
Respiratory syncytial virus activates epidermal
growth factor receptor to suppress interferon
regulatory factor 1-dependent interferon-lambda
and antiviral defense in airway epithelium
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Respiratory syncytial virus (RSV) persists as a significant human pathogen that continues to contribute to morbidity and

mortality. In children, RSV is the leading cause of lower respiratory tract infections, and in adults RSV causes pneumonia

and contributes to exacerbations of chronic lung diseases. RSV induces airway epithelial inflammation by activation of

the epidermal growth factor receptor (EGFR), a tyrosine kinase receptor. Recently, EGFR inhibition was shown to

decrease RSV infection, but the mechanism(s) for this effect are not known. Interferon (IFN) signaling is critical for innate

antiviral responses, and recent experiments have implicated IFN-k (lambda), a type III IFN, as the most significant IFN for

mucosal antiviral immune responses to RSV infection. However, a role for RSV-induced EGFR activation to suppress

airway epithelial antiviral immunity has not been explored. Here, we show that RSV-induced EGFR activation suppresses

IFN regulatory factor (IRF) 1-induced IFN-k production and increased viral infection, and we implicate RSV F protein to

mediate this effect. EGFR inhibition, during viral infection, augmented IRF1, IFN-k, and decreased RSV titers. These

results suggest a mechanism for EGFR inhibition to suppress RSV by activation of endogenous epithelial antiviral

defenses, which may be a potential target for novel therapeutics.

INTRODUCTION

Respiratory syncytial virus (RSV), a member of the Para-
myxoviridae family, persists as a significant human pathogen. It
is reported that nearly all children worldwide will be infected
with RSV, which is a leading cause of lower respiratory tract
infections that contribute to significant morbidity and
mortality.1 This exposure to RSV is associated with a
subsequent risk of respiratory symptoms and asthma later
in life.2 Similar to influenza virus, adaptive immune responses
to RSV do not provide effective immune memory,3 which
results in infection throughout life. In adults, RSV may cause
pneumonia, but possibly more significantly, contributes to
exacerbations of underlying chronic lung diseases (e.g., asthma,
cystic fibrosis, and chronic obstructive lung disease (COPD)).2

Currently, a RSV-specific monoclonal antibody, Palivizumab,

is recommended for the prevention of RSV infection in a small
fraction of infants (e.g., born premature, or who have serious
underlying disease).4 However, despite substantial disease
burden, and significant efforts to identify a vaccine or antiviral
therapy, no effective therapy is approved for RSV.

Airway epithelial cells (AECs) are the primary cell type for
RSV infection, which induces inflammation and cell damage.
RSV activates epidermal growth factor receptor (EGFR);
(ErbB1/HER1), a tyrosine kinase receptor present in epithelial
cells, which results in inflammation and mucin production.5–7

Although it was recently shown that inhibition of EGFR results
in decreased RSV titers,7 a mechanism for this effect is
unknown. We and others have shown that virus-induced EGFR
activation suppresses antiviral innate immune responses.6,8,9

For example, DEXD/H box RNA helicase, DDX60, is an
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interferon (IFN)-inducible cytoplasmic helicase that was found
to be upstream of RIG-I and MDA-5 signaling. In models of
vesticular stomatitis virus, sendai virus, and Hepatitis C virus
(HCV) infection, virus-induced EGFR activation suppressed
DDX60-induced type I IFN production (e.g., IFN-a and -b).9

IFN signaling is a critical innate antiviral host response.
Recent experiments suggest that IFN-l (lambda), a type III
IFN, is the most significant IFN in AECs.10,11 Studies have
shown that IFN-l is the primary IFN that regulates mucosal
responses to viral infection, whereas type I IFNs are essential for
clearance of systemic infection.11,12 In in vitro and in vivo
experiments, we found that Influenza A virus and rhinovirus
activate EGFR to suppress IFN lambda (-l) production.6 In
addition, subsequent experiments showed that Influenza A
virus, rhinovirus, and RSV activate EGFR to suppresses
CXCL10 production, which contributes to recruitment of
lymphocytes to target and kill virus-infected cells.

