
Rhinovirus-Induced Major Airway Mucin Production
Involves a Novel TLR3-EGFR–Dependent Pathway

Lingxiang Zhu1, Pak-kei Lee1, Wai-ming Lee2, Yuhua Zhao1, Dongfang Yu1, and Yin Chen1

1Division of Translational Biology, the Hamner Institutes for Health Research, Research Triangle Park, North Carolina; and 2University of Wisconsin,
Madison, Wisconsin

Mucociliary clearance is a critical innate defense system responsible
for clearing up invading pathogens including bacteria and virus.
Although the right amountof mucus is good, excessivemucus causes
airway obstruction and tends to precipitate disease symptoms.
Rhinovirus (RV) is a common cold virus that causes asthma and
chronic obstructive pulmonary disease exacerbation. Mucus over-
production has been linked to the pathogenesis of RV-induced
diseases and disease exacerbations. However, the molecular mech-
anism is not clear. In this study, using one of the major airway mucin-
MUC5AC as marker, we found that both major and minor groups of
RV induced mucin production in primary human epithelial cells and
cell line. RV1A (a minor group of RV) could induce mucous cell
metaplasia in vivo. Viral replication was needed for RV-induced
mucin expression, and this induction was also dependent on TLR3,
suggesting the involvement of double-stranded (ds) RNA signaling.
Indeed, dsRNA alone could also induce mucin expression. TLR3-
mediated mucin induction was negatively regulated by MyD88, and
only partially dependent on TRIF, which suggests a departure from
well-documented TLR3 signaling paradigm that mediates inflam-
matory and other innate defense gene inductions. In addition, TLR3
signaling activated epidermal growth factor receptor (EGFR)
through inductions of the expression of EGFR ligands (transforming
growth factor-a and amphiregulin), which in turn activated EGFR-
ERK signaling and mucin expression through an autocrine/paracrine
loop. This novel coupling of antiviral defense machinery (i.e., TLR3)
and major epithelial proliferation/repair pathway (i.e., EGFR) might
play an important role in viral-induced airway remodeling and
airway disease exacerbation.

Keywords: mucin; airway epithelium; TLR3; rhinovirus

Mucociliary clearance is a powerful innate defense system that
is responsible for clearing up most of the invading pathogens,
including bacteria and virus. Although the right amount of
mucus is beneficial, excessive mucus production causes airway
obstruction, which may lead to enhanced inflammation and
exacerbations of the existing diseases. In chronic airway dis-
eases, mucous cell metaplasia and concomitantly persistent
mucus overproduction significantly increase the morbidity and
mortality of those diseases (1–3).

Rhinovirus (RV) is a small (30 nm in diameter), nonenvel-
oped, positive-stranded RNA virus (4). More than 100 sero-
types have currently been identified. Based on the cellular
receptor being used for viral entry, RV can be divided into two
main groups: major group that uses intercellular adhesion
molecule 1 (ICAM-1), and a minor group that uses low-density

lipoprotein receptor (LDLR) family (4). Due to the structural
difference of ICAM-1, the major group of human RV cannot
infect rodents. Only the minor group can infect rodent cells, and
most recently, it has been shown that RV1B, a minor group RV,
can directly infect mouse lung in a live animal (5, 6).

Airway RV infection is the major cause of common cold (7).
Although viral cold only causes minor symptoms, the financial
burden resulting from loss of working days is very substantial.
Recently, RV infection has been causally linked to the exacer-
bation of various airway diseases (8), particularly asthma (9).
Accumulating data indicate that RV infection causes asthma
exacerbation both in children (10) and in adults (11). Mucus
overproduction is one of the major symptoms and significantly
contributes to the morbidity of those diseases. However, the
underlying mechanism is unclear. In a previous study, we have
demonstrated that interferon-inducible RNA-dependent pro-
tein kinase (PKR)-mediated double-stranded (ds) RNA-depen-
dent pathway is responsible for epithelial antiviral defense
induced by both major and minor groups of RV infection
(12), which suggests the importance of viral dsRNA-induced
signaling. It has also been reported before that dsRNA could
induce MUC2, a major colonic but a minor airway mucin, in
both intestinal and airway epithelial cells through a G protein–
coupled receptor and P38-mitogen-activated protein kinase
(MAPK)-dependent pathways (13). Thus, we hypothesize that
RV-induced mucin production may also be mediated through
a dsRNA-dependent pathway. In the present study, using
MUC5AC (one of the major airway mucins) as a marker, we
have demonstrated that both major and minor groups of RV
could induce mucin production in epithelial cells, which
depends on viral replication and at least partly on TLR3 (a
pattern recognition receptor [PRR] that specifically recognizes
viral dsRNA). To further explore TLR3-dependent signaling,
we used dsRNA as a surrogate for viral infection. By this
approach, we found that TLR3-mediated MUC5AC expression
was negatively regulated by the common TLR adaptor-MYD88
(14), and only partially dependent on the TLR3/4-specific
adaptor-TRIF (14), suggesting a novel pathway that is not quite
the same as the well-established TLR3 signaling paradigm (14).
Further study indicates that TLR3-mediated MUC5AC expres-
sion was dependent on the transcriptional activation of multiple
epidermal growth factor receptor (EGFR) ligands, and the
subsequent activation of EGFR through an autocrine/paracrine
loop. Our finding suggests a novel link between the epithelial
antiviral signaling (i.e., TLR3) and the airway remodeling
machinery (i.e., EGFR and mucin), which may play an impor-
tant role in airway disease exacerbation.

