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Abstract
Rhinovirus (RV), a single-stranded RNA virus of the picornavirus family, is a major cause of the
common cold as well as asthma and chronic obstructive pulmonary disease exacerbations. Viral
double-stranded RNA produced during replication may be recognized by the host pattern
recognition receptors Toll-like receptor (TLR)-3, retinoic acid inducible gene (RIG)-I and
melanoma-differentiation-associated gene (MDA)-5. No study has yet identified the receptor
required for sensing RV double-stranded (ds)-RNA. To examine this, BEAS-2B human bronchial
epithelial cells were infected with intact RV-1B or replication-deficient UV-irradiated virus, and
interferon (IFN) and IFN-stimulated gene expression determined by quantitative PCR. The
separate requirements of RIG-I, MDA5 and IFN response factor (IRF)-3 were determined using
their respective siRNAs. The requirement of TLR3 was determined using siRNA against the
TLR3 adaptor molecule TRIF. Intact RV-1B, but not UV-irradiated RV, induced IRF3
phosphorylation and dimerization, as well as mRNA expression of IFN-β̤, IFN-λ̣1, IFN-λ2/3,
IRF7, RIG-I, MDA5, IP-10/CXCL10, IL-8/CXCL8 and GM-CSF. siRNA against IRF3, MDA5
and TRIF, but not RIG-I, decreased RV1B-induced expression of IFN-β̤ IFN-λ̣1, IFN-λ2/3, IRF7,
RIG-I, MDA5 and IP-10/CXCL10, but had no effect on IL-8/CXCL8 and GM-CSF. siRNAs
against MDA5 and TRIF also reduced IRF3 dimerization. Finally, in primary cells, transfection
with MDA5 siRNA significantly reduced IFN expression, as it did in BEAS-2B cells. These
results suggest that TLR3 and MDA5, but not RIG-I, are required for maximal sensing of RV
dsRNA, and that TLR3 and MDA5 signal through a common downstream signaling intermediate,
IRF3.
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Introduction
Viral infections, most commonly caused by rhinovirus (RV), are a frequent cause of asthma
and chronic obstructive pulmonary disease exacerbations (1). RV is a non-enveloped,
positive, single-stranded RNA virus from the Picornaviridae family. RV is internalized by
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receptor-mediated endocytosis and undergoes a conformational change at endosome low pH,
leading to insertion of viral RNA into the cytosol. After entry, replication occurs entirely in
the cytoplasm, where single-stranded RNA forms a double-stranded (ds)-RNA intermediate,
the main form of viral RNA genome inside the cell.

dsRNA produced during viral infection represents an important stimulus of the host innate
immune response. It is recognized and engaged by three pattern recognition receptors. Toll-
like receptor (TLR)-3 is localized to the endosomal and plasma membranes. TLR3 senses
dsRNA released from dying cells and signals through its unique adaptor protein TIR-
domain-containing adapter-inducing interferon-β (TRIF) (2). The cytoplasmic proteins
retinoic acid-inducible gene (RIG)-I and melanoma differentiation-associated gene
(MDA)-5 have recently been identified as intracellular receptors for viral dsRNA (3,4).
RIG-I and MDA5 are homologous cytoplasmic helicases containing two amino-terminal
caspase activation and recruitment domains (CARDS) and a carboxy-terminal DExD/H-Box
RNA helicase domain. They bind to dsRNA through the helicase domain and signal through
CARD domains to a common adaptor molecule, interferon-beta promoter stimulator (IPS)-1
(also called VISA) (5,6). Engagement of TLR3, RIG-I or MDA5 initiates signaling through
two protein kinase complexes, TANK-binding kinase (TBK1)/IκB kinase-ε (IKKε) and
IKKα/IKKβ, leading to activation of interferon regulated factor (IRF)-3 and nuclear factor
(NF)-κB, respectively (7). Transcription factor activation, in turn, induces expression of
IFNs and pro-inflammatory cytokines.

Although all three receptors can recognize viral dsRNA, they appear to be specialized in
their recognition of particular viruses. RIG-I and TLR3 are required for respiratory syncytial
virus (RSV)-induced expression of IFN-β, IP-10 in airway epithelial cells (8). RIG-I-
deficient mice fail to produce type I IFNs in response to the negative-sense single-stranded
RNA (ssRNA) viruses Newcastle disease virus, Sendai virus, vesicular stomatitis virus and
influenza virus, and to the positive-sense ssRNA Japanese encephalitis virus, whereas
MDA5-deficient mice fail to detect encephalomyocarditis (EMCV), a positive-sense ssRNA
picornavirus (9). The engagement of PRRs is also cell-type specific: for example, while
MDA5 is essential for induction of type I IFNs after infection with EMCV in fibroblasts and
conventional dendritic cells (DCs), plasmacytoid DC use the TLR system for viral detection
(9).

