESULTS

Comparison of the Activation of Bronchial Respiratory Cells
by dsRNA and Influenza A Virus—dsRNA is known to accu-
mulate within infected cells, and it has the required physical
and biological properties needed to induce antiviral responses
and pathological inflammatory processes (4, 5). Thus, it ap-
pears important to examine whether influenza A virus-induced
activation of pulmonary epithelial cells shares any character-
istics with that stimulated by a synthetic dsRNA such as
poly(I-C). Fig. 1 reports a comparison of the effects from two
inducers in the human bronchial epithelial cell line BEAS-2B.
Poly(I-C) triggered a strong secretion of IL-8, in a concentra-
tion- (Fig. 1A) and time-dependent manner (Fig. 1B). The se-
cretion started within 3 h and IL-8 accumulated in the culture
medium up to 24 h (Fig. 1B). We also observed a time-depend-
ent accumulation of IL-6 (Fig. 1C). RANTES was also induced
by poly(I-C) but ~3 h after the start of production of the other
cytokines. This suggests an autocrine/paracrine activation by
another mediator; for example IFN-B might feed back on
RANTES production (Fig. 1D). In that regard, IFN-g produc-
tion peaked 6 h post-stimulation but was not detected at 24 h,
suggesting a reprocessing of this cytokine by BEAS-2B cells
(Fig. 1E). To exclude any stimulatory effect associated with
contamination of poly(I-C) by bacterial endotoxin, experiments
were also performed using poly(I-C) supplemented with 20
pg/ml polymyxin B, a well characterized LPS inhibitor. Under
these experimental conditions, IL-8 secretion by BEAS-2B cells
was not modified (not shown).

When BEAS-2B cells were infected with influenza A virus,
IL-8 secretion was clearly detected 24 h later and was dose-de-
pendent (Fig. 1, G and H). RANTES and IL-6 secretion were
also dose-dependent up to a maximum at 5 X 10* PFU/multi-
plicity of infection of 0.25) (Fig. 1, I and K). Cytokine secretion
was delayed by 20 h with respect to that by poly(I-C)-stimu-
lated BEAS-2B cells. This delay may be consistent with the
time required to generate dsRNA within the infected cell, dur-
ing the replication of the virus (Fig. 1, H and ¢/, and data not
shown).

Epithelial cells in the lung express ICAM-1, which is in-
volved in the recruitment and the local accumulation of inflam-
matory cells through the binding to lymphocyte function-asso-
ciated antigen (LFA)-1 (20). Previous studies have shown that
pro-inflammatory mediators including LPS and TNF-« induce
ICAM-1 expression on pulmonary epithelial cells (21). We con-
firmed these findings by flow cytometric analysis, and we ex-
tended them to dsRNA and influenza A virus by demonstrating
a potent up-regulation of ICAM-1 expression, which was as
strong as that obtained with TNF-a (Fig. 1F and not
illustrated).

Previous studies have shown that production of inflamma-
tory mediators in response to a viral infection can occur in the
presence or absence of multiplication of the pathogen (22). We
tested whether viral contact with the plasma membrane and/or
viral penetration of the host cell was sufficient to trigger the
inflammatory response. Bronchial epithelial cells were infected
with UV-treated, and therefore nonreplicative, virus. Also,
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BEAS-2B cells were treated with an intact virus in the pres-
ence of 1 pg/ml amantadine, an influenza-specific inhibitor
blocking the early release of the viral genome into the cyto-
plasm but not the endocytosis of the viral particle into the cell
(1). Neither UV-treated virus nor virus in the presence of
amantadine induced IL-8 release (Fig. 1L). Thus, components
generated during viral replication are required for the inflam-
matory response. Similarly, there was no RANTES or IL-6
secretion in the absence of viral replication (data not shown).
Hence, the inflammatory response to influenza A virus infec-
tion is replication-dependent and is not mediated solely by the
initial virus-host cell interaction or by any artifact possibly
present in the infectious inoculum.