CLINICAL RELEVANCE

The mechanism of viral infection on airway disease exac-
erbation is poorly understood. The present study suggests
that viral-induced epidermal growth factor receptor acti-
vation and mucus production may contribute to the
pathogenesis of virus-induced airway disease exacerbation.
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MATERIALS AND METHODS

Viruses, Chemicals, Inhibitors, Antibodies

RV16 and RV1A stocks were amplified and purified based on the
previous published protocol (15). Briefly, HeLa cell suspension was
infected at room temperature for 1 hour with a multiplicity of infection
(MOI) of 10 to 15 plaque-forming units (PFU) per cell. Infected cell
suspensions were diluted 10-fold in prewarmed medium B and in-
cubated at 358C for 7 to 8 hours. The cells were then pelleted and
resuspended in PBS. Virus was released from cells by three cycles of
freezing and thawing and then harvested as the supernatant after
centrifugation to pellet cell debris. Sucrose gradient was used to purify
the virus particles released from cells. Viral titers were determined by
plaque assay as described previously (15). To make replication-deficient
RV16 (UV-RV16), stocks of RV16 were ultraviolet irradiated, as
described previously (16), with a slight modification. Briefly, 1 ml RV
stock solution, containing 5 3 108 RV16, was exposed to 200 mW cm22

ultraviolet light for 10 minutes on ice. Synthetic dsRNA was purchased
from InvivoGen (San Diego, CA). Chemical inhibitors (AG1478,
BIBX1382, U0126, TAPI, GM6001) were purchased from Calbiochem
(EMD Biosciences, Inc., San Diego, CA). Anti-MUC5AC monoclonal
antibody was purchased from Labvision Corp. (now acquired by
Thermo Scientific, Fremont, CA). Anti-TLR3 antibody was purchased
from Abcam (Cambridge, MA). Neutralizing antibody anti-EGFR was
purchased from Calbiochem (EMD Biosciences). Other neutralizing
antibodies (anti—transforming growth factor [TGF]-a, anti-HBEGF,
anti-amphiregulin) as well as their species- and isotype- matched control
antibodies (anti-goat IgG, anti-mouse IgG2A) were purchased from
R&D Systems, Inc. (Minneapolis, MN). Actin antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against
phospho-proteins (pEGFR, pERK) were purchased from Cell signaling
technology (Danvers, MA).

Cell Culture, RV Infection, and dsRNA Treatment

Differentiated primary cell culture. Human tracheobronchial tis-
sues were obtained from National Disease Research Interchange, with
an approved protocol. The Hamner Institute Health and Safety Com-
mittee approved all procedures involved in tissue procurement. We
have, in the past, successfully established primary airway epithelial
cultures from these tissues (17, 18). Normally, primary cells were plated
on a Transwell (Corning Costar, Corning, NY) chamber (25 mm) at 1–2 3

104 cells/cm2, in a Ham’s F12:Dulbecco’s modified Eagle’s medium (1:1)
supplemented with eight factors, including: insulin (5 mg/ml), trans-
ferrin (5 mg/ml), epidermal growth factor (10 ng/ml), dexamethasone
(0.1 mM), cholera toxin (10 ng/ml), bovine hypothalamus extract (15 mg/ml),
bovine serum albumin (0.5 mg/ml), and all-trans-retinoic acid (30 nM).
After a week in immersed culture condition, cultured cells were shifted
to an air–liquid interface culture condition. Under the biphasic culture
condition, high transepithelial resistance (. 500 V � cm2), multiple cell
layers, cilia beating, and the formation of mucus-secreting granules
were observed (17, 18). Normally, experiments were performed at Day
21 or 2 weeks after the change of the culture condition from immersed
to air–liquid interface. Medium was routinely changed once every
other day. To account for the donor variation, primary cell data were
repeated on at least three independent donors.

NCI-H292 cells. Cells were obtained from ATCC, and culti-
vated on regular tissue culture dish in RPMI media plus 10% fetal
bovine serum (FBS).

RV infection and dsRNA treatment. For differentiated pri-
mary cell culture, 100 ml media containing desired concentration of RV
or dsRNA was only added on the top of cells, which mimicked apical
side of airway epithelia. For the monolayer primary cells and NCI-
H292 cells, RV or dsRNA was diluted into culture media with desired
concentration.