Little is known about the contributions of the various pattern recognition receptors to RV-
induced responses in bronchial epithelial cells. Primary human bronchial epithelial cells
express TLR3, and the TLR3 ligand polyI:C elicits a strong pro-inflammatory response in
these cells (10,11). In 16HBE14o- human bronchial epithelial cells, TLR3 is primarily
localized in the endosomes, not cell surface (12). TLR3 is partially required for RV39-
induced IL-8 expression in 16HBE14o- cells (12) and RV1A-induced MUC5AC expression
in NCI-H292 mucoepidermoid carcinoma cells (13). However, the requirement of either
RIG-I or MDA5 for RV-induced responses has not yet been tested. In the present study, we
found that MDA5 and TLR3, but not RIG-I, are required for RV-induced IFN responses in
human airway epithelial cells.

Methods
Cell culture

BEAS-2B human bronchial epithelial cells, a SV-40-transformed airway bronchial epithelial
cell line, were purchased from ATCC (Manassas, VA). Cells were grown on collagen-coated
(5 µg/cm2) plates in Bronchial Epithelial Growth Medium (BEGM, Lonza, Conshohocken,
PA) containing epidermal growth factor (25 ng/ml), bovine pituitary extract (65 ng/ml), all-
trans retinoic acid (5×10−8 M), hydrocortisone (0.5 µg/ml), insulin (5 µg/ml), transferrin (10
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µg/ml), epinephrine (0.5µg/ml), triiodothyronine (6.5 ng/ml), gentamycin (50 µg/ml) and
amphotericin (50 µg/ml).

Primary tracheal epithelial cells were all isolated from the tracheas of lung transplant
donors, as described (14,15). Submerged cells were grown as monolayers to 80–100%
confluence in BEGM containing epidermal growth factor (25 ng/ml), bovine pituitary
extract (130 ng/ml), all-trans retinoic acid (5×10−8M) and bovine serum albumin (1.5 µg/
ml).

RV infection
RV1B and RV39 were obtained from ATTC. Viral stocks were generated by incubating
HeLa cells with RV in serum-free medium until 80% of the cells were cytopathic. Viral
stocks were concentrated, partially purified and titered as previously described (14,15).
RV1B was irradiated with UV light at 100 µJ/cm2 for 10 min on ice, using a CL-1000
crosslinker (UVP, Upland, CA).

Quantitative real-time PCR
Total RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA), then transcibed to
first-strand cDNA using Taqman Reverse Transcription Reagents (Applied Biosystems,
Foster City, CA). First-strand cDNA is then used to quantify the expression of IFN-α, IFN-
β, IFN-λ1, λ2/3, IRF-7, IP-10/CXCL-10, IL-8/CXCL8 and GM-CSF mRNA levels by
quantitative real-time PCR (qPCR) using specific primers and probes.

Measurement of cytokine protein levels
BEAS-2B cells were grown to 80% confluence and infected with RV1B or medium alone
for 1 h. Inoculum was then replaced BEGM. Twenty-four h later, supernatant was collected
for the measurement of IFN-λ1, IP-10/CXCL-10 and IL-8/CXCL-8 protein by enzyme-
linked immunosorbent assay (ELISA, R&D Systems, Minneapolis, MN).

Immunoblotting
Cells were lysed with RIPA buffer (50 mM Tris, pH7.4; 150 mM NaCl; 5 mM EDTA; 50
mM NaF; 1% NP-40; 10% glycerol). 30 µg of protein lysate was loaded in each well.
Lysates were resolved by SDS-PAGE. Proteins were transferred to nitrocellulose or PVDF
membrane. Membranes were blocked in 5% milk for 1 h at room temperature and probed
with either mouse anti-RIG-I (Alexis Biochemicals, Plymouth Meeting, PA), goat anti-
MDA5 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-IRF3 (IBL America,
Minneapolis, MN), rabbit anti-TRIF (Cell Signaling, Danvers, MA) or rabbit anti-IRF7
(Abcam, Cambridge, MA). Antibody binding was detected with a peroxidase-conjugated
anti-mouse, anti-rabbit or anti-goat IgG and chemiluminescence.