Expression and Localization of TLR3 in Pulmonary Epithe-
lial Cells—Because the foregoing results suggested that
dsRNA is required for the immunostimulatory activity of influ-
enza A virus, we examined the expression of TLR3, a recently
described dsRNA sensor, in pulmonary epithelial cells (9). We
first used RT-PCR to test for the presence of TLR3 mRNA in
unstimulated human respiratory epithelial cells. As shown in
Fig. 2A, TLR3 mRNA was detected in PMA-differentiated
U-937 cells and in both human alveolar (A549) and tracheo-
bronchial (BEAS-2B, NT-1, and CFT-2) epithelial cells lines.
RT-PCR analysis of B-actin mRNA confirmed the quality of all
RNA preparations.

We then used two antibodies, N-15 and H-125, to test for
TLR3 protein in human pulmonary epithelial cells. The speci-
ficity of these antibodies was confirmed by Western blotting
with a recombinant TLR3-glycosylated peptide, consisting of
amino acids 21-711 (not illustrated). Protein expression level
of TLR3 was analyzed by flow cytometry in A549 and BEAS-2B
cells (Fig. 2B). No TLR3 signal was detected at the cell surface
of these respiratory cells (left panels), but abundant intracellu-
lar TLR3 was revealed using a mild fixation and permeabili-
zation protocol (middle and right panels).

Epithelial TLR3 Expression Is Up-regulated by Poly(I-C) and
Influenza A Virus—Next we examined whether different stim-
uli regulate the epithelial TLR3 mRNA. BEAS-2B cells were
exposed to an optimal concentration of poly(I-C) (1 ug/ml), LPS
(1 pg/ml), TNF-a (50 ng/ml), IL-18 (20 ng/ml), or the potent
protein kinase C activator PMA (15 nm) and to influenza A
virus (5 X 10* PFU) for 24 h. Under these conditions, cell
activation was fairly equipotent, as assessed by the measure-
ment of IL-8 secretion induced by each stimulus (not shown).
Expression of TLR3 mRNA was normalized to that of B-actin
and is reported in Fig. 3B, histogram bars. This semi-quanti-
tative densitometric measurement clearly shows that only in-
fluenza A virus infection and cell stimulation by the viral RNA
mimetic component specifically up-regulated TLR3 mRNA; the
other treatments had no significant effect (Fig. 3, A and B).

IL-8 but Not RANTES Secretion Triggered by dsRNA or
Influenza A Virus Shares a Common Signaling Pathway—
Virus infection of susceptible cells activates multiple signaling
pathways, including dynamic protein phosphorylations, that
orchestrate the induction of genes contributing to the innate
immune response. The kinases involved include p38, extracel-
lular signal-regulated kinase (ERK)1/2, and JNK. Little is
known concerning the involvement of PI3K in virus-induced
and/or TLR signaling. PI3K catalyzes the production of phos-
phatidylinositol 3,4,5-trisphosphate, which allows the recruit-
ment of signaling proteins, including the serine-threonine ki-
nase Akt (23). Therefore, we examined whether dsRNA
activates p38, JNK, ERK1/2, and Akt in bronchial epithelial
cells. Treatment with poly(I-C) strongly up-regulated phospho-
rylation of these signaling components. The maximum level of
phosphorylation was between 15 and 60 min and declined
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Fic. 1. Comparison of the activa-
tion of bronchial epithelial cells in-
duced by dsRNA and influenza A
virus. Monolayers of BEAS-2B cells were
stimulated for 24 h with a series of con-
centrations of poly(I-C) (0.01, 0.1, 1, and
10 pg/ml (A)) or with 1 pg/ml poly(I-C) for
various times (1, 3, 6, and 24 h; B-E).
Supernatant fluids were tested for IL-8 (A
and B), IL-6 (C), RANTES (D), and IFN-B
(E) by ELISA. BEAS-2B cells were stim-
ulated for 24 h or not stimulated (IVS)
with 1 pg/ml LPS, 1 pg/ml poly(I-C), or 20
ng/ml TNF-a, and ICAM-1 expression
was assayed by FACS analysis (F). Re-
sults are expressed as mean fluorescence
intensity (MFI). Monolayers of BEAS-2B
cells were stimulated for 24 h by increas-
ing concentrations of influenza A virus
(0.5, 1, 5, and 10 X 10* PFU/ml (G, I, and
K)) or with 5 X 10* PFU/ml for various
times (6, 12, 24, 48, and 72 h (H and J)).
Supernatant fluids were tested for IL-8 (G
and H), RANTES (I and J), and IL-6 (K)
by ELISA. L, BEAS-2B cells were stimu-
lated or not for 24 h with 5 X 10* PFU/ml
of influenza A virus, of UV-treated influ-
enza A virus or of virus after cell pretreat-
ment with 1 ug/ml of amantadine. Super-
natant fluids were tested for IL-8 by
ELISA. Data are means *= S.D. of tripli-
cate determinations of a representative
experiment performed three times. Black
diamonds are poly(I-C)- or virus-treated
cells, and open boxes represent non-
treated samples.
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thereafter, except for p38 phosphorylation that increased until
360 min post-stimulation (Fig. 4A). To delineate specifically the
role of these kinases in the production of epithelial cytokines,
BEAS-2B cells were pretreated with the specific inhibitors
PD98059 for ERK1/2, SB203580 for p38, and L.Y294002 for
PI3K (Fig. 4B). None of these inhibitors caused cytotoxic effects
on BEAS-2B cells at the concentrations used in these experi-
ments. However, all inhibitors significantly reduced the
dsRNA-induced production of IL-8 (Fig. 4B) and IL-6 (not il-
lustrated). By contrast, only the PI3K/Akt pathway inhibitor
reduced RANTES production.