Real-Time PCR

Real-time PCR was performed as described previously (19). cDNA
was prepared from 3 mg of total RNA with Moloney murine leukemia
virus (MoMLV)–reverse transcriptase (Promega, Inc., Madison, WI)
by oligo-dT primers for 90 minutes at 428C in a 20-ml reaction solution,
and was then further diluted to 100 ml with water for the following
procedures. Two microliters of diluted cDNA was analyzed using 23

SYBR Green PCR Master Mix by an ABI 5700 or ABI Prism 7900HT
Sequence Detection System (Applied Biosystems Inc., Foster City,
CA), following the manufacturer’s protocol. Primers (Table 1) were
used at 0.2 mM. The PCR reaction was performed in 96-well optical
reaction plates, and each well contained a 50-ml reaction mixture. The
SYBR green dye was measured at 530 nm during the extension phase.
The relative mRNA amount in each sample was calculated based on
the DDCt method using housekeeping gene GAPDH. The purity of
amplified product was determined from a single peak of a dissociation
curve. Efficiency curves were performed for each gene of interest
relative to the housekeeping gene, based on the manufacturer’s
instructions. Results were calculated as fold induction over control,
as described previously (19).

Immunofluorescence

For immunofluorescence, the filter where the differentiated epithelial
cells were grown was cut out and fixed in 4% paraformaldehyde and
then embedded in paraffin. Sections were prepared in The Hamner
Histology Core and incubated with 1:100 diluted anti-MUC5AC
antibody overnight at 48C. Anti-mouse IgG secondary antibody was
conjugated with Alexa488 (Invitrogen, Carlsbad, CA). Fluorescence
images were acquired by confocal microscope (LSM 510 meta; Carl
Zeiss, Thornwood, NY).

Mouse Model of RV Infection and Immunohistochemistry

Six- to eight-week-old female Balb/C mice were anesthetized and
administered 50 ml PBS containing 106 PFU RV1A as described
elsewhere (5). The control mice were administered with PBS only.
As an additional control, ultraviolet-crosslinked RV (UV-RV1A) was
made by the same protocol as UV-RV16 and administered at the same
amount to examine the role of RV replication in goblet cell induction.
Twenty-four hours later mice were killed, and lungs were perfused,
fixed in paraformaldehyde, and embedded in paraffin. For immuno-
histochemistry, sections were incubated with 1:100 diluted anti-
MUC5AC antibody overnight at 48C. An anti-mouse IgG antibody
conjugated with alkaline phosphatase was used for detection. The final
slides were counterstained with hematoxylin. The images were ac-
quired by a microscope (AxioObserver Z1; Carl Zeiss).

Western Blot

Total cellular protein was collected based on the methods described
previously (20). The sources of antibodies have been described in
VIRUSES, CHEMICALS, INHIBITORS, ANTIBODIES. Equal protein load for
both total and nuclear proteins was confirmed using the staining of
anti-actin antibody.

Small Interference RNA and Transient Transfection

Control small interference (si)RNA was purchased from Ambion (Austin,
TX). siRNA against TLR3 (GGTATAGCCAGCTAACTAGAA) (21),
TRIF (GACCAGACGCCACTCCAAC) (22), and MYD88 (CTGGAA
CAGACAAACTATC) (22) were synthesized by Ambion. siRNA was

TABLE 1. REAL-TIME PRIMERS

Gene Primers

MUC5AC Forward GCCTTCACTGTACTGGCTGAG

Reverse TGGGTGTAGATCTGGTTCAGG

AREG Forward GCCTGGAAGACACCCTAATGTG

Reverse GGCCGTGTCAACAAGGATACTT

HBEGF Forward CCATTCTGAAAGGCTGGTTTG

Reverse TACTCCGGAAGGGTCCTTTGT

TGFa Forward TGATGCCACCAGATTTGACTG

Reverse GTGCGCTTGAATGTCAGGAAT

TLR3 Forward ATTGGGCAAGAACTCACAGG

Reverse AGCATCAGTCGTTGAAGGCT

TRIF Forward ACTGAACGCAGCCTACTCAGC

Reverse ATGACATGTGGCTCCCAAAAG

MYD88 Forward TGGTGGTGGTTGTCTCTGATG

Reverse GGATGCTGGGGAACTCTTTCT

GAPDH Forward CAATGACCCCTTCATTGACC

Reverse GACAAGCTTCCCGTTCTCAG
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Figure 1. Both major and minor groups of rhinovirus (RV)

induced mucin gene expression. Animals, culture condition, RV

infection protocol, and other related methods have been de-

scribed in MATERIALS AND METHODS. (A) RV1A, RV16, and their
nonreplicating counterparts induced by ultraviolet radiation

(UV-RV1A, UV-RV16) were used to infect differentiated human

primary epithelial cells at 5 3 106 plaque-forming units at the
apical side. Forty-eight hours later, total cellular RNA was

collected and MUC5AC expression was detected by real-time

PCR. *P , 0.05 when comparing with control (n 5 4); #P , 0.05

compared with non–UV-radiated counterparts (i.e., UV-RV1A
versus RV1A; UV-RV16 versus RV16) (n 5 4). (B) Differentiated

primary cells were infected by RV for 48 hours as described

above. The filters were cut and fixed as described in MATERIALS AND

METHODS. The sections made from those filters were then in-
cubated with anti-MUC5AC monoclonal antibody and detected

by immunofluorescence. A: Apical side. Green: anti-MUC5AC

antibody; red: nucleus staining by propidium iodide. This is the
representative image from three independent experiments. (C–E)

