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Rhinoviruses (RV) are the major cause of the common cold and acute exacerbations of asthma and chronic
obstructive pulmonary disease. Toll-like receptors (TLRs) are a conserved family of receptors that recognize
and respond to a variety of pathogen-associated molecular patterns. TLR3 recognizes double-stranded RNA,
an important intermediate of many viral life cycles (including RV). The importance of TLR3 in host responses
to virus infection is not known. Using BEAS-2B (a human bronchial epithelial cell-line), we demonstrated that
RV replication increased the expression of TLR3 mRNA and TLR3 protein on the cell surface. We observed
that blocking TLR3 led to a decrease in interleukin-6, CXCL8, and CCL5 in response to poly(IC) but an
increase following RV infection. Finally, we demonstrated that TLR3 mediated the antiviral response. This
study demonstrates an important functional requirement for TLR3 in the host response against live virus
infection and indicates that poly(IC) is not always a good model for studying the biology of live virus infection.

The Toll-like receptors (TLRs) are a recently described fam-
ily of evolutionarily conserved pathogen recognition receptors,
which function by recognition of and response to specific con-
served motifs unique to microorganisms (pathogen-associated
molecular patterns). To date, 10 human TLRs have been de-
scribed, with specific pathogen-associated molecular patterns
identified for 9 of them (5, 17, 19). In response to ligand
binding, TLR signaling through MyD88 leads to activation of
NF-�B and mitogen-activated protein kinases, resulting in in-
flammatory cytokine release and recruitment of cells required
for host defense (reviewed in reference 1).

In relation to antiviral responses, TLR3 has been shown to
recognize double-stranded RNA (dsRNA) (2), and TLR7 and
TLR8 have been shown to recognize single-stranded RNA (17,
19). TLR3 is able to signal independently of MyD88, via a
Toll/interleukin-1 (IL-1) receptor domain containing adapter-
inducing beta interferon (IFN-�) (TRIF), leading to NF-�B
activation and also IFN-regulatory factor 3 activation, leading
to the production of IFN-� (49, 50). Activation of TLR3 via
dsRNA has been shown to lead to increased TLR3 expression
(26, 41), inflammatory cytokine release (29, 38, 41), and potent
IFN-� responses (6).

While a great deal of work has investigated TLR3 and its
potential role in antiviral responses, the majority of work has
used synthetic poly(IC) to model virus infection (2, 6, 20, 28,
32, 38). Five studies have investigated the role of TLR3 in live
virus infections. One reported that TLR3 was up-regulated by
measles virus infection via IFN-�/� (44), another that virus
stimulation of mast cells led to IFN-� but not inflammatory
cytokine release (25), and a third that influenza infection led to

proinflammatory and IFN-� production though TLR3 (16).
None of these studies investigated the role of TLR3 in virus
replication. A further recent publication demonstrated that
TLR3 was not required for protection against disease in four
different virus infections in mice and, further, did not contrib-
ute to adaptive immune responses (7). The final study demon-
strated a role for TLR3 in some proinflammatory responses
following respiratory syncytial virus infection but did not find
evidence for a role for TLR3 in virus replication (37). There is,
therefore, no published data demonstrating directly that acti-
vation of TLR3 inhibits virus replication and very little inves-
tigating its role in the context of live virus infection.

In addition, a thorough examination of the role of TLR3 in
infection with a clinically important viral pathogen, in the con-
text of its natural host cell type, has yet to be performed. We
therefore wished to investigate the functional role of surface
TLR3 activation in the target cell of a virus type causing im-
portant human illness.

Rhinoviruses (RVs) are the major cause of the common cold
(27). They are also the major cause of acute exacerbations of
asthma (3, 12, 22, 31, 47) and chronic obstructive pulmonary
disease (COPD) (36, 40). Asthma affects up to one-third of
children, and COPD is the fourth leading cause of death
worldwide; in both diseases, acute exacerbations are the major
cause of morbidity, mortality, and health care costs. The pri-
mary target of RV infection in this context is the bronchial
epithelial cell, which has been shown to express TLR3 and to
respond to its activation by poly(IC) (41).