In response to RSV infection, Okabayashi et al.,13 showed
that IFN-l, not type I IFNs, are the primary IFN produced by
nasal epithelium. In addition, RSV was found to suppress IFN-
l in lung epithilium,14 which indicates its important role in
antiviral immunity to RSV. The observation that IFN-l has a
role in epithelial antiviral immunity has led to experiments to
investigate the IRFs involved in epithelial IFN-l production. In
airway epithelium, RSV activates IRF1.6,15–17 Subsequently, our
laboratory and other investigators have shown that RSV
activates IRF1 to induce IFN-l production.6,18 However, the
potential for EGFR signaling to modulate IRF1 and IFN-l
during RSV infection has not been explored. Here, we
examined the effect of EGFR signaling on RSV infection
and IRF1-dependent IFN-l production in airway epithelium.

MATERIALS AND METHODS

Reagents. EGFR tyrosine kinase inhibitor (AG 1478), epidermal growth
factor (EGF), and transforming growth factor (TGF)-a, diphenyleneio-
donium chloride (DPI), neutralizing anti-EGFR (Ab-5) mAb, and an
isotype-matched Ab were obtained from EMD Millipore (Billerica, MA,
USA). Platelet-derived growth factor (PDGF) receptor tyrosine kinase
inhibitor (AG 1295), Janus kinase (Jak) 1 inhibitor, IFN lambda (-l)
polyclonal Abs, interferonlR (IFN-l) (IL-28 R/IL-10 Rb) Abs, and isotype-
matched Abs were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). N-propyl gallete (nPG) was purchased from Sigma (St. Louis,
MO, USA). Gefitinib was purchased from Tocris Biosciences (Bristol, UK).
RSV F protein was obtained from Sino Biological (Beijing, China).

Virus. RSV long strain was generously provided by Dr David Schnurr
(California Department of Public Health, Viral & Rickettsial Disease
Laboratory). Virus was sucrose gradient purified as described pre-
viously,6,8 and was used in experiments for Figures 1 and 2. Figures 3
and 4 used unpurified RSV after subsequent experiments showed
comparative levels of EGFR phosphorylation (EGFR-p) and cytokine
production between purified and unpurified RSV (data not shown).
RSV titers were determined by TCID50% and plaque assay using HeLa
and Vero cells purchased from American Type Culture Collection
(Manassas, VA, USA), as previously described.6,19 RSV was UV-
inactivated by UV irradiation (UV RSV; GS Gene Linker; Bio-Rad,
Hercules, CA, USA), and virus inactivation was confirmed by plaque
assay. Cell culture supernatants from HeLa and Vero cells that were
mock infected did not induce IFN-l in BEAS-2b cells above amounts
induced by serum-free medium alone (data not shown).

Cell culture. Dr Walter Finkbeiner (San Francisco, CA, USA) gen-
erously provided primary human bronchial epithelial (NHBE) cells
from healthy donors. NHBE cells were grown in bronchial epithelial
growth medium (Lonza Walkersville, MD, USA) supplemented with
growth factors, penicillin (100 U ml� 1), and streptomycin
(100 mg ml� 1). Sixteen hours prior to viral infection, EGF and
hydrocortisone were removed from cell culture medium, as previously
described.6,8 Dr John Fahy (San Francisco, CA, USA) generously
provided bronchial epithelial (BEAS-2b) cells, which are cultured in
Rosewell Park Memorial Institute medium with 10% fetal bovine
serum (Sigma-Aldrich). All cells were cultured at 37 1C and 5% CO2 as
previously described.6,8

RSV was used at multiplicity of infection (MOI) of 0.1 in BEAS-2b
cells, and at an MOI of 1.0 in NHBE cells based upon prior dose–
response experiments, as previously described.6 UV RSV was used at
MOI of 1 based upon RSV titers. Chemical inhibitors were added to cell
cultures at the time of viral infection. AG 1478 and Gefitinib were used
at 10 mm because experiments have shown this concentration inhibits
virus-induced inflammation.20–22 We confirmed that AG 1478
and Gefitinib (10 mM) inhibited RSV-induced CXCL8 production
in BEAS-2b cells,6 and neither inhibitor-induced cell toxicity as
measured by LDH production at this concentration.6,8 In addition, we
used EGFR small interfering RNA (siRNA) to confirm selectivity for
EGFR. For experiments using the EGFR ligands EGF and TGF-a, we
used 10 ng ml� 1 because we, and other investigators, have shown that
this concentration increased the effect of respiratory viruses in
AECs.6,8,23