When pulmonary epithelial cells were infected by influenza
A virus in the presence of 10 um of the above inhibitors, IL-8

independent
formed in triplicate.

experiments per-

a B

secretion was similar to that induced by synthetic dsRNA un-
der the same experimental conditions: ~45% inhibition in the
presence of PD98059, and a secretion almost abolished in the
presence of SB203580 or LY294002. By contrast, RANTES
release triggered by either stimulus does not exhibit a similar
inhibitory pattern. Remarkably, although the p38 inhibitor did
not affect dsSRNA-induced RANTES secretion, it strongly inhib-
ited RANTES secretion following influenza A virus infection
(Fig. 40C).

The TLR3/TRIF Pathway Is Essential for dsRNA and Influ-
enza A Virus-induced NF-«B and IRF/ISRE Activation in Pul-
monary Epithelial Cells—Activation of transcription factors is
pivotal to many signal transduction pathways. For instance,
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Fic. 4. Signal transduction induced
by dsRNA and influenza A virus. A,
time course of the activation of MAPKSs
p38, JNK, ERK1/2, and the PI3K-depend-
ent kinase Akt. BEAS-2B cells were stim-
ulated or not stimulated (NS) with 1
png/ml poly(I-C) for different time inter-
vals and lysed, and phosphorylation of
these enzymes was determined by immu-
noblotting with specific antibodies (all di-
luted 1:2000). To confirm equal loading,
membranes were reprobed with an anti-
B-actin antibody (diluted 1:15,000). Data
are representative of three independent
experiments. B and C, the role of MAPK-
and PI3K/Akt-dependent signaling in the
activation of epithelial cells by poly(I-C)
and influenza A virus. B, BEAS-2B cells
were pretreated for 1 h with inhibitors of
ERK1/2 (PD98059), p38 (SB203580), and
PI3K (LY294002) and then stimulated
with 1 upg/ml poly(I-C) for 6 h. C,
BEAS-2B cells were pretreated for 1 h
with the same inhibitors used at 10 um
and then stimulated with 5 X 10* PFU/ml
of influenza A virus for 24 h. Supernatant
fluids were tested for IL-8 (left panels)
and RANTES (right panels) by ELISA.
Data are means = S.D. of triplicate deter-
minations of a representative experiment
performed three times.
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NF-«B can be activated in response to many different stress
conditions, including infection, inflammation, and tissue re-
pair. IRFs consist of a growing family of related transcription
proteins initially identified as regulators of the IFN-a/B gene
promoters and the ISRE of various IFN-stimulated genes. Ac-
tivators of the cyclic AMP-response element (CRE) contribute
to diverse physiological processes, including the control of cel-
lular metabolism and cell survival. We assessed the involve-
ment of these regulatory signaling elements in the antiviral
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immune response induced by dsRNA and influenza A virus. In
that purpose, BEAS-2B cells were transfected with a set of
vectors each of which contains a different cis-acting enhancer
element (NF-«B, ISRE, or CRE) upstream from a luciferase
reporter gene. As shown in Fig. 5A, NF-kB and IRF/ISRE were
strongly activated upon dsRNA challenge in bronchial epithe-
lial cells. In contrast, CRE was not activated under the same
experimental conditions, even though forskolin (10 um), a po-
tent activator of the cAMP signaling pathway, confirmed the