Mice were infected by (C) PBS, (D) 106UV-RV1A, (E) 106 RV1A as

described in MATERIALS AND METHODS. Twenty-four hours later, their

lungs were perfused and fixed. The tissue sections were in-
cubated with anti-MUC5AC antibody and detected by colori-

metric method. The brown color shows the MUC5AC protein

staining, and those were all surface goblet cells. Five mice were

used for each group (i.e., control and RV-infected). These are the
representative images from those lungs. (F) Real-time PCR result

of Muc5ac expression from whole lung. C: PBS control, UV-

RV1A:UV-crosslined RV1A, RV1A: RV1A treatment. *P , 0.05, n 5 5.
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transfected into cells using lipofectamine 2000 (Invitrogen) based on
manufacturer’s instructions. Successful knockdown of the target was
confirmed by real-time RT-PCR and Western blot.

Statistical Analysis

Experimental groups were compared using a two-sided Student’s t test,
with significance level set as P , 0.05. When data were not distributed
normally, significance was assessed with the Wilcoxon matched-pairs
signed-ranks test, and P , 0.05 was considered to be significant. Matlab
6.0 with statistics toolbox (MathWorks, Inc., Natick, MA) was used for
analyses of the data.

RESULTS

Both Major and Minor Groups of RV Induced Mucin

Gene Expression

To test if RV could induce mucin production in airway epithelial
cells, we infected differentiated primary human tracheobronchial
epithelial cells (TBE) with either RV16 (a major group RV) or
RV1A (a minor group RV) based on the protocol described
previously (12). Both RVs induced MUC5AC expression at both
RNA (Figure 1A) and protein level (Figure 1B). And these
inductions appeared to depend on RV replication because
ultraviolet-crosslinked RVs failed to induce any MUC5AC
expression (Figure 1A). Consistently, RV1A infection on mouse
trachea also induced goblet cell metaplasia (Figure 1E) and
Muc5ac expression (Figure 1F), which agrees with the recent
report on mucin inducing effect of RV1B (another minor group
of RV) infection of a mouse model of asthma (5). In contrast,
PBS control and ultraviolet-crosslinked RV1A did not have any
effect (Figures 1C, 1D, and 1F), suggesting that RV replication is
important in the induction of goblet cell metaplasia and mucin
expression. Due to the difference between human and mouse
ICAM-1, RV16 could not infect mouse directly. But the recent
report has demonstrated that RV16 could induce mucin in
a human ICAM-1 transgenic mouse model (5). Thus, both the
major and the minor group of RV could induce mucin expression
in vitro and in vivo.

RV-Induced Mucin Expression Was Mediated at Least Partly

through TLR3

Since RV16 and RV1A used different receptor, RV-induced
mucin expression did not appear to depend on the viral entry.
Considering its dependence on viral replication (Figure 1A) and
our previous report of dsRNA-mediated signaling in epithelial
antiviral defense (12), we then tested the hypothesis that RV-
induced MUC5AC expression was mediated by viral dsRNA-
induced signaling. siRNA interference approach was used for this
discovery. To facilitate the transfection study, we used an epithelial
cell line, NCI-H292, which has been a common model cell line for
mucin study and showed similar RV-induced mucin expression
(Figure 2C). We first tested PKR and got no effect (data not
shown). We then tested another well-known dsRNA receptor-
TLR3. By transfecting cells with TLR3-specific siRNA (siTLR3),
we observed more than 80% reduction in its mRNA level by real-
time PCR (Figure 2A). This reduction of TLR3 expression was
started at 24 hours after transfection and persisted for at least
72 hours later (Figure 2A). Because the widely used TLR3 mono-
clonal antibody (clone 3.7) cannot be used for Western blot, we
screened many commercial vendors and finally identified one
antibody from Abcam that recognized the right TLR3 protein in
Western blot. As shown in Figure 2B, siTLR3 could significantly
knock down TLR3 protein production at both 24 and 72 hours,
consistent with mRNA knockdown result (Figure 2A). This
observation suggests that TLR3 siRNA could persistently reduce

TLR3 expression at least until 72 hours later. Interestingly,
knocking down TLR3 significantly blocked both RV1A- and
RV16-induced MUC5AC expression (Figure 2C), suggesting that
TLR3-mediated signaling is at least partly responsible for RV-
induced mucin expression. Therefore, we focused on TLR3-
mediated MUC5AC expression in the following study.