Native PAGE to determine IRF3 dimerization
BEAS-2B cells were lysed with native PAGE sample prep kit (Invitrogen, Carlsbad, CA).
Native PAGE was performed using 10% Ready Gel (Bio-rad, Hercules, CA), as described
(16). The gel was pre-run with 25 mM Tris and 192 mM glycine, pH 8.4, with and without
1% deoxycholate in the cathode and anode chamber, respectively, for 30 min at 40 mA.
Samples in the native sample buffer (10 µg protein, 62.5mM Tris-Cl, pH 6.8, and 15%
glycerol) were applied to the gel and electrophoresed for 60min at 25 mA. Immunoblotting
of IRF3 was performed as described above.
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siRNA knockdown of RIG-I, MDA5, IRF3 and TRIF
19-bp duplex of targeting siRNA or non-targeting siRNA (Dharmacon, Lafayette, CO) was
transfected into subconfluent BEAS-2B cells while cell seeding using RNAiMAX in
OptiMEM (Invitrogen, Carlsbad, CA). A pool of double-stranded siRNAs containing equal
parts of the following antisense sequences was used to knockdown RIG-I: 1, 5'-
GCACAGAAGUGUAUAUUGG-3'; 2, 5'- CCACAACACUAGUAAACAA-3'; 3, 5'-
CGGAUUAGCGACAAAUUUA-3'; 4, 5'-UCGAUGAGAUUGAGCAAGA-3'. The non-
targeting siRNA sequence was 5'-CGAACUCACUGGUCUGACCdtdt-3'(sense), 5’-
GGUCAGACCAGUGAGUUCG-dtdt-3’(antisense). For knockdown of MDA5, a pool of
the following sequences was used: 1, 5’-GAAUAACCCAUCACUAAUA -3’; 2, 5’-
GCACGAGGAAUAAUCUUUA -3’; 3, 5’-UGACACAAUUCGAAUGAUA -3’; 4, 5’-
CAAUGAGGCCCUACAAAUU’-3’. For knockdown of IRF3, a pool of the following
sequences was used: 1, 5’-CGAGGCCACUGGUGCAUAU-3’; 2, 5’-
CCAGACACCUCUCCGGACA-3’; 3, 5’-GGAGUGAUGAGCUACGUGA-3’, 4, 5’-
AGACAUUCUGGAUGAGUUA-3’. For knockdown of TRIF, a pool of the following
sequences was used: 1, 5’-GGAGCCACAUGUCAUUUGG-3’; 2, 5’-
CCAUAGACCACUCAGCUUU-3’; 3, 5’-GGACGAACACUCCCAGAUC-3’; 4, 5’-
CCACUGGCCUCCCUGAUAC-3’. The next morning, cells were incubated in fresh BEGM
containing for 24 h. Finally, cells were treated with the relevant stimulus in BEGM medium
for one day prior to harvest.

Data analysis
SigmaStat computing software (SPSS, Chicago, IL) was used for data analysis. Data are
represented as mean±SEM. Normality was tested using the Kolmogorov-Smirnov test.
Statistical significance was assessed by either one-way analysis of variance (ANOVA) or
the Kruskal-Wallis one-way ANOVA based on ranks, whenever appropriate. Differences
identified by ANOVA were pinpointed by the Student Newman-Keuls’ multiple range test.

Results
RV1B-induced IFN expression in BEAS-2B human bronchial epithelial cells

To test whether RV induces an IFN response in human bronchial epithelial cells, BEAS-2B
cells were infected with intact RV1B or UV-irradiated RV-1B for 1 h at 33°C. Cellular total
RNA was extracted from lysates to measure the gene expression at 1, 8, 18, 24, 48 and 72 h
post-infection by quantitative PCR. Compared with replication-deficient UV-irradiated
virus, intact RV1B increased the mRNA expression of IFN-β, IFN-λ1 and IFN-λ2/3, as well
as the expression of several interferon-stimulated genes (ISGs) including IRF7, RIG-I,
MDA5 and TLR3 (Figure 1). The peak level of mRNA expression was 24 h post-infection,
except in the case of IFN-β, which was 48 h post-infection. The fold-induction varied
widely, from 4-fold (TLR3) to approximately 27,000-fold (IFN-λ2/3). Fold-increases in IFN
and ISG mRNA expression tended to be higher for genes expressed at lower levels as
baseline, as measured by cycle number (Table 1). RV1B infection also increased the protein
expression of IFN-λ1, IP-10/CXCL-10 and IL-8/CXCL-8 (Figure 2A–C). However, there
was no induction of IRF7 protein expression (Figure 2D). Nevertheless, these data,
combined with increases in RIG-I and MDA5 protein abundance (see below), demonstrate
that RV induces a robust, replication-dependent innate immune response at both the mRNA
and protein levels. RV1B infection also increased IFN and ISG mRNA expression in
primary tracheal epithelial cells (Figure 3, Table 2).
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MDA5 and TLR3, but not RIG-I, are required for RV-induced innate immune responses
Viral dsRNA generated during replication may be detected by the PRRs, RIG-I, MDA5 and/
or TLR3. To determine which PRR is responsible for sensing RV dsRNA and inducing the
innate immune response, we employed siRNA against RIG-I, MDA5 and the TLR3 adaptor
protein TRIF/TICAM. Forty-eight h later, cells were infected with RV1B, UV-irradiated
RV-1B or sham HeLa cell lysate, and the expression of IFNs and ISGs was measured by
qPCR 24 h after infection. RIG-I expression was knocked down by 80–90% following
treatment with RIG-I siRNA (Figure 4A). Immunoblots also showed a significant increase in
RIG-I protein expression with RV1B treatment, suggesting that expression of RIG-I is
inducible. RIG-I siRNA had a slight inhibitory effect on the expression of its homologue
protein, MDA5 (Figure 4B). However, RIG-I siRNA failed to decrease RV-induced
expression of IFNs or ISGs compared to non-targeting siRNA, suggesting that RIG-I is not
required for sensing RV dsRNA (Figure 5).