TLR3 Signaling and Respiratory Epithelial Cell Activation 55717

A INF+B| | IRFASRE | B
gy I . | o B ... R
£ 1200
£ o
E 600
§ 300
-

o 1

blank NS Poly NS Poly 30 90  (min)
(1:C) (1:C)
c D
I e | | IRFASRE

800 : 250 800 - 450
- ; s
g 600 200 g 600 p
{ 0 2 =

1

400 i 400
g 100 g —

200 200

50
: ‘T
e - - 0 § o= 0
blank pcDNA3 DN  pCMV DN blank pcDNA3 DN  pCMV DN
TRIF MyD88 TRIF

. [ NF-xB W

i 200

350

T

150

Luciferase activy (RLU)

I -_L -
150

100 50
yos! A I_LI o

blank pCMV DN TRIF DN MyDe8 blank  pcDNA3 pZERO- hTLR3 pcDNA3 pZERO- hTLR3
+virus  + virus + virus + virus +virus  + poly(l:C) + poly(l:C)

Fic. 5. Involvement of TLR3 and TRIF pathway in dsRNA and influenza A virus-induced NF-«kB and IRF/ISRE activation in
pulmonary epithelial cells. A, BEAS-2B cells were transfected with 200 ng of an NF-«B or IRF/ISRE luciferase reporter construct and then
stimulated with 1 pg/ml poly(I-C) for 6 h. Cell lysates were prepared and assayed for luciferase activity. Results are expressed as relative
luciferase units (RLU) and are means = S.D. of triplicate determinations of a representative experiment performed three times. B, BEAS-2B
cells were stimulated with 1 ug/ml poly(I-C) for 30 and 90 min. The cells were then immunostained with an anti-NF-«B antibody and examined
by confocal microscopy as described under “Experimental Procedures.” C and D, BEAS-2B cells were co-transfected with 200 ng of an NF-«B-
or IRF/ISRE luciferase reporter construct and with 500 ng of the expression plasmid encoding DN forms of MyD88 or TRIF, or with the
corresponding control plasmids (pcDNA3 and pCMV). The transfected BEAS-2B cells were then stimulated with 1 ug/ml poly(I-C) for 6 h, and
cell lysates were prepared and assayed for luciferase activity. E, BEAS-2B cells were transfected with 200 ng of a NF-«B luciferase reporter
plasmid and with 500 ng of the plasmid encoding DN forms of MyD88, TRIF, or TLR3 (pZERO-hTLR3), or the respective control plasmids
(pcDNA3 and pCMV). The transfected BEAS-2B cells were then stimulated with 5 X 10* PFU/ml influenza A virus or 1 ug/ml poly(I-C) for 24 h,
and cell lysates were prepared and assayed for luciferase activity.

CRE vector was functional (data not shown). NF-«B activation
was also confirmed by immunofluorescence staining (Fig. 5B);
indeed, translocation of this transcription factor from the cyto-
plasm to the nucleus was clearly visible within 90 min of
epithelial cell activation by poly(I-C).