Therefore, to further investigate the role of TLR3 in defense
against an important human virus in a human context, we
investigated whether TLR3 was up-regulated in response to
RV infection of bronchial epithelial cells and whether blocking
activation of TLR3 with specific antibody interfered with
proinflammatory cytokine production and RV replication. We
further compared live virus with poly(IC), to determine
whether poly(IC) is a good model for studying the role of
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TLR3 in the pathogenesis of live virus infections. We report
the first demonstration of an important functional role for
human TLR3 in response to a clinically important human
RNA virus and conclude that poly(IC) is not a good model for
live virus infection in the context of examining inflammatory
responses to virus infection.

MATERIALS AND METHODS

Cell and viral culture. The human bronchial epithelial cell line BEAS-2B was
cultured in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS;
Invitrogen). RV serotypes 16, 9, and 1B were grown in HeLa cells and prepared
as previously described (33). Viruses were titrated on HeLa cells to ascertain
their 50% tissue culture infective dose (TCID50)/ml (23). The identities of all
RVs were confirmed by titration on HeLa cells and neutralization using sero-
type-specific antibodies. UV inactivation was performed as previously described
(21, 33) and filtered virus was produced by passing RV stocks through a 30-kDa
membrane (Millipore) at 10,000 � g for 5 min.

Infection of cells with RV. BEAS-2B cells were cultured in 12-well tissue
culture plates (Nalge Nunc) for 24 h before being placed into 2% FCS–RPMI
medium for a further 24 h. Cells were infected with RV for 1 h with shaking at
room temperature before the virus was removed and replaced with 1 ml of
infection medium. Alternatively, cells were stimulated with 0.1 �g/ml poly(IC)
(Sigma Aldrich) for 1 h before this was removed and replaced with 1 ml of
infection medium containing 0.1 �g/ml poly(IC) (Sigma Aldrich). In some ex-
periments, cells were pretreated for 1 h prior to infection with 20 �g/ml of an
anti-TLR3 antibody (clone TLR3.7; eBioscience Inc.) or a mouse immunoglob-
ulin G1 (IgG1) isotype control antibody (eBioscience Inc.). The antibody was
replaced after the 1-h infection with RV or stimulation with poly(IC) at the same
concentration. Cells for flow cytometry, supernatants, or RNA lysates were
harvested at the times indicated. Supernatants and lysates were stored at �80°C
until required.

Flow cytometric analysis of TLR3 surface protein expression. A total of 1 �
105 cells were stained with 1 mg/ml phycoerythrin (PE)-labeled anti-TLR3 an-
tibody (clone TLR3.7; eBioscience Inc.) or PE-labeled mouse IgG1 isotype
control (BD Biosciences) for 45 min. The cells were fixed with 1% (wt/vol)
paraformaldehyde and analyzed on a BD LSR Cytometer measuring 10,000 cells.
The staining by the PE-labeled mouse IgG1 isotype control was indistinguishable
from nonstained cells and was therefore not presented in the results. Rather,
data were expressed as mean fluorescent intensity (MFI) of anti-TLR3-stained
cells minus the MFI of isotype control-stained cells.

RNA extraction and reverse transcription. RNA was extracted from cells using
the RNeasy method following the manufacturer’s instructions, including the
optional DNase I digestion of contaminating DNA (QIAGEN). cDNA was
synthesized using Omniscript RT and components as directed by the manufac-
turer (QIAGEN).