Next, we knocked down MDA5 expression using MDA5 siRNA (Figure 4C). Again, an 80–
90% knockdown efficiency was achieved. MDA5 protein expression was also induced by
RV1B infection. MDA5 siRNA had no effect on RIG-I protein expression (Figure 4D).
After transfection with MDA5 siRNA, there was a significant decrease in expression of
RV1B-induced IFN-β̤, -λ1 and -λ2/3 compared to cells transfected with non-targeting
siRNA (Figure 6). MDA5 siRNA also decreased RV1B-induced mRNA expression of the
ISGs IRF7 and IP-10/CXCL10. Unlike IFNs, MDA5 siRNA treatment was associated with a
paradoxic increase in RV1B-induced expression of IL-8 and GM-CSF. Together, these data
suggest that MDA5, but not RIG-I, is required for maximal RV-induced IFN responses, but
not for RV-induced cytokine responses.

To examine whether MDA-5 is also required for major group RV-induced IFN responses,
we repeated our experiment using RV39. BEAS-2B cells were transfected with either
MDA5 or non-targeting siRNA and then infected with RV39, UV-irradiated RV39 or sham
HeLa cell lysate. Twenty-four h after infection, cellular RNA was extracted to measure the
expression of IFNs and ISGs by quantitative PCR (Figure 7). There was a significant
decrease in mRNA expression of IFN-β̤, -λ1 and -λ2/3 in cells transfected with MDA5
siRNA compared to cells transfected with non-targeting siRNA. MDA5 siRNA also
decreased RV39-induced mRNA expression of the ISGs, IRF7 and IP-10/CXCL10.

We then sought to determine whether MDA-5 is required for the recognition of viral dsRNA
in primary tracheal epithelial cells as in BEAS-2B cells. Primary cells were cultured until
70% confluent and then transfected with siRNA against MDA5 or non-targeting siRNA.
Forty-eight h later, cells were infected with RV1B or UV-irradiated RV1B. Cellular mRNA
was extracted 24 h after infection to determine mRNA expression by qPCR. Compared to
non-targeting siRNA, MDA5 siRNA decreased RV1B-induced expression of IFN-β, IFN-λ1,
IFN-λ2/3, IRF7 and IP-10/CXCL10 (Figure 8). These data confirm that MDA5 is required
for sensing RV dsRNA and induction of the subsequent IFN response in primary cells.

Next. we blocked TLR3 signaling using siRNA against TRIF/TICAM, the TLR3 adaptor
molecule. Again, a high knockdown efficiency was verified by immunoblotting (Figure 9).
Like MDA5 siRNA, TRIF siRNA abolished RV-1B induced expression of IFN-β, IFN-λ1,
IFN-λ2/3, IRF7 and IP-10/CXCL10, suggesting TLR3 signaling is also required for maximal
RV1B-induced IFN responses.

IRF3 is required for RV1B-induced IFN responses
IRF3 is a ubiquitously-expressed transcription factor which regulates type I IFN production.
To test whether RV1B induces IRF3 activation, BEAS-2B cells were infected with RV1B or
UV-irradiated RV-1B. Cell protein lysates were collected 12 h after infection. IRF3

Wang et al. Page 5

J Immunol. Author manuscript; available in PMC 2010 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphorylation shift was determined by SDS-PAGE followed by immunoblotting using
anti-IRF3 antibody (Figures 10A, 10B), and IRF3 dimerization determined by native PAGE
(Figure 10C). PolyI:C, a synthetic dsRNA which induced both IRF3 phosphorylation and
dimerization, served as a positive control. We found that RV1B, but not UV-irradiated
RV-1B, induced IRF3 phosphorylation and dimerization. Similar results were observed in
primary tracheal epithelial cells (Figure 10D).

We then examined the requirement of IRF3 in RV-induced IFN responses using siRNA
against IRF3. IRF3 protein abundance was substantially knocked down by IRF3 siRNA
(Figure 11). IRF3 siRNA nearly abolished RV-1B-induced expression of IFNs β, λ 1 and
λ2/3, IRF7 and IP-10/CXCL10. However, there was no effect on IL-8 or GM-CSF
expression. Taken together, these data suggests that IRF3 is activated by RV1B, and that
IRF3 is required for RV-induced IFN responses, as well as the expression of ISGs such as
IRF7 and IP-10.