Cell cultures were incubated at 37 1C and cell culture homogenates
and supernatants were harvested at the indicated time points. Total
EGFR-p was measured at 10 and 30 min by enzyme-linked
immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN,
USA) and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activity (Cell Technology Inc., Mountain View, CA, USA) in
cell lysates was measured at 2 h. Virus in cell culture homogenates was
measured at 24 h by standard plaque assay.19 CXCL8, CXCL10, and
IFN-l were measured in cell culture supernatants at 24 h by ELISA
(eBioscience Inc.). To standardize for potential differences in
productive viral infection, total protein was measured in cell culture
homogenates from each experiment and results for CXCL8, CXCL10,
and IFN-l were standardized to total protein, as seen previously.6,8

BEAS-2b cells cultured in serum-free medium, treated with chemical
inhibitors, or siRNA were assessed for cytotoxicity by using a LDH
assay (Roche, Indianapolis, IN, USA) and no significant differences
were found previously.6,8

IFN-l and IRF1 mRNA expression was assessed by quantitative RT-
PCR, as previously described.6,8 Total RNA was extracted using
RNeasy kit (Qiagen, Valencia, CA, USA). RT-PCR was evaluated with
Applied Biosystems Model 7900 sequence detector. The following
primers were used: IFN-l (IL-29) (Forward): GGGAACCTGTGTCT-
GAGAACGT; IFN-l (IL-29) (Reverse): GAGTAGGGCTC AGCG-
CATAAATA; IRF1 (Forward): CTCTGAAGCTACAACAGAT
GAGG; IRF1 (Reverse): CTGTAGACTCAGCCCAATATCCC. The
housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase, was
used as an internal control.

siRNA was used to knockdown EGFR and IRF1 in BEAS-2b cells, as
previously described.6,8,24 Scrambled (control) and EGFR siRNA were
purchased from Santa Cruz Biotechnology (sense: CUCUGGAG-
GAAAAGAAAGU; antisense: ACUUUCUUUUC CUCCAGAG).
Scrambled (control) and IRF1 siRNA (duplex UCCCAAGACGUG-
GAA GGCCAACUUU) were purchased from Invitrogen (Grand
Island, NY, USA). siRNA transfection was carried out using
Lipofectamine (Invitrogen) in sub-confluent cells, and 24 h after
transfection cell cultures were infected with virus. Unless stated
otherwise, Gefitinib was added at the same time as viral infection.
Twenty-four hours after viral infection, cell culture homogenates were
prepared to measure viral titers and cell culture supernatants were
collected to measure IFN-l. siRNA knockdown of EGFR and IRF1 was
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confirmed by Western blot using anti-EGFR (Santa Cruz Biotechnol-
ogy), and anti-IRF1 (Cell Signaling) Abs. Western blot was used to
measure EGFR and IRF1. In brief, cells were lysed using RIPA buffer
(Thermo Fisher Scientific, Lafayette, CO, USA) supplemented with
phosphatase- and protease-inhibitors. Equivalent amounts of protein
were loaded onto Mini-PROTEAN TGX 10% gels (Bio-Rad Labora-
tories). After electrophoresis and blocking with TBST (Bio-Rad
Laboratories) containing 5% bovine serum albumin, blots were
incubated with anti-IRF1 or anti-EGFR Ab overnight. Membranes
were stripped and re-probed with mouse anti-b-actin Ab (Santa Cruz
Biotechnology, sc-47778). To measure IRF1 transcriptional activity,
BEAS-2b cells were transfected using TransIT-2020 Reagent (Mirus,
Madison, WI, USA) with 250 ng IRF1 luciferase reporter and the
appropriate negative and positive controls (SABiosciences, Frederick,
MD, USA). After 24 h, cells were stimulated before cell lysates were
prepared and IRF1 luciferase activity was assayed by Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA) according to
the manufacturer’s instructions.

Statistical analysis. Results are presented as both individual data
points and mean±SE. To determine significance, two-tailed Student’s
t-test was used (GraphPad Prism version 7). P-values of r0.05 were
considered to be statistically significant.