TaqMan real-time PCR. Primers were purchased from Invitrogen, and probes
were from QIAGEN. TaqMan analysis of TLR3 mRNA was normalized with
respect to 18S rRNA. For TLR3 analysis, each reaction contained 900 nM
TLR3TM.1 (AAA TTA AAG AGT TTT CTC CAG GGT GTT), 300 nM
TLR3TM.2 (ATT CCG AAT GCT TGT GTT TGC), 250 nM 5�-FAM-TAMR
A-labeled probe (TTT GGC CTC TTT CTG AAC AAT GTC CAG C), and 3 �l
of cDNA in 1� Quantitect Probe PCR Master Mix (QIAGEN). For 18S, each
reaction contained 300 nM 18STM.1 (CGC CGC TAG AGG TGA AAT TCT),
300 nM 18STM.2 (CAT TCT TGG CAA ATG CTT TCG), 175 nM 5�-FAM-T
AMRA-labeled probe (5�-ACC GGC GCA AGA CGG ACC AGA), and 3 �l of
cDNA diluted 1/100 in 1� Quantitect Probe PCR Master Mix (QIAGEN). The
reactions were analyzed using an ABI 7000 Automated TaqMan (Applied Bio-
systems). The amplification cycle consisted of 50°C for 2 min, 94°C for 10 min,
and 40 cycles of 94°C for 15 s and 60°C for 15 s.

Enzyme-linked immunosorbent assay to evaluate IL-6, CXCL8, and CCL5
release. IL-6, CXCL8, and CCL5 were quantified by enzyme-linked immunosor-
bent assay using commercially available paired antibodies and standards, follow-
ing the manufacturer’s instructions (R&D Systems). The sensitivity of each assay
was 7 pg/ml.

Virus titration assay. Experimental supernatants were serially diluted in Ea-
gles minimal essential medium containing 4% FCS (Invitrogen) and titrated on
HeLa cells to determine the TCID50/ml of the RV in the supernatants (23). Each
dilution was assayed in eight replicates.

Statistical analysis. Data are presented as means 	 standard errors of the
means. All data were analyzed using one-way analysis of variance and Bonfer-

roni’s multiple comparison post hoc test. Data were accepted as significantly
different when P was 
0.05.

RESULTS

RV infection leads to an increase in TLR3 mRNA and sur-
face protein expression. Initial experiments were undertaken
to assess the hypothesis that RV infection would increase an-
tiviral immunity by augmenting TLR3 expression. To address
this, the human bronchial cell line BEAS-2B was infected for
1 h with RV-16 at a multiplicity of infection (MOI) of 1. At
various time points, cells were harvested for TLR3 mRNA
analysis or for flow cytometric analysis of TLR3 surface pro-
tein.

At 6 h after the initial infection, TLR3 mRNA expression
was increased in comparison to uninfected cells, although the
increase was not statistically significant (Fig. 1A). This contin-
ued to a peak in expression at 24 h postinfection compared to
uninfected cells (P 
 0.001), with a 40-fold increase following
RV infection. The virally induced mRNA expression fell at
48 h postinfection but was still significantly higher than unin-
fected cells (P 
 0.05) with 11 times more mRNA.

For protein expression, no increase was observed until 24 h

FIG. 1. RV infection leads to time-dependent increase in TLR3
mRNA and surface protein expression. (A) Cells were infected for 1 h
with RV-16 (MOI of 1) and RNA was extracted at 3, 6, 24, and 48 h
postinfection. TLR3 mRNA expression was quantified by TaqMan.
Data are presented as mRNA expression relative to uninfected cells
(n � 5). (B) Cells were infected as described for panel A and harvested
for flow cytometry at the same time points. Data are presented as MFI
minus the MFI of isotype control-stained cells (n � 3). Data are
considered significantly different between infected cells and uninfected
control cells at P 
 0.05 (*) and P 
 0.001 (***).
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postinfection (Fig. 1B). At 24 h postinfection, very little pro-
tein was detected on the surface of uninfected cells (1.54 MFI
more than isotype control), but significantly more was detected
on the surface of cells infected with RV-16 (11.02 MFI more
than isotype control [P 
 0.001]). This was further increased
after 48 h, with low levels of protein on uninfected cells (1.48
MFI more than isotype control), and was significantly greater
in RV-16 infected cells (16.03 MFI more than isotype control
[P 
 0.001]).

These data demonstrated that infection with RV-16 led to
an increase in TLR3 expression.