IRF3 functions downstream of MDA5 signaling
RIG-I/MDA5 and TLR3 signaling pathways converge on a common TRAF3 (TNF receptor
associated factor 3) adapter complex, which then activates two IRF3 kinases, TBK1 and
IKK-ε (7). To examine whether IRF3 functions downstream of MDA5 in airway epithelial
cells, BEAS-2B cells were transfected with either MDA5 siRNA or non-targeting siRNA,
then infected with RV-1B, UV-irradiated RV-1B or sham HeLa cell lysate. IRF3
dimerization was resolved by native PAGE (Figure 12). We found that MDA5 and TRIF
siRNA each caused a partial reduction in RV-induced IRF3 dimerization compared to non-
targeting siRNA-transfected cells, confirming in airway epithelial cells the general notion
that IRF3 functions downstream of MDA5 and TRIF.

Discussion
Host pathogen recognition, as reflected by the induction of type I interferons is mediated by
activation of pattern recognition receptors. The membrane dsRNA receptor, TLR3, and the
recently-identified cytoplasmic dsRNA receptors, RIG-I and MDA5, are responsible for
sensing viral dsRNA (2–4). Although all three receptors can recognize viral dsRNA, the
engagement of receptor and viral dsRNA seem to be cell type and virus-specific. RIG-I-
deficient mice fail to produce type I IFNs in response to the negative-sense single-stranded
RNA (ssRNA) viruses Newcastle disease virus, Sendai virus, vesicular stomatitis virus and
influenza virus, and to the positive-sense ssRNA Japanese encephalitis virus, whereas
MDA5-deficient mice fail to detect EMCV, a positive-sense ssRNA picornavirus (9).
Whereas MDA5 is essential for induction of type I IFNs after infection with EMCV in
fibroblasts and conventional dendritic cells, plasmacytoid DC use the TLR system for viral
detection (9). While these results are compelling, it seems premature to conclude that all
picornaviruses are sensed by MDA5 in all cell types, because only cardioviruses have been
studied.

In this manuscript, we found that infection of BEAS-2B and primary tracheal epithelial cells
with RV induced substantial increases in IFN and ISG mRNA expression. In limited studies,
we also found similar changes in gene expression following infection with major and minor
group virus. Due to the low level of baseline IFN expression, the fold-increases in IFN
expression were quite high, perhaps artificially so. However, increases in IFN-λ1, IP-10/
CXCL-10, RIG-I and MDA-5 were verified by ELISA and immunoblotting, implying that
RV significantly increases IFN responses in airway epithelial cells. Further, we demonstrate
for the first time that MDA5 and TRIF, but not RIG-I, are required for maximal sensing RV
dsRNA in human airway epithelial cells. Transfection of both a human bronchial epithelial
cell line (BEAS-2B cells) and primary tracheobronchial epithelial cells with siRNA against
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MDA5, but not non-targeting siRNA, significantly inhibited RV1B-induced expression of a
type I IFN, IFN-β, as well as a number of ISGs. Knockdown of MDA5 also attenuated
expression of the type III IFNs IFN-λ1 and -λ2/3, which functionally resemble type I IFNs
(17) and are also induced by RV infection (18). These data are in agreement with previous
data suggesting MDA5 is required for sensing picornavirus dsRNA (9). On the other hand,
our data contrast with previous data from A549 alveolar type II epithelial cells showing that
RIG-I and TLR3, but not MDA5, are required for sensing human RSV, a paramyxovirus (8).
Thus, in the airway epithelium, recognition of viral dsRNA is indeed virus type-specific.

We also examined the contribution of IRF3 to RV-induced responses in airway epithelial
cells. IRF3 siRNA nearly abolished IFN and ISG expression. MDA5 and TRIF knockdown
also decreased IRF3 dimerization. These data are consistent with the idea that TLR3 and
MDA5 regulate IFN expression via a common downstream intermediate, IRF3.

In contrast to siRNA against MDA5, siRNA against RIG-I had no effect on RV-induced
IRF3 dimerization or IFN expression. The divergent roles of RIG-I and MDA5 in the
context of RV infection suggest that the two homologous helicases function distinctly from
each other. Further, though RIG-I expression was induced after RV infection, RIG-I
apparently cannot compensate for reduced expression and/or function of MDA5.

Using siRNA against MDA5 and IRF3, we found that MDA5/IRF3 signaling is required for
RV-induced IFN, but not IL-8 expression. Indeed, expression of IL-8 and GM-CSF were
often paradoxically increased. Previous studies have shown that RV-induced IL-8
expression is strictly regulated by the transcription factor NF-κB (14,19). The initial phase
of IL-8 expression is also replication-independent (14,20–22). Inhibition of dsRNA sensing
would therefore not be expected to reduce IL-8 expression. Further, the upregulation of pro-
inflammatory cytokine expression following MDA5 and IRF3 knockdown may represent a
compensatory mechanism by which the airway epithelial cells increase immune surveillance
when the IFN response is suppressed.