RESULTS

Role for EGFR activation in RSV infection

The following studies use an AEC (BEAS-2b) line and
NHBE cells to investigate the role of EGFR signaling in

airway epithelial RSV infection. To investigate the role for
RSV activation of EGFR in AECs, we measured total
EGFR-p by ELISA following viral infection in BEAS-2b
cells. RSV-stimulated EGFR-p at 10 and 30 min, and the
addition of Gefitinib, a selective EGFR tyrosine kinase
inhibitor that is used clinically, decreased RSV-induced
EGFR-p significantly (Figure 1a). These results confirmed
that RSV activates EGFR.5,25 NADPH oxidases (Nox)
produce reactive oxygen species (ROS) that are upstream of
EGFR activation in AECs.26 Previously, respiratory viruses
have been shown to induce Nox,8,27 and here we show
that RSV activates Nox in BEAS-2b cells (Figure 1b). In
addition, respiratory viruses activate EGFR to modulate
CXCL8 and CXCL10 production.5,6,28 Both these molecules
are inflammatory chemokines involved in hematopoietic
cell recruitment (e.g., neutrophils and lymphocytes) to
infected epithelium. Therefore, we stimulated BEAS-2b
cells with RSV, and the addition of a ROS scavenger (nPG)
and a Nox inhibitor (DPI), and measured CXCL8 and
CXCL10 production. RSV alone stimulated CXCL8
(Figure 1c) and CXCL10 (Figure 1d), and the addition of
nPG and DPI decreased CXCL8 (Figure 1c) and CXCL10
(Figure 1d) production significantly. Taken together, these
results show that RSV activates EGFR-p, and Nox signaling is

a b

c d

Figure 1 RSV activates EGFR and NADPH oxidases. (a) EGFR-p was measured by ELISA at 10 min (first four colums) and 30 min (last two columns) in
BEAS-2b cell culture lysates. Cells were treated with serum-free medium alone (Control, empty columns), Gefitinib (10 mM) alone, RSV (MOI 0.1; filled
columns) alone, or with the addition of Gefitinib (n¼3–6 independent experiments, mean±s.e.m.; *** Po0.001 vs. control; ### Po0.001 vs. RSV alone).
(b) NADPH activity was measured in BEAS-2b cells at 2 h. Cells were treated with serum-free medium alone (Control, empty columns), DPI (3 mM) alone,
with RSV (MOI 0.1; filled columns) alone, or with the addition of DPI (n¼ 3–4 independent experiments, mean±s.e.m.; ** Po0.01 vs. control; ###
Po0.001 vs. RSV alone). (c) BEAS-2b cells were treated with serum-free medium alone (empty columns), nPG (100 mM) alone, DPI (3 mM) alone, RSV
(MOI 0.1; filled columns) alone, or with the addition of nPG and DPI, and secreted CXCL8 (IL-8) was measured by ELISA at 24 h (n¼3–5 independent
experiments, mean±s.e.m.; ** Po0.001 vs. control; ## Po0.001 and ### Po0.0001 vs. RSV alone). (d) BEAS-2b cells were treated with serum-free
medium alone (empty columns), nPG (100 mM) alone, DPI (3 mM) alone, RSV (MOI 0.1; filled columns) alone, or with the addition of nPG and DPI, and
secreted CXCL10 was measured by ELISA at 24 h (n¼ 3–5 independent experiments, mean±s.e.m.; ** Po0.005 vs. control; ## Po0.001 and ###
Po0.0001 vs. RSV alone).
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involved in RSV-induced CXCL8 and CXCL10 production,
which implicates Nox as a shared epithelial signal in response to
multiple respiratory viruses.

Epithelial inflammation augments viral infection, and we
hypothesized that EGFR has a role in RSV infection. To assess
the effect of EGFR inhibition on RSV infection in AECs, BEAS-
2b cells were infected with RSV and treated with Gefitinib, or an
EGFR neutralizing Ab (EGFR Ab), and viral titers were
quantitated by plaque assay. Here, we found that EGFR
inhibition suppressed RSV infection significantly (Figure 2a),
which we and other investigators have observed with influenza
virus,8,29–31 and rhinovirus.8 These results were confirmed
in NHBE cells with RSV (Figure 2b). To confirm the
specificity of chemical inhibitors, we treated BEAS-2b cells
with EGFR siRNA, which suppressed EGFR protein
significantly (Figure 2c, right). RSV infection of BEAS-2b
cells treated with EGFR siRNA was reduced, compared with
cells stimulated by RSV treated with control siRNA (Figure 2c).
These results implicate an important role for EGFR in viral
infection in vitro.