We further investigated whether MyD88 and/or TRIF were
involved in the NF-«B and IRF/ISRE signaling pathways acti-
vated by dsRNA and influenza A virus, using luciferase re-
porter plasmids and either DN or control vectors. MyD88 is a
protein harboring a carboxyl-terminal TIR domain and an
amino-terminal death domain. The pathway triggered by the
recruitment of MyD88 to the TIR domain of the TLRs has been

extensively studied (24). Once recruited, MyD88 interacts with
the kinase IRAK4, via their respective death domain, culmi-
nating in the activation of various transcription factors crucial
for the expression of pro-inflammatory genes. The vector ex-
pressing DN-MyD88 corresponds to a truncated protein (amino
acid 152 to the carboxyl-terminal end) that contains the TIR
region but not the death domain, and thus prevents a down-
stream signaling (25, 26). A similar approach was used to
generate a truncated DN-TRIF that consists of the TIR domain
only (10). dsRNA-mediated activations of both NF-«B and IRF/
ISRE in BEAS-2B cells transfected with 500 ng of the expres-
sion vector encoding DN-TRIF were ~70 and ~50% lower,
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TABLE 1
Specificity of the expression plasmids encoding DN-MyD88 or DN-TRIF
BEAS-2B cells were co-transfected with 200 ng of an NF-«B-luciferase reporter construct and with 500 ng of the plasmid encoding DN-MyD88
or DN-TRIF, or with the corresponding control plasmids (pcDNA3 and pCMV, respectively). The transfected BEAS-2B cells were then stimulated
with either 20 ng/ml IL-18 or 1 pg/ml LPS for 6 h, and cell lysates were prepared and assayed for luciferase activity. Results are expressed as
relative luciferase units (RLU) and are means * S.D. of triplicate determinations of a representative experiment performed two times.

Transfected plasmid Stimulus RLU S.D. Statistical significance
pCMV Non-stimulated 99.0 +19.1
BTk 1 550 ti?) p>005
pcDNA3 Non-stimulated 37.3 +7.1
BvatyDss Ty e 229) » <0001
pDPi\ID-ll\\If;%ss It8 10 i?g} p < 0.001

respectively, than in control plasmid-transfected cells (Fig. 5, C
and D). Influenza A virus also failed to activate NF-«B in cells
transfected with the vector encoding DN-TRIF (Fig. 5E, left
panel). By contrast, transfection of BEAS-2B cells with a plas-
mid encoding DN-MyD88 did not alter dsRNA- or influenza A
virus-mediated NF-«B and/or IRF/ISRE activation (Fig. 5, C-E,
left panel). We confirmed the specificity of these vectors by
testing a negative control on DN-TRIF-transfected cells and
positive controls on DN-MyD88-transfected cells. Thus,
BEAS-2B cells were co-transfected with the NF-«B-luciferase
reporter construct and with the plasmid encoding DN-MyD88
or DN-TRIF or with the corresponding control plasmids
(pcDNA3 and pCMYV, respectively). The transfected BEAS-2B
cells were then stimulated with either IL-18 (20 ng/ml) or LPS
(1 pg/ml) for 6 h and further assayed for luciferase activity.
Table I shows that IL-1B- or LPS-induced NF-«B activation,
known to require MyD88 (19), was inhibited by prior transfec-
tion with the DN-MyD88 vector (» < 0.001). Conversely, IL-
1B-induced NF-«B activation was not affected by the DN-TRIF
plasmid, in comparison with the pCMV vector (p > 0.05).

By having demonstrated that TRIF-dependent signaling is
involved in dsRNA- and influenza A virus-induced respiratory
epithelial cell stimulation, we next verified the upstream role of
TLR3 per se in sensing and cell activation by these viral enti-
ties. BEAS-2B cells were transfected with a plasmid (pZERO-
hTLR3) encoding TLR3 from which the TIR domain had been
deleted, to compete with the endogenous functional TLR3. Fig.
5E (right panel) shows that pZERO-hTLR3 abolished the cell
responses to both dsRNA and influenza A virus. Overall, these
data suggest a major role for the interaction between TLR3 and
influenza A virus-derived dsRNA in the innate immune re-
sponse of infected pulmonary epithelial cells.