We previously showed that TLR3 was partially required for RV39-induced IL-8 expression
in 16HBE14o- cells (12). In the present study, we could not verify TLR3 knockdown by
immunoblotting or flow cytometry in BEAS-2B cells (not shown), leading us to employ
siRNA against TRIF. In contrast to MDA-5 knockdown, inhibition of TLR3 signaling using
TRIF siRNA inhibited both IFN and IL-8 expression. Based on our previous result, the
complete effect of TRIF siRNA on IFN signaling was unexpected, consistent with the notion
that other, as yet unknown pattern recognition receptors utilize TRIF as an adaptor. In any
event, the differential effects of MDA-5 and TRIF siRNA on IL-8 expression suggest that,
although NF-κB and IRF3 are both components of the same transcriptional enhanceosome in
the regulation of IFNs, ISGs and inflammatory cytokine IL-8 (23,24), their requirement for
gene expression may vary for different target genes, perhaps depending on the organization
of IFN-stimulated and NF-κB response elements in the promoter.

It has recently been reported that picornaviruses may develop strategies to escape host
immune surveillance. Hepatitis A virus has been shown to suppress RIG-I-mediated
signaling in fetal rhesus monkey kidney (FRhK-4) cells (25). Poliovirus infection induces
cleavage of MDA5 in HeLa cells (26). In A549 human alveolar type II alveolar epithelial
cells, RV14 infection fails to induce high levels of IFN, apparently by interfering with IRF3
dimerization (27). In this study, RV1B induced robust IRF3 dimerization and IFN responses
in both BEAS-2B and primary bronchial epithelial cells. Also, while we did indeed observe
apparent degradation of MDA5 following viral infection (Figure.5), the total protein
abundance of MDA5 was still substantially increased 24 h after RV inoculation. Taken
together, these data suggest an intact host innate immune defense against RV1B dsRNA.
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We confined most of our studies of RV-induced IFN responses to the minor group serotype
RV1B. However, IFN expression by RV39, a major group virus, was also blocked by
MDA-5 but not RIG-I siRNA. This was not unexpected, as RV1B and RV16, another major
group serotype, have been shown to induce nearly identical patterns of gene expression in
primary cultured airway epithelial cells (28). We have found that infection with RV1B and
RV39 induce similar levels of Akt phosphorylation and IL-8 expression in cultured
16HBE14o-human bronchial epithelial cells, and that inhibition of PI 3-kinase blocks both
RV1B- and RV39-induced IL-8 expression induced by either virus (29). Thus, there are
ample data suggesting that major and minor subgroup RV stimulate similar airway epithelial
cell signaling pathways and elicit similar immune responses.