TLR3 Ligand–dsRNA Induced MUC5AC Expression Both in

Primary Cells and in NCI-H292 Cells

We further tested whether direct treatment of TLR3 ligand–
dsRNA could induce MUC5AC expression. Indeed, dsRNA
induced MUC5AC expression in both primary TBE cells
(Figure 3A) and NCI-H292 cells (Figure 3B), and these
inductions were dose dependent (Figure 3). NCI-H292 cells
appeared to be more sensitive to dsRNA treatment than
primary cells, and the reason was unclear. One possibility could
be that since differentiated primary cells had multiple layers,
different layers would experience different concentrations of
dsRNA; thus, the overall response appeared to be weaker than
monolayered NCI-H292 cells.

TLR3-Mediated MUC5AC Expression Was Partially Dependent

on TRIF and Negatively Regulated by MYD88

It has been well established that TLR3 uses an adaptor protein-
TRIF to transduce signaling (14). We tested whether TRIF was
the downstream adaptor of TLR3-mediated MUC5AC expres-
sion. Successful knockdown of both TRIF mRNA and protein
were confirmed (Figures 4A and 4B). Surprisingly, siRNA
knockdown of TRIF could only partially affect TLR3-mediated
MUC5AC expression (Figure 4D), while under the same
condition CXCL10 (a TLR3-TRIF–dependent gene) expression
was almost completely repressed (Figure 4C), suggesting that
TLR3-mediated MUC5AC expression might not completely
depend on TRIF. Although MYD88 was not a common TLR3
adaptor, it is well involved in many other TLR signaling (14).
Thus, we also tested whether the knockdown of MYD88 could
affect TLR3-mediated MUC5AC expression. Interestingly, in-
stead of reducing, knockdown of MYD88 could super-induce
TLR3-mediated MUC5AC expression (Figure 4D), which
might be consistent with a recent report showing a negative
regulatory role of MYD88 on TLR3 signaling (23). Nonetheless,
it appears that there may exist another yet unknown pathway
that is very different from common TLR3 paradigm (14).

TLR3-Mediated MUC5AC Expression Was Dependent on

EGFR-ERK Signaling

We further tested if those common mucin inducing pathways
were involved. Among them, EGFR-ERK pathway is the most
established one (24). Indeed, inhibition of either EGFR
(AG1478 or BIBX1382) or ERK (U0126) significantly inhibited
TLR3-mediated MUC5AC expression in a dose-dependent
manner (Figure 5A). Since the EGFR activation could be either
ligand-dependent or -independent, we tested whether the
blockade of EGFR could have effect. By using a blocking
antibody specifically binding to EGFR ligand binding domain
(25), we found that TLR-3–mediated MUC5AC expression was
significantly reduced (Figure 5A), suggesting that the extracel-
lular ligands were required. It has been well established that
EGF ligands (i.e., TGF-a, HB-EGF, amphiregulin) are synthe-
sized as transmembrane precursors, and need a ‘‘convertase’’
TNF-a–converting enzyme (TACE/ADAM17) to cleave and
generate the soluble growth factor (26, 27). To further test the
ligand-dependent nature of TLR-3–mediated MUC5AC ex-
pression, we inhibited TACE using either specific inhibitor-
TAPI or general metalloprotease inhibitor-GM6001, and found
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that mucin expression was reduced significantly in a dose-
dependent manner (Figure 5A). All these data suggest that TLR3-
mediated MUC5AC expression depended on ligand-dependent
EGFR activation.

To further test the relationship between TLR3 and EGFR-
ERK, we knocked down TLR3 using siRNA approach, and
found that the activation of both EGFR and ERK were
significantly reduced (Figure 5B). Thus, TLR3 appears to be
upstream of EGFR and ERK.

TLR3-Initiated EGF Ligands Autocrine/Paracrine Loop Was

Responsible for the Activation of EGFR-ERK Signaling and

Mucin Gene Expression

Since there are dozens of EGFR ligands, we tested three
common ligands (TGF-a, amphiregulin, HB-EGF) that have
been documented in epithelial mucin regulation (27–29). dsRNA

appeared to elevate mRNA level of all three ligands, which was
mediated by TLR3 (Figure 6A). When used individually for
neutralization assay, TGF-a–neutralizing antibody (anti–TGF-a)
and amphiregulin-neutralizing antibody (anti-AREG) signifi-
cantly reduced TLR3-mediated MUC5AC expression by approx-
imately 40% (Figure 6B). Anti–HB-EGF neutralizing antibody
showed very slightly reduction, but failed to reach statistical
significance. When three antibodies were combined (A1H1T)
for treatment, they further reduced TLR3-mediated MUC5AC
expression by an additional approximately 20% (Figure 6B) to
approximately 60% reduction in total, suggesting that the effects
of those antibodies were partly additive. To exclude the non-
specific effect of the antibody addition, we used species- and
isotype-matched IgG as controls, and no effects were observed.
Thus, at least both TGF-a and amphiregulin were involved in
regulating TLR3-mediated MUC5AC expression.

Figure 2. RV-induced mucin expression was medi-

ated at least partly through TLR3. For the conve-
nience of transfection, NCI-H292 cells were used for

this study. (A) Control siRNA (siC) and TLR siRNA

(siTLR3) were transfected into NCI-H292 cells.