The induction of TLR3 surface protein expression is dose
dependent, RV serotype and receptor independent, and re-
quires active viral replication. Having demonstrated that in-
fection of bronchial epithelial cells with RV-16 caused a sig-
nificant increase in TLR3 mRNA and protein expression, we
next investigated whether RV infection induced TLR3 in a
dose-responsive manner and whether there was a requirement
for active viral replication. Also as there are at least 100 dis-
tinct RV serotypes, the major group of which bind to cells via
intercellular adhesion molecule 1 (14, 42, 45) and the minor
group of which use the very-low-density lipoprotein receptor
(18, 43), we wished to determine whether RV induction of
TLR3 was serotype-specific or receptor restricted.

BEAS-2B cells were therefore infected with RV-16 for 1 h at
three different MOIs (1, 0.5 and 0.2). At 24 h postinfection,
cells were harvested for flow cytometry (Fig. 2A). RV-16 in-
fection at an MOI of either 1 or 0.5 resulted in a significant
increase in the surface expression of TLR3 protein (9.33 and
5.55 MFI more than isotype control, respectively [P 
 0.01])
compared to uninfected cells (1.40 MFI more than isotype
control), while an MOI of 0.2 had no effect. These data dem-
onstrate that the induction of TLR3 is RV dose dependent.

To investigate whether the increases observed in TLR3 ex-
pression were unique to RV-16, experiments were carried out
using MOIs of 1 for RV-1B (a minor group RV) and 0.5 for
RV-9 (an alternative major group RV) alongside RV-16. In
addition, to investigate the requirement for virus replication,
filtered RV-9 was included to act as a negative control, and
parallel cells were infected with UV-inactivated RV-16 (MOI
of 1). At 24 h postinfection, cells were harvested and assayed
by flow cytometry (Fig. 2B). Infection with either RV-1B or
RV-9 led to a significant increase in TLR3 protein expression
(10.82 [P 
 0.01] and 4.64 [P 
 0.05] MFI more than isotype
control, respectively) compared to uninfected cells (1.36 MFI
more than isotype control). However, infection with filtered
RV-9 did not increase TLR3 expression. Finally, infection with
UV-inactivated RV-16 did not lead to an increase in TLR3
protein expression (1.36 MFI over isotype control, compared
to 1.40 in uninfected cells). These data demonstrate that the
up-regulation in TLR3 expression is independent of RV sero-
type, is not virus receptor restricted, and requires actively rep-
licating virus.

Functional inhibition of TLR3 during RV infection leads to
an increase in proinflammatory mediators. Several previous
studies demonstrated that both poly(IC) stimulation and RV
infection of bronchial epithelial cells lead to induction of
proinflammatory mediators such as IL-6, CXCL8, and CCL5
(13, 21, 24, 39, 41, 52, 53) whose function is to recruit and
activate cells required for host defense. However, it is not

known how much of this induction results from activation of
TLR3. Initially, we confirmed the requirement for actively
replicating RV to induce proinflammatory mediators (at an
MOI of 1 for UV-inactivated RV-16, as described above) and,
having demonstrated that RV infection led to an increase in
TLR3 expression, we then investigated the functional role of
TLR3 activation in recognition of and response to RV infec-
tion in terms of the same proinflammatory mediators. We also
compared the studies with live virus with those using poly(IC),
as this is a stimulus frequently used to mimic the effects of virus
infection in laboratory studies. BEAS-2B cells were therefore
pretreated for 1 h with an anti-TLR3 antibody, previously
shown to inhibit poly(IC) induction of IFN-� in MRC-5 cells
by approximately 50% (28), or with an isotype control anti-
body. Cells were then infected for 1 h with RV-16 before the
antibody was replaced. Additionally, cells were blocked with
the same dose and timing of antibody and then stimulated with
poly(IC). At 24 h postinfection and stimulation, supernatants
were harvested for cytokine analysis.