EGFR inhibition exaggerates epithelial antiviral defense to
RSV

The mechanism for EGFR inhibition to suppress RSV infection
has not been explored. Previously, our laboratory,6,8 and
other investigators9,32,33 have shown that several viruses (e.g.,

influenza virus, rhinovirus, HCV, HBV, and Epstein–Barr virus
(EBV)) activate EGFR to suppress antiviral immune
responses. Therefore, to investigate the mechanism by which
EGFR inhibition decreases RSV infection we evaluated the
effect of EGFR signaling on endogenous airway epithelial
antiviral immunity. Specifically, we focused on the potential
role for EGFR to regulate epithelial IFN production, because
IFNs have a critical role in innate and adaptive antiviral
immunity. Recent studies have implicated IFN-l as the most
significant IFN in epithelial responses to RSV infection,13,34

which our laboratory has previously confirmed with other
respiratory viruses.6,8 However, a role for EGFR signaling to
modulate IFN-l during RSV infection has not been investi-
gated. To investigate the role of EGFR signaling on epithelial
IFN-l, NHBE cells infected with RSV were treated with a
selective EGFR tyrosine kinase inhibitor, AG 1478. RSV
induced IFN-l production (Figure 3a), and the addition of
AG 1478 augmented IFN-l production above the amount
produced by virus alone (Figure 3a) in NHBE cells. These
results were confirmed in BEAS-2b cells with the addition
of Gefitinib, another selective EGFR tyrosine kinase inhibitor
that is used clinically (Figure 3b). AG 1295 did not
increase IFN-l production (Figure 3b). EGFR activation is
a ligand-dependent process in airway epithelium, and RSV
infection induces EGFR ligand release in airway epithelium5

to modulate inflammation.6 Therefore, to implicate a role

a b

c

Figure 2 Role of EGFR in RSV infection. (a) BEAS-2b cells were treated with RSV alone (MOI 0.1), or with the addition of Gefitinib (10 mm) and EGFR
neutralizing Ab (3 ng ml�1). After 24 h cell culture homogenates were collected and virus was quantified by plaque assay (n¼4–5 independent
experiments, mean±s.e.m.; # Po0.01 or ## Po0.001 vs. RSV alone). (b) NHBE cells were treated with RSV alone (MOI 1), or with the addition of
Gefitinib (10 mM). After 24 h cell culture homogenates were collected and virus was quantified by plaque assay (n¼4 independent experiments,
mean±s.e.m.; ## Po0.005 vs. RSV alone). (c) BEAS-2b cells were transfected with scrambled (Sc) or EGFR siRNA and subsequently treated with RSV
(MOI 0.1). After 24 h cell culture homogenates were collected and virus was quantified by plaque assay (n¼ 4 independent experiments, mean±s.e.m.;
### Po0.005 vs. RSV alone). BEAS-2b cells were transfected with EGFR siRNA and EGFR protein was assessed by western blot (representative of
three independent experiments).
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for RSV-dependent EGFR ligand to regulate IFN-l production,
we treated AECs with an EGFR neutralizing antibody (Ab) that
prevented extracellular EGFR ligand-binding. In BEAS-2b cells
stimulated with RSV, IFN-l production is increased
(Figure 3b), and the addition of an EGFR-neutralizing Ab
increased IFN-l production significantly above RSV alone
(Figure 3b). In addition, EGFR neutralizing Ab exaggerates

RSV-induced IFN-l production to a similar level as EGFR
inhibition with Gefitinib (Figure 3b).