In conclusion, we have shown for the first time that MDA5, TLR3 and IRF3 are each
required for maximal RV-induced IFN responses. Viral infections, most commonly caused
by RV, are the most frequent cause of asthma exacerbations, and account for a substantial
percentage of chronic obstructive pulmonary disease exacerbations (1). Bronchial epithelial
cells isolated from patients with asthma have been demonstrated to have an incomplete
innate immune response to rhinovirus infection, with deficient type I IFN-β and type III
IFN-λ production (18,30). Further understanding of the biochemical signaling pathways
regulating RV-induced IFN expression may therefore provide insight into the pathogenesis
of human airway diseases and new therapeutic targets for treatment.
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Figure 1. Fold increase of RV1B-induced IFN and ISG responses in cultured airway epithelial
cells
BEAS-2B cells were infected with RV1B or sham (1 h at 33°C). Total RNA was extracted at
1, 8, 16, 24, 48 and 72 hours after infection. A–G. The expression of IFN-β, IFN-λ1, IFN-
λ2/3, IRF7, RIG-I, MDA5 and TLR3 at each time point was determined by qPCR. The
expression of each target gene was normalized to GAPDH. Expression levels are
represented as the ratio of the response to intact RV vs. the response to sham. Data represent
mean ± SEM for three experiments.
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Figure 2.
RV1B-induced protein expression of IFNs and ISGs. BEAS-2B cells were grown to near
confluence and infected with RV1B, UV-irradiated RV1B or sham. A–C. Medium
supernatants were extracted twenty-four hours after infection for ELISA to determine the
expression of IFN-λ1, IP-10 and IL-8. D. Protein lysates were used to determine IRF7
expression by immunoblotting.
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Figure 3. RV1B-induced expression of IFNs, ISGs and chemokines in primary tracheobronchial
epithelial cells
Primary tracheobronchial epithelial cells were grown to near confluence and infected with
RV1B or sham. A. Total RNA was extracted twenty-four hour after infection, and the
expression of IFN-β, IFN-λ1, IFN-λ2/3, IRF7, IP-10, IL-8 and GM-CSF determined by
qPCR. Expression levels are represented as the ratio of the response to intact RV vs. the
response to sham. The y-axis is in log scale. B–G. Time course of RV1B-induced responses
in primary cells.
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Figure 4. RIG-I and MDA-5 siRNA knockdown efficiencies
A, B. RIG-I or non-targeting siRNA was transfected into BEAS-2B cells. After transfection,
cells were infected with RV1B, UV-irradiated RV1B (UV-RV1B) or sham. After infection,
cell lysates were probed with antibodies against RIG-I (A) or MDA-5 (B). Note the
inductions in RIG-I and MDA5 expression with intact RV, as well as the apparent
degradation of MDA-5 following viral infection. C, D. MDA5 or non-targeting siRNA was
transfected into BEAS-2B cells. After transfection, cells were infected with RV1B, UV-
irradiated RV1B (UV-RV1B) or sham. After infection, cell lysates were probed with
antibodies against either MDA5 (C) or RIG-I (D). (The blots shown are a representative of
three separate experiments.)
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Figure 5. siRNA against RIG-I does not block RV1B-induced IFN and ISG expression
A–G. Total RNA was extracted and the expression of IFN-β, IFN-λ1, IFN-λ2/3, IRF7,
IP-10, IL-8 and GM-CSF was determined by qPCR. The expression of each target gene was
normalized to GAPDH. Expression levels are represented as the fold increase vs. sham-
infected, non-targeting siRNA-transfected cells. The y-axis has been broken in order to
show the effects of siRNA on both basal and maximal gene expression. Bars represent mean
± SEM for four experiments; numbers on top of bars indicate the fold increase compared to
sham-infected sample within its own siRNA group. (*p<0.05 vs. RIG-I siRNA-transfected
RV1B-infected sample, ANOVA.)
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Figure 6. siRNA against MDA5 blocks RV1B-induced IFN and ISG expression
A–G. Total RNA was extracted and the expression of IFN-β, IFN-λ1, IFN-λ2/3, IRF7,
IP-10, IL-8 and GM-CSF was determined by qPCR. The expression of each target gene was
normalized to GAPDH. Expression levels are represented as the fold increase vs. sham-
infected, non-targeting siRNA-transfected cells. The y-axis has been broken in order to
show the effects of siRNA on both basal and maximal gene expression. Bars represent mean
± SEM for five experiments; numbers on top of bars indicate the fold increase compared to
sham-infected sample within its own siRNA group. (*p<0.05 vs. MDA5 siRNA-transfected
RV-infected sample, ANOVA.)
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Figure 7. siRNA against MDA5 blocks RV39-induced IFN and ISG expression
A–G. Total RNA was extracted and the expression of IFN-β, IFN-λ1, IFN-λ2/3, IRF7,
IP-10, IL-8 and GM-CSF was determined by qPCR. The expression of each target gene was
normalized to GAPDH. Expression levels are represented as the fold increase vs. sham-
infected, non-targeting siRNA-transfected cells. The y-axis has been broken in order to
show the effects of siRNA on both basal and maximal gene expression. Bars represent mean
± SEM for three experiments; numbers on top of bars indicate the fold increase compared to
sham-infected sample within its own siRNA group. (*p<0.05 vs. MDA5 siRNA-transfected
RV-infected sample, ANOVA.)
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Figure 8. siRNA against MDA5 blocks RV1B-induced IFN responses in primary tracheal
epithelial cells
A. MDA5 siRNA or non-targeting siRNA was transfected into primary tracheobronchial
epithelial cells. After transfection, cells were infected with RV1B or UV-irradiated RV1B.
After infection, cell lysates were probed with anti-MDA5 antibody. The blot shown is
typical for three experiments. B–H. Total RNA was extracted and the expression of IFN-β,
IFN-λ1, IFN-λ2/3, IRF7, IP-10, IL-8 and GM-CSF was determined by qPCR. The
expression of each target gene was normalized to GAPDH. Expression levels are
represented as the fold increase vs. cells treated with UV-irradiated virus and non-targeting
siRNA. The y-axis has been broken in order to show the effects of siRNA on both basal and
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maximal gene expression. Bars represent mean ± SEM for 3 experiments; numbers on top of
bars indicate the fold increase compared to sham-infected sample within its own siRNA
group. (*p<0.05 vs. MDA5 siRNA-transfected RV-infected sample, ANOVA.)
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Figure 9. siRNA against TRIF blocks RV-induced IFN and ISG expression
A. TRIF siRNA or non-targeting siRNA was transfected into BEAS-2B cells. After
transfection, cells were infected with RV1B, UV irradiated-RV1B or sham. After infection,
cell lysates were probed with anti-TRIF antibody. B–H. Total RNA was extracted and the
expression of IFN-β, IFN-λ1, IFN-λ2/3, IRF7, IP-10, IL-8 and GM-CSF was determined by
qPCR. The expression of each target gene was normalized to GAPDH. Expression levels are
represented as the fold increase vs. sham-infected, non-targeting siRNA-transfected cells.
The y-axis has been broken in order to show the effects of siRNA on both basal and
maximal gene expression. The blot shown is a typical representative of 3 separate
experiments. Bars represent mean ± SEM for 4 experiments; numbers on top of bars indicate
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the fold increase compared to sham-infected sample within its own siRNA group. (*p<0.05
vs. TRIF siRNA-transfected RV-infected sample, ANOVA.)
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Figure 10. RV-induced IRF3 activation in cultured BEAS-2B and primary airway epithelial cells
A. BEAS-2B cells were infected with RV1B or UV-irradiated RV1B (1 h at 33°C) at
MOI=10. Cell lysates were collected and probed with anti-IRF3 antibody. Poly I:C served as
a positive control. IRF3 protein is visualized as two bands, an upper phosphorylated form
and a lower unphosphorylated form. B. Densitometry of IRF3 phosphorylation is provided.
Bars represent mean ± SEM for 3 experiments. C. Cellular proteins were also subjected to
native-PAGE to resolve the dimerization of IRF3. Poly I:C served as a positive control. IRF
protein is visualized as two bands, an upper dimer and a lower monomer. (The blot shown is
a representative of five individual experiments.) D. Primary tracheobronchial epithelial cells
were infected with RV1B or UV-irradiated RV1B. Upper panel: cell lysates were collected