Initially, we confirmed the requirement for actively replicat-

FIG. 2. Induction of TLR3 surface protein expression is dose re-
sponsive and serotype independent and requires actively replicating
virus. (A) Cells were infected for 1 h with three doses of RV-16 at
MOIs of 1, 0.5, and 0.2. Cells were harvested for flow cytometry 24 h
postinfection. (B) Cells were infected for 1 h with RV-16 (MOI of 1),
RV-1B (MOI of 1), RV-9 (MOI of 0.5), UV-inactivated RV-16 (MOI
of 1), or the same volume of filtered RV-9. Cells were harvested for
flow cytometry 24 h postinfection. Data are presented as MFI minus
the MFI of isotype control stained cells (n � 3). Data are considered
significantly different between infected and uninfected control cells at
P 
 0.05 (*) and P 
 0.01 (**). ns, data not significantly different at P
� 0.05.
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ing RV in the induction of proinflammatory mediators by in-
fecting BEAS-2B cells with UV-inactivated RV-16. At 24 h
postinfection, it was observed that UV-inactivated RV-16 in-
duced significantly less IL-6 (P 
 0.001), CXCL8 (P 
 0.001),
and CCL5 (P 
 0.001) compared to active RV-16, indicating
that replicating RV was required for induction of cytokines
(Fig. 3A) as well as TLR3 expression (Fig. 2B).

Functional inhibition of TLR3 activity by blocking antibody
demonstrated that the induction of the proinflammatory me-
diators IL-6, CXCL8, and CCL5 by poly(IC) was, at least
partially, TLR3 dependent (Fig. 3B). It was observed that
following TLR3 blocking, the ability of poly(IC) to induce
IL-6, CXCL8, and CCL5 was reduced by approximately 40 to
50% compared to poly(IC) stimulation alone (P 
 0.001),
while no effect was observed in cells treated with an isotype
control antibody (P was not significant [NS]). However, when
TLR3 activity was blocked and cells were then infected with
RV-16, a different consequence was observed (Fig. 3C). After
TLR3 was blocked, cells produced more mediators than un-
blocked, infected cells. IL-6, CXCL8, and CCL5 production
was increased by 52%, 45%, and 27%, respectively, compared
to RV-16 infection alone (P 
 0.01 and 0.001, respectively).
Again, no significant effect was observed in cells treated with
an isotype control antibody (P � NS).

These data confirm that poly(IC) stimulation of IL-6,
CXCL8, and CCL5 is regulated at least in part by TLR3 and
that blocking TLR3 function inhibits proinflammatory cyto-
kine production. In marked contrast, inhibition of TLR3 in-
creased cellular proinflammatory responses following RV in-
fection.

Blocking of TLR3 during RV infection impairs the antiviral
response, resulting in increased RV replication. Finally, we
investigated whether TLR plays a biological role in virus in-
fections, as this has been the subject of recent debate (7). In
addition, we wished to determine a cause for the increased
proinflammatory cytokine production observed with RV infec-
tion when TLR3 was blocked, since one possible explanation
was that blocking TLR3 inhibited antiviral responses in the
infected cells, leading to an increased viral load within the
experiment.

Supernatants from experiments designed identically to those
above were therefore assessed for infectious RV. It was ob-
served that, when the function of TLR3 was blocked with the
anti-TLR3 antibody, the level of active infectious RV released
into the supernatant was increased from 8.3 � 104 TCID50/ml
to 21.5 � 104 TCID50/ml (P 
 0.001), a greater than twofold
increase in virus released (Fig. 4). However, cells treated with
an isotype control antibody and infected with RV-16, showed
no significant difference to untreated cells (P � NS).

These data demonstrate that the observed increase in proin-
flammatory responses following blocking of TLR3 is likely to
be due to the increased amounts of infectious virus released. In
addition, these data demonstrate an important antiviral effect
of TLR3 activation following RV infection of bronchial cells.