DISCUSSION

Influenza A virus causes pulmonary inflammation and exac-
erbates chronic lung diseases, because of an infiltration of
inflammatory cells and an increased airway hyper-responsive-
ness. Bronchial epithelial cells play an important role in the
pathogenesis of this viral infection (27). However, although
many of the molecular events in influenza A virus replication
have been described, the underlying mechanisms by which
virus-epithelium interaction triggers the inflammation process
have yet to be fully characterized. The discovery of TLR3 as a
key receptor for dsRNA led us to investigate the contribution of
this receptor to the activation of pulmonary epithelial cells by
dsRNA and influenza A virus. We show the following: (i) that
TLRS3 is constitutively expressed in respiratory epithelial cells
in an intracellular compartment; (ii) that TLR3 expression is
up-regulated either by influenza A virus or by purified dsRNA
but not by other major inflammatory mediators; (iii) that TLR3
plays a central role in the immune response of bronchial epi-
thelial cells triggered by these stimuli; and (iv) that influenza A

virus and dsRNA induce epithelial cell activation through
MAPK, PI3K/AKkt signaling, and TRIF- but not MyD88-depend-
ent activation of the transcription components NF-«B and
IRF/ISRE.

It is unclear how much true dsRNA, i.e. full duplexes be-
tween positive and negative sense RNA, is present in infected
cells upon replication of influenza A and other single-stranded
RNA viruses. Nevertheless, RT-PCR experiments and binding
of anti-helical dsRNA antibodies to viroplasm from whole cell
extracts suggest that true dsRNA accumulates within virus-
infected cells (5). Also, previous studies reported that as little
as one molecule per cell can have profound effects on cellular
physiology (5). Thus, dsRNA is likely the most immunostimu-
latory entity of influenza A virus, eliciting epithelial antiviral
and inflammatory responses, as suggested by the results of the
experiments using amantadine- and UV-treated virus. More-
over, we found that dsRNA can substitute for the virus in terms
of secretion of the cytokines IL-8, IL-6, RANTES, and IFN-3
that may promote leukocyte infiltration. Of note is that the
kinetics of cytokine release differ between the two stimuli, and
this interval may be consistent with the time required for the
virus replication process to generate dsRNA (28).

Our findings suggest that human lung epithelial cells ex-
press TLR3 only in an intracellular compartment. The same is
true for immature human dendritic cells subsets (29). The life
cycle of a virus includes entry into the target cell by endocytosis
and transport of the viral genome either to the cytoplasm or to
the nucleus where it is transcribed and amplified (30). Thus,
the intracellular localization of TLR3 is rather consistent with
its sensing role of viral replicative elements. Nonetheless, part
of our epithelial cell activation experiments were performed
using exogenously added poly(I-C), which is reminiscent of
viral dsRNA leaking from dying cells, that may act directly on
neighboring cells (31). Consequently, for exogenous dsRNA to
encounter TLR3, it must penetrate the cell. In that regard,
internalization was found to be essential for poly(I-C) to induce
interferon activity or cell toxicity in murine LM cells (32).
Hence, exogenous dsRNA is presumably internalized in pulmo-
nary epithelium after cell surface recognition that may involve
proper binding structures, including scavenger receptors as it
has been demonstrated in macrophages (4).

Previous studies of the regulation of TLR expression report
diverse findings depending on the stimulus and the cell type or
tissue considered (33). In addition, Heinz et al. (34) reported a
species-specific regulation of the TLR3 gene. Therefore, we ex-
amined whether various inflammatory mediators regulate the
expression of TLR3 in human respiratory epithelial cells. Of the
mediators we tested, only influenza A virus and dsRNA up-
regulated TLR3 expression, suggesting that the signaling path-
ways controlling the induction of this gene are restricted. An
attenuated strain of the measles virus also stimulates the expres-