Twenty-four and 72 hours later, RNA was extracted
and TLR3 expression was determined by real-time

PCR. #P , 0.05 compared with control (n 5 4). (B)

Western blot was performed using the specific anti-
TLR3 antibody. Anti-actin antibody was used as

a control for loading. This is the representative image

from three independent experiments. (C) TLR3-de-

pendent induction of MUC5AC expression by RV1A
or RV16 infection on NCI-H292 cells. The cells were

transfected with control siRNA (siC) or TLR3 siRNA

(siTLR3), and then infected with RV1A or RV16

separately at 106 for 48 hours. Shaded bars represent
siC-transfected cells, and open bars represent siTLR3-

transfected cells. *P , 0.05 compared with non-

infected control (C) (n 5 4); #P , 0.05 when
comparing siTLR3-transfected cells (open bars) with

siC-transfected cells (shaded bars) (n 5 4).
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DISCUSSION

Although mucus overproduction is one of the major illnesses

associated with respiratory viral infection, the underlying mech-

anism is largely unclear. Studies using animal models have long

attributed mucus overproduction to the side-effect of airway

inflammation (5, 30–32). Although dozens of mucin-inducing

cytokines and other inflammatory agents can be produced in

viral infected airways (33, 34), whether or not the amount of
those detected in vivo is sufficient to drive mucin expression is
largely untested, with the exception of IL-13, which has been
extensively tested in Sendai and RSV infection models (30, 32).
However, not all viral infections induce IL-13 (as in the case of
RV infection, for example) (5). Recently, it has been shown that
RV14, one of the major group of RV, can directly elevate mucin
production though an MAPK-dependent pathway by airway

Figure 3. TLR3 ligand–dsRNA in-

duced MUC5AC expression both in

primary cells and NCI-H292 cells. (A)

Differentiated primary cells were trea-
ted with various doses (0.25, 2.5, 25

mg/ml) of dsRNA for 24 hours as de-

scribed in MATERIALS AND METHODS. Con-

trol was treated with PBS. RNA was
collected and MUC5AC expression

was determined by real-time PCR. *P

, 0.05 compared with control. (B)
NCI-H292 cells were treated with var-

ious doses (0.025, 0.25 mg/ml) of

dsRNA for 24 hours as described in

MATERIALS AND METHODS. Control was
treated with PBS. RNA was collected

and MUC5AC expression was deter-

mined by real-time PCR. *P , 0.05

compared with control.

Figure 4. TLR3-mediated
MUC5AC expression was not de-

pendent on either MYD88 or

TRIF. (A) Control siRNA (siC),
MYD88 siRNA (siMYD88), and

TRIF siRNA (siTRIF) were trans-

fected into NCI-H292 cells.

Forty-eight hours later, RNA was
extracted; MYD88 or TRIF expres-

sion was determined by real-time

PCR. #P , 0.05 compared with

control (n 5 4). (B) Western blot
was further used to confirm the

knockdown of either MYD88 or

TRIF. Anti-Actin antibody was

used as a control for loading. This
is the representative image from

four independent experiments.

(C) Control siRNA (siC), MYD88
siRNA (siMYD88), and TRIF siRNA

(siTRIF) were transfected into

NCI-H292 cells. Twenty-four

hours later, cells were treated
with dsRNA (0.025 mg/ml), and

RNA was collected after an addi-

tional 24 hours. CXCL10 expres-

sion was determined by real-time
PCR. *P , 0.05 when comparing

CXCL10 expression in siMYD88-
transfected and dsRNA-treated cells (shaded bar) with CXCL10 expression in siC-transfected and dsRNA-treated cells (open bar) (n 5 4); #P , 0.05 when
comparing CXCL10 expression in siTRIF-transfected and dsRNA-treated cells (hatched bar) with CXCL10 expression in siC-transfected and dsRNA-

treated cells (open bar) (n 5 4). (D) Control siRNA (siC), MYD88 siRNA (siMYD88), and TRIF siRNA (siTRIF) were transfected into NCI-H292 cells. Twenty-

four hours later, cells were treated with dsRNA (0.025 mg/ml), and RNA was collected after an additional 24 hours. MUC5AC expression was determined

by real-time PCR. *P , 0.05 when comparing MUC5AC expression in siMYD88-transfected and dsRNA-treated cells (shaded bar) with MUC5AC
expression in siC-transfected and dsRNA-treated cells (open bar) (n 5 4). #P , 0.05 when comparing MUC5AC expression in siTRIF-transfected and

dsRNA-treated cells (hatched bar) with MUC5AC expression in siC-transfected and dsRNA-treated cells (open bar) (n 5 4).
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epithelial cells in vitro (35). Thus, virus infection may be able to
directly activate mucin expression in airway epithelial cells in
the absence of inflammation. It has been shown the MAPK
pathway is involved (35), but the upstream signal that activating
MAPK is still unclear.