IFN regulatory factors (IRFs) are transcription factors that
have a critical role in IFN production. RSV was initially
described to activate IRF1 in monocytes35 and lung epithelial
cells.15,36 Subsequently, IRF1 was shown to interact with the
IFN-l promoter,37 and we found that influenza virus,

ba

c d

e f

Figure 3 Effect of EGFR signaling on IRF1-dependent IFN-l. (a) NHBE cells were treated with serum-free medium alone (empty columns), AG 1478
(10 mM), TGF-a (10 ng ml-1), RSV alone (MOI 1; filled colums), or with AG 1478 and TGF-a, and secreted IFN-l was measured by ELISA at 24 h (n¼ 3
independent experiments, mean±s.e.m.; * Po0.05 vs. control; # Po0.05 vs. RSV alone). (b) BEAS-2b cells were treated with serum-free medium alone
(empty columns), EGF (10 ng ml-1), Gefitinib (10 mm), AG 1295 (10 mm), an isotype-matched control Ab (IgG Ab; 3 ng ml-1), EGFR-neutralizing Ab
(EGFR Ab; 3 ng ml-1), and RSV alone (MOI 0.1; filled colums), or RSV with EGF, Gefitinib, IgG Ab, or EGFR Ab, and secreted IFN-l was measured by
ELISA at 24 h (n¼5 independent experiments, mean±s.e.m.; * Po0.05 and ** Po0.01 vs. control; ## Po0.01 and ### Po0.001 vs. RSV alone). (c)
BEAS-2b cells were treated with serum-free medium alone, or transfected with scrambled (Sc) or IRF1 siRNA for 24 h and treated with serum-free
medium alone (empty columns), RSV (MOI 0.1; filled columns), or RSV and Gefitinib (10 mM; 7th column). 24 h after viral infection secreted IFN-l was
measured by ELISA (n¼ 6 independent experiments, mean±s.e.m.; ** Po0.01 and *** Po0.001 vs. serum-free medium and Sc siRNA; ## Po0.01 and
### Po0.001 vs. Sc siRNA plus RSV). BEAS-2b cells were transfected with IRF1 siRNA and IRF1 protein was assessed by western blot (left;
representative of three independent experiments). (d) BEAS-2b cells were transfected with IRF1 luciferase reporter, and after 24 h treated with serum-
free medium alone (empty columns), Gefitinib (10 mM), (EGF (10 ng ml-1), RSV alone (MOI 0.1; filled columns), and RSV plus Gefitinib and EGF for 3 h
before luciferase activity was measured (n¼3–4 independent experiments in duplicate; ** Po0.01 vs. serum-free medium; # Po0.05 and ### Po0.001
vs. RSV alone). (e) BEAS-2b cells were treated with serum-free medium alone (empty columns), TGF-a (10 ng ml-1), RSV alone (MOI 0.1; filled colums),
and RSV plus TGF-a and IFN-l mRNA was analyzed by quantitative RT-PCR (n¼6 independent experiments; ** Po0.01 vs. serum-free medium; ###
Po0.001 vs. RSV alone). (f) BEAS-2b cells were treated with serum-free medium alone (empty columns), TGF-a (10 ng ml-1), RSV alone (MOI 0.1; filled
colums), and RSV plus TGF-a and IRF 1 mRNA was analyzed by quantitative RT-PCR (n¼ 6 independent experiments; *** Po0.001 vs. serum-free
medium; ### Po0.001 vs. RSV alone).
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rhinovirus, and RSV-activated IRF1 to produce IFN-l,6 and
subsequently other investigators have reported that IRF1 is
critical for MAVS-induced IFN-l production.38,39 More
recently, Sun Y et al.,18 showed a role for IRF1 in RSV-
induced IFN-l in a cancer cell line. To confirm a role for IRF1 in
RSV-induced IFN-l production in AECs, we treated BEAS-2b
cells with IRF1 siRNA, which suppressed IRF1 protein
significantly (Figure 3c, left). RSV-induced production of
IFN-l in BEAS-2b cells treated with IRF1 siRNA was reduced,
compared with cells stimulated by RSV and treated with control
siRNA (Figure 3c). In addition, IRF1 siRNA abrogated the
effect of Gefitinib to exaggerate IFN-l protein production
(Figure 3c) that was seen previously (Figure 3b). Previously, we
found that IRF3 did not contribute significantly to virus-
induced IFN-l production.6,8 Finally, RSV-induced IRF1
transcriptional activity was measured in BEAS-2b cells by
IRF1 luciferase (Figure 3d). Here, RSV increased IRF1
luciferase activity (Figure 3d), and the addition of Gefitinib
exaggerated this effect (Figure 3d). Therefore, these results
showed that during RSV infection EGFR inhibition: (1)
increased IFN-l production, (2) IRF1 was required for
EGFR inhibition to increase IFN-l production, and (3)
EGFR inhibition increased IRF1.