TLR3 Signaling and Respiratory Epithelial Cell Activation

sion of TLR3 through a type I IFN-dependent and an ISRE-de-
pendent regulatory mechanism (35). We are currently investigat-
ing whether the modulation of TLR3 expression by influenza A
virus involves similar regulatory pathways. Our findings also
suggest that to some extent dsRNA and influenza A virus use
different signaling mechanisms to induce inflammatory epithe-
lial responses; dsRNA triggers IL-8 secretion via at least the
signal-transducing molecules ERK, p38, and PI3K/Akt, whereas
RANTES release appears to be mainly dependent on a PISK/Akt
activation. These results are in agreement with recent work
showing p38-dependent production of IL-8 but not of RANTES in
lung epithelial cells following dsRNA treatment (15). Also, the
role of the PI3K-Akt pathway in TLR3-mediated gene induction
was robustly supported by Sarkar et al. (36) in a very recent
study. Most interestingly, we found that in influenza A-infected
epithelial cells, RANTES production required both PI3K/Akt and
p38 MAPK activation. These results implicate PI3K/Akt and p38
signaling pathways rather than ERK1/2 signaling pathways in
the epithelial immune response to dsRNA and influenza A virus
infection. The effect of the p38 inhibitor on the virus but not the
synthetic dsRNA-induced RANTES secretion suggests, unsur-
prisingly, that the molecular interactions governing influenza A
infection are more complex than those induced by dsRNA alone.
Presumably, in addition to dsRNA, other viral entities such as
virion-associated proteins may contribute to virus-induced signal
transduction (37). Generally, IL-8 gene regulation is considered
to be highly dependent on NF-«B activation, whereas RANTES
expression required the combination of both NF-«kB and IRF (38,
39). Thus, our study can be used to suggest a model of how
dsRNA activates human respiratory epithelial cells. After either
a receptor-mediated transfer of exogenous dsRNA across the
plasma membrane or a viral replication-dependent accumulation
within the cell, dsSRNA encounters intracellular TLR3, triggering
a downstream signaling. This process involves at least the TLR3
adaptor TRIF but not MyD88. The kinases p38, JNK, ERK1/2,
MAPK, and PI3K/Akt are important mediators of this cell acti-
vation process, activating the transcription components NF-«xB
and/or IRF/ISRE to regulate selectively the expression of various
inflammatory mediators, including IL-8 and RANTES.
Remarkably, a recent work claimed that TLR3 signaling
pathways do not appear to influence significantly the genera-
tion of effective host responses in murine models of infection to
four different viruses (lymphocytic choriomeningitis virus, ve-
sicular stomatitis virus, murine cytomegalovirus, and reovirus
(40)). However, our study clearly indicates that human pulmo-
nary mucosa does interact with viral products and elicits in-
flammatory and/or anti-viral immune responses through TLR3
signaling. These contradictory results may be explained either
by the virus itself and/or the species of the TLR3 considered. In
that regard, it is of note that different TLR3 expression pat-
terns have been reported in mice and humans, a phenomenon
also observed for other TLR family members. Differences be-
tween species include the presence of TLR transcripts in dif-
ferent cell types and dissimilar regulation of transcription fol-
lowing cellular activation (33). Therefore, it cannot be excluded
that differences in cell types and the patterns of basal or
induced expression of TLR3 influence the immune responses in
the two species. Moreover, TLR7 and TLR8 were recently char-
acterized as new sensors for viral nucleic acids with single-
stranded RNA being their ligands, and innate antiviral re-
sponses following influenza A virus infection of mouse dendritic
cells have been demonstrated to be TLR7-dependent (41-43).
In fact, genetic complementation experiments with human
TLR7 and TLR8 suggest that TLRS8, not TLR7, is responsible
for the recognition of single-stranded RNA in humans (41).
Moreover, TLR7 and TLR8 are not expressed in human bron-
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chial epithelial cells (44), and our experiments using a vector
encoding a dominant-negative form of MyD88 rule out a role for
those receptors in the activation of influenza A-infected human
epithelial cells. Indeed, it was established that MyD88 is es-
sential for the signaling downstream from TLR7 and TLRS8
(41-43, 45).

Influenza A virus infections impose a considerable socio-
economic burden upon society, despite annual vaccination cam-
paigns. Therefore, the present work on the detailed function of
TLR3 in human respiratory cells may help to elucidate the
pathogenesis of influenza A infection and thereby contribute to
the design of new molecules to prevent the excessive host
inflammatory response produced by this virus.
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