DISCUSSION

The vast majority of studies undertaken to examine TLR3-
mediated events have used the synthetic dsRNA analogue
poly(IC) as a direct ligand for TLR3. While this has certain

FIG. 3. The proinflammatory effect of functional inhibition of sur-
face-expressed TLR3 in response to poly(IC) stimulation and RV
infection. (A) Cells were infected for 1 h with RV-16 (MOI of 1),
UV-inactivated RV-16 (MOI of 1), or the same volume of filtered
RV-16. The amounts of IL-6, CXCL8, and CCL5 secreted into the
supernatants were quantified after 24 h. Data for panel A are pre-
sented as the concentrations of proinflammatory mediator in the su-
pernatants. (B) Cells were pretreated for 1 h with anti-TLR3 or isotype
control antibodies before stimulation with 0.1 �g/ml poly(IC) [anti-
bodies were replaced 1 h after the initial application of poly(IC)]. The
amounts of IL-6, CXCL8, and CCL5 secreted into the supernatants
were quantified after 24 h. (C) Cells were pretreated with the antibod-
ies as described for panel B before being infected for 1 h with RV-16
(MOI of 1). The antibodies were then replaced, and IL-6, CXCL8, and
CCL5 were quantified 24 h postinfection. Data for panels B and C are
presented as percentage release compared to stimulated/infected cells
without antibody. For panel A data are significantly different (***)
between RV-16- and UV-RV-16-infected cells at P 
 0.001 (n � 5).
For panels B and C, values are significantly different between stimu-
lated/infected cells 	 anti-TLR3 antibody at P 
 0.01 (*) and P 

0.001 (***) (n � 5).
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merits in examining TLR3 function, studies with poly(IC) can-
not determine whether TLR3 has a functional role in host
response to viral infections; thus, this question remains unre-
solved. A recently published report has sought to demonstrate
a role for TLR3 in response to virus infection. Edelmann et al.
used TLR3 knockout mice and infected them with four differ-
ent model viruses (7). It was observed that knockout mice did
not differ from wild-type mice in terms of their ability to mount
adaptive responses as quantified by IFN-
-positive specific T
cells. However, TLR3 is primarily involved in innate immunity,
and this arm of the immune response was not investigated.
Therefore, different responses early in the infection may have
been missed in this study. Another recent publication was
unable to find evidence that TLR3 played a role in antiviral
responses to respiratory syncytial virus infection (37). It was
observed that expression of TLR3 in a TLR3�/� cell line
(HEK 293) did not suppress virus replication. However, it must
be remembered that this system was artificial, and intracellular
signaling may have been deficient between the introduced
TLR3 expression and any downstream antiviral mediator ex-
pression.

It has been reported that exogenously applied dsRNA in-
creases the surface expression of TLR3 and that it is functional
since responses can be prevented by antibody blocking of the
surface receptor (25, 26, 28). However, none of these studies
has investigated the natural host cells infected by human vi-
ruses, as they investigated retinal cells, fibroblasts, and mast
cells. We therefore wished to investigate the functional role of
surface TLR3 activation in respiratory epithelial cells, the tar-
get cell type of all respiratory viruses. In addition to studying
poly(IC) in this more relevant context, we also wished to carry
out studies of an important human virus in the natural host
cells of that virus and elected to study the most common
respiratory virus type, RV.

We first demonstrated that both poly(IC) (data not shown)
and live virus induced TLR3 mRNA and surface protein ex-
pression, thereby enhancing the innate immune host defense in
the natural host cells of respiratory viruses. This up-regulation

was confirmed to be virus induced in that there was a clear
dose-response relationship, and filtering of virus from the in-
oculum removed its ability to induce TLR3 expression. The
induction was also RV serotype and receptor independent,
indicating that this response is likely to be a general host
defense mechanism applying to many virus types, rather than
being specific to one virus serotype. Finally, we demonstrated
that active viral replication was required for this induction, as
no induction was seen with UV-inactivated virus.