Interestingly, most common respiratory viral infections are
caused by RNA viruses. And even some respiratory DNA
viruses (e.g., adenovirus) generate RNA molecules during their
intracellular life cycles. There are several viral RNA ‘‘sensors’’
expressed in airway epithelial cells, including PKR (12), TLRs
(TLR3 for dsRNA and TLR7/8 for ssRNA), and recently found
Caspase recruitment domain (CARD) containing molecules
such as RIG-I and MDA5 (36). Considering the scope of this
study, we have only tested PKR, which has been shown by our
previous study to be responsible for epithelial antiviral defense
(12), and TLR3, which recognizes dsRNA (36); dsRNA has
been reported by Londhe and coworkers to induce MUC2 (13),
a major colonic but a minor airway mucin. To further support
the potential mucin-inducing effect of TLR3, our preliminary
study indicated that dsRNA appears to be the most potent
mucin inducer among all other TLR-ligands tested in airway
epithelial cells (unpublished observation). Consistent with our
previous notion that RV dsRNA is a critical signaling molecular
triggering IFN-dependent antiviral defense (12), it is also
responsible for mucin induction, and the difference in the
present scenario is that viral dsRNA was recognized by TLR3
instead of PKR. Accordingly, these two different ‘‘sensors’’ led
to different downstream signaling pathways and effectors. For
PKR, we have shown that it induced IFN-dependent antiviral

defense genes are activated and contribute to the intracellular
viral clearance (12), presumable through an NF-kB–dependent
pathway later reported by Edwards and colleagues (37). For
TLR3, we have shown in this study that it induced mucin
expression through the increase of multiple EGF ligands
transcription and subsequent activation of EGFR-ERK path-
way through an autocrine/paracrine mechanism. The increase of
mucin expression may presumably accelerate viral clearance
in vivo through enhanced mucociliary clearance, which needs to
be further tested using in vivo model of RV infection described
in this and other (5) studies.

Another interesting finding is that TLR3-mediated mucin
expression is only partially dependent on TRIF, and appears to
be negatively regulated by MYD88. The lack of sufficient
knockdown can be ruled out by the confirmatory experiments
using Western and real-time PCR. In addition, the expression of
CXCL10, a TLR3-TRIF–dependent gene, could be almost
completely knocked down by siRNA approach, which further
supports the notion that TLR3-mediated mucin expression may
also use a TRIF-independent pathway, which has been sug-
gested before (38). One could still argue that the signaling
pathway leading to CXCL10 expression might need more TRIF
adaptor than the one leading to mucin expression, and thus the
latter might be less sensitive to the reduction of TRIF, because
siRNA could only knock down around 70% of TRIF expres-
sion. One approach to test this hypothesis would be using TRIF
knockout mouse, because the epithelial cell derived from those
mice is completely devoid of TRIF. However, this study is
beyond the scope of current study, and the result could be

Figure 5. TLR3-mediated

MUC5AC expression was

dependent onEGFR-ERK sig-

naling. (A) Chemical inhibi-
tors were pre-treated at

different doses (when appli-

cable, shaded bar represents

lower dose, and solid bar
represents high dose) on

NCI-H292 cells for 1 hour;

the cells were then treated

with dsRNA at 0.025 mg/ml
for 24 hours. RNA was col-

lected, and MUC5AC ex-

pression was determined by
real-time PCR. *P , 0.05

compared with control (C)

(n 5 4); #P , 0.05 compared

with corresponding DMSO
or PBS controls (n 5 4). Only

anti-EGFR antibody was dis-

solved in PBS. All chemical

inhibitors were dissolved in
DMSO. (B) Control siRNA

(siC) and TLR3 siRNA

(siTLR3) were transfected in-
to NCI-H292 cells. Twenty-

four hours later, cells were

treated with dsRNA (0.025

mg/ml), and protein was col-
lected after either 3 or 24

hours. Western blot analy-

sis was used to determine

the level of phosphrylated/

activated EGFR (pEGFR) and ERK (p-ERK). Anti-actin antibody was used as a control for loading. Quantification was performed using IMAGE J (http://
rsbweb.nih.gov/ij/). The data are presented as the fold inductions comparing with siC-transfected and nontreated control. This is the representative

image from three independent experiments.
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difficult to interpret because (1) mouse and human epithelial

cells have very different cell types; and (2) the complete

deprivation of TRIF from embryonic stage will certainly lead

to the establishment of a whole new cell signaling circuitry that

may be very different from that of the wide-type cells. Nonethe-

less, our present study suggests that the TLR-3–mediated mucin

expression may use a downstream signaling different from that
of the conventional paradigm (36).

Londhe and coworkers were the first to report that dsRNA
could induce epithelial mucin (13). However, their work was
focused on a major colonic (39) but a minor airway mucin-
MUC2, which only consists of around 2.5% of the airway mucus
gel (40). Our present study, instead, focuses on the major airway
mucin MUC5AC. Interestingly, these two mucins are controlled
by different signaling pathways. MUC2 has been demonstrated
to be induced through GPCR-PLC-PKC-P38-NFKB pathway
(13), while MUC5AC has been shown in the present study to be
induced by TLR3-mediated EGFR ligand transcription and
subsequent activation of EGFR by an autocrine/paracrine mech-
anism (Figure 7). Different regulations suggest that MUC2 and
MUC5AC may have different functions in the airway.