EGFR activation decreases epithelial antiviral defenses to
RSV

Because we found that IRF1 is involved in RSV-induced IFN-l
production (Figure 3c), and that EGFR inhibition was associated
with increased virus-induced IFN-l (Figure 3a–c), we
investigated the effect of EGFR activation to suppress these
epithelial antiviral defenses. The addition of TGF-a, a ligand that
selectively binds EGFR, decreased RSV-induced IFN-l in NHBE
cells (Figure 3a), and the addition of EGF, another selective EGFR
ligand, decreased RSV-induced IFN-l in BEAS-2b cells
(Figure 3b). Next, we found that the addition of EGF also
suppressed RSV-induced IRF1 transcriptional activity as
measured by a luciferase assay (Figure 3d). Finally, we
showed that the addition of TGF-a suppressed RSV-induced
IFN-l (Figure 3e) and IRF1 (Figure 3f) mRNA in BEAS-2b cells.
These results showed that EGFR activation decreases airway
epithelial IRF1 and IFN-l, which implicate EGFR activation to
modulate RSV-induced IRF1-dependent IFN-l production.

EGFR inhibition suppresses RSV via IFN-k and IRF1 in
airway epithelium

Because EGFR inhibition elevated AEC IFN-l production, we
examined the role of IFN-l in the antiviral effects of EGFR

a b

c

Figure 4 IFN-l and IRF1 are required for EGFR inhibitor-induced suppression of RSV infection. (a) BEAS-2b cells were treated with RSV (MOI 0.1)
alone, with Gefitinib (10 mm), and Gefitinib plus a neutralizing Ab to IFN-lR (IFNR Ab; columns 3), a neutralizing Ab to IFN-l (IFNl Ab; column 5), and
isotype-matched Abs to IFNR Ab (column 4 (IgG Ab 1)) and to IFNl (column 6 (IgG Ab 2)) for 24 h and viral titers of cell culture homogenates were
assessed by plaque assay (n¼ 3 independent experiments, mean±s.e.m.; * Po0.05 vs. RSV alone; # Po0.05 vs. RSV plus Gefitinib). (b) BEAS-2b cells
were treated with RSV (MOI 0.1) alone, RSV with IFN-l (3 ng ml-1), Gefitinib (10 mM), and Jak inhibitor (5 nM) for 24 h and viral titers of cell culture
homogenates were assessed by plaque assay (n¼ 4 independent experiments, mean±s.e.m.; ** Po0.01 vs. RSV alone; ## Po0.01 vs. RSV plus
Gefitinib). (c) BEAS-2b cells were treated with serum-free medium alone, or transfected with scrambled (Sc) or IRF1 siRNA for 24 h and treated with RSV
(MOI 0.1), or RSV plus Gefitinib (Gef, 10 mM). After 24 h cell culture homogenates were collected and viral titer was quantitated by plaque assay (n¼ 5
independent experiments, mean±s.e.m.; *** Po0.005 vs. Sc and IRF1 siRNA plus Gef).
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inhibition. Neutralizing Abs targeting IFN-lR and virus-
induced IFN-l were used to inhibit IFN-l function, either by
preventing IFN-l binding to its receptor, or by inactivating
secreted IFN-l. BEAS-2b cells were stimulated with RSV, with
the addition of Gefitinib and IFN-lR or IFN-l Abs, and viral
infection was measured by plaque assay. The addition of Abs
that suppressed IFN-l function abrogated the ability of
Gefitinib to inhibit RSV infection, implicating IFN-l in this
process (Figure 4a). The addition of IFN-l, at a concentration
similar to the amount produced by AEC in response to RSV,
suppressed RSV infection to a level similar to Gefitinib
(Figure 4b). Although IFN-l binds to a unique receptor
complex (IFN-lR1/IL-10R2), downstream signaling is similar
to other IFNs via Jak-STAT pathways. We