An important aspect of host defense is the release of proin-
flammatory cytokines by virus-infected respiratory epithelial
cells. These cytokines recruit and activate cells of both innate
and acquired immune responses and are implicated in viral
exacerbations of both asthma (11, 15, 34, 46) and COPD (35,
51). Several previous studies demonstrated that both poly(IC)
stimulation and RV infection of bronchial epithelial cells lead
to induction of proinflammatory mediators such as IL-6,
CXCL8, and CCL5 (13, 21, 24, 39, 41, 52, 53). However, it is
not known how much of this induction results from activation
of TLR3. Our studies with poly(IC) indicate that around 50%
of proinflammatory mediator signaling occurs via TLR3 (Fig.
3B). However, as the first hour of stimulation with poly(IC)
was in the absence of the TLR3 blocking antibody, significantly
more of the proinflammatory response could be via TLR3.
These findings could have important implications for develop-
ing strategies for both augmenting antiviral host defense and
suppressing unwanted inflammatory responses.

However, while we observed a clear requirement for func-
tional surface TLR3 in the production of the proinflammatory
mediators IL-6, CXCL8, and CCL5 on stimulation with poly(I
· C) (Fig. 3B), in terms of responses to RV infection this was
not the case. In contrast, inhibition of TLR3 potentiated the
release of the mediators (Fig. 3C). We also determined that
blocking the TLR3-ligand interaction increased replication of
RV, with more than twice the amount of infectious RV de-
tected in the cell supernatants (Fig. 4). This led us to hypoth-
esize that there is a balance of responses induced by TLR3
activation in response to RV that is not apparent for poly(IC)
(Fig. 5). In the case of poly(IC), TLR3 is activated and causes
cells to produce proinflammatory mediators (29, 38, 41) as well
as antiviral mediators (IFN-�) (6). However, as poly(IC) does
not replicate, the primary effect of blocking the receptor is a
reduction in proinflammatory responses, as the concomitant
inhibition of the antiviral response is redundant in the absence
of live virus. However, while for RV infection the same basic
response occurs, the downstream effect is different. By block-
ing TLR3, the antiviral response is inhibited, leading to an
increase in RV replication and release. This increases the
amount of RV in the system infecting other cells. Non-TLR3
receptors (for example, protein kinase R [13]) are therefore
stimulated to a higher level, increasing the proinflammatory
responses and overwhelming any potential reduction observed
by blocking TLR3. The fact that TLR3 is an extremely potent
inducer of antiviral responses has previously been identified
(6) and could explain our observation that it is the more potent
arm of its response to RV infection.

The role of TLR3 in human disease requires further char-
acterization. However, interesting respiratory disease associa-
tions have been made for other TLRs such as the expression of
TLR2 in cystic fibrosis cells (30); TLR2, TLR4, and IL-4 ex-

FIG. 4. The effect of functional inhibition of surface-expressed
TLR3 on RV replication. Cells were pretreated with anti-TLR3 or
isotype control antibodies and infected with RV-16 as described in the
legend of Fig. 3C. The amount of infectious RV virions released into
the supernatants was assessed by virus titration 24 h postinfection.
Data are presented as TCID50/ml. ***, data are significantly different
between infected cells 	 anti-TLR3 antibody at P 
 0.001 (n � 5).
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pression in tuberculosis granulomas (10); and TLR2 and TLR4
polymorphisms and asthma development (8, 9). In terms of
asthma and TLR3, no such associations have been reported.
However, it has been demonstrated that asthmatics are more
susceptible to RV infections than normal individuals, having
longer duration, and increased severity, of lower respiratory
tract symptoms when infected with RV (4). Given that we have
recently reported that asthmatics have deficient IFN-� re-
sponses to RV infection (48), it is interesting to hypothesize
that asthmatic patients may be defective in TLR3 expression or
responsiveness. This could, at least in part, explain their in-
creased symptoms due to a decreased ability to clear the virus
in the early stage of infection.

In conclusion, we have shown that surface-expressed TLR3
does have an important function in response to a common
human viral infection of its natural host cell. We have also
shown that RVs are able to induce TLR3 mRNA and surface
protein expression and that TLR3 plays an important role in
innate immune responses against RV infection. We also iden-
tified a key difference in responses to RV infection and

poly(IC) stimulation that has important implications for the
development of TLR3 antagonists or agonist ligands for ther-
apeutic purposes.
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