EGFR activation has been well established to be one of the
major mucin-inducing signaling pathways (27). However, it has
not been reported to mediate viral-induced mucin expression.
In addition, the EGFR signaling demonstrated in this study has
important different aspects from the current paradigm (27). In

the current paradigm, the activity of TACE is induced by
reactive oxygen species (ROS) that is generated by particular
agonist (i.e., neutrophil elastase, PMA, etc.), which leads to the
enhancement of TGF-a cleavage from surface membrane; the

Figure 6. TLR3-initiated EGF-ligands
autocrine/paracrine loop was respon-

sible for the activation of EGFR-ERK

signaling and mucin gene expression.

(A) Control siRNA (siC) and TLR3
siRNA (siTLR3) were transfected into

NCI-H292 cells. Twenty-four hours

later, cells were treated with dsRNA

(0.025 mg/ml), and RNA was col-
lected after an additional 24 hours.

The expressions of TGF-a, amphire-

gulin (AREG), and HB-EGF were de-
termined by real-time PCR. *P , 0.05

when comparing the gene expression

in siC-transfected and dsRNA-treated

cells (shaded bar) with the gene ex-
pression in siC-transfected and PBS-

treated cells (open bar) (n 5 4); #P ,

0.05 when comparing the gene ex-

pression in siTLR3-transfected and
dsRNA-treated cells (hatched bar)

with the gene expression in siC-

transfected and dsRNA-treated cells

(shaded bar) (n 5 4). (B) Effect of
EGFR ligand neutralization on

MUC5AC expression. NCI-H292 cells

were treated with neutralization anti-
bodies or with isotype-matched con-

trol for 24 hours; RNA was then

collected and MUC5AC expression

was determined by real-time PCR.
One hundred percent antibody neu-

tralization doses were initially chosen on the basis of the manufacturer’s data sheet. Those doses were further tested by examining the doses five
times lower or five times higher. The lowest dose that could inhibit MUC5AC expression the most was chosen. If no effect was observed, the highest

dose was chosen. Anti–TGF-a: TGFa neutralizing antibody (10 mg/ml), which is a goat IgG; anti-AREG: amphiregulin-neutralizing antibody

(10 mg/ml), which is a goat IgG; anti-HBEGF: HB-EGF–neutralizing antibody (50 mg/ml), which is a mouse IgG2A; A1H1T: combined treatment of

anti-AREG (10 mg/ml), anti-HBEGF (50 mg/ml), and anti–TGF-a (10 mg/ml). mIgG: matching mouse IgG2A (50 mg/ml); gIgG: matching goat IgG
(10 mg/ml); mIgG12XgIgG: combined treatment of mIgG (50 mg/ml) and gIgG (20 mg/ml). *P , 0.05 when comparing with the control (C) (n 5

4); #P , 0.05 when comparing the neutralizing antibody–treated cells with their corresponding IgG control–treated cells n 5 4; $P , 0.05 when

comparing combined antibodies–treated cells (A1H1T) with single antibody–treated cells (n 5 4).

Figure 7. Signaling pathway links RV infection and mucin expression.

Question mark indicates that there may be other TRIF-independent

pathways.

Zhu, Lee, Lee, et al.: Rhinovirus-Induced Mucin Gene Expression 617



increased soluble TGF-a, in turn, activates EGFR (27). In the
present study, we have shown that at least one other ligand,
AREG, in addition to TGF-a, was also indispensable for EGFR
activation, presumably because we used the different inducer
(dsRNA instead of PMA, etc.). We have also shown the
increase of EGFR ligand production, which should provide
a much simpler explanation for EGFR activation. It is unclear
whether or not TGF-a transcription was also induced in those
previous studies (27). If yes, the increase of EGFR ligand
transcription might play a more universal role in activating
EGFR. Otherwise, our finding may suggest a unique mechanism
triggered specifically by viral infection through TLR3. Even
though the TACE is definitely required on all occasions
reported by us (in the present study) and others (27), it is
unclear whether or not the alteration of TACE activity is
required. To our knowledge, there is no direct measurement
of TACE activity in any of the previous reports (27). Thus,
TACE activity might just be an essential residential enzyme
responsible for EGFR ligand release, but its activity might not
be altered by those mucin stimuli (27). This notion has been
partly supported by the study showing TACE as a physiologic
EGFR ligand convertase (26). Further study will be needed to
clarify this issue.

In summary, the present study has demonstrated that both
major and minor groups of RV directly induce mucin pro-
duction though a novel TLR3-mediated pathway that is partly
dependent on TRIF and negatively regulated by MYD88. This
TLR3-mediated mucin-inducing pathway further leads to the
increase of TGF-a and AREG production, and subsequent
activation of EGFR through an autocrine/paracrine mechanism
(Figure 7). Complete elucidation this novel pathway will
advance our understanding of viral-induced airway remodeling
and disease exacerbation.
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