Wang et al. Page 22

J Immunol. Author manuscript; available in PMC 2010 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



twelve h after infection and probed with anti-IRF3 antibody. Poly I:C served as a positive
control. Lower panel: cellular proteins were subjected to native-PAGE to resolve the
dimerization of IRF3. Poly I:C served as a positive control. (The blots shown are
representative of three experiments.)
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Figure 11. siRNA against IRF3 blocks RV-induced IFN and ISG expression
A. IRF3 siRNA or non-targeting siRNA was transfected into BEAS-2B while seeding. After
transfection, cells were infected with RV1B, UV-irradiated RV1B (UV-RV1B) or sham. A.
After infection, cell lysates were probed with anti-IRF3 antibody. (The blot shown is
representative of 3 separate experiments.) B–H. Total RNA was extracted and the
expression of IFN-β, IFN-λ1, IFN-λ2/3, IRF7, IP-10, IL-8 and GM-CSF was determined by
qPCR. The expression of each target gene was normalized to GAPDH. Expression levels are
represented as the fold increase vs. sham-infected, non-targeting siRNA-transfected cells.
The y-axis has been broken in order to show the effects of siRNA on both basal and
maximal gene expression. Bars represent mean ± SEM for four experiments; numbers on top
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of the bars indicate the fold increase compared to the sham-infected sample within its own
siRNA group. (*p<0.05 vs. non-targeting siRNA-transfected RV1B-infected cells, one-way
ANOVA.)
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Figure 12. siRNA against TRIF, MDA5, but not RIG-I reduced RV1B-induced IRF3
dimerization
A. RIG-I, MDA5, TRIF siRNA or non-targeting siRNA was transfected into BEAS-2B.
After transfection, cells were infected with RV1B, UV-irradiated RV1B or sham. After
infection, cell lysates were probed with anti-IRF3 antibody. Poly I:C served as a positive
control. B. IRF3 dimer to monomer ratio was quantified by densitometry. (The blot shown is
a representative of two experiments.)
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Table 1

Effect of RV1B infection on mean cycle threshold (Ct) values of IFN and ISG mRNA expression in BEAS-2B
cells.

sham RV1B

Ct average SE Ct average SE

IFN-β 39.47 0.53 30.91 0.296

IFN-λ1 34.80 0.16 24.23 0.20

IFN-l2/3 39.67 0.33 25.30 0.21

IRF7 24.54 0.20 21.38 0.15

RIG-I 26.97 0.29 21.19 0.19

MDA5 26.50 0.20 21.64 0.11

TLR3 25.47 0.16 22.80 0.04
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Table 2

Effect of RV1B infection on mean Ct values of IFN and ISG mRNA expression in primary cells.

RV1B sham

Ct average SE Ct average SE

IFN-β 35.97 2.14 32.75 2.72

IFN-λ1 33.68 1.69 29.06 2.02

IFN-λ2/3 35.51 1.64 28.47 2.18

IRF7 29.94 1.26 29.87 0.16

RIG-I 28.43 0.31 28.22 0.59

IP-10 30.78 1.00 28.04 0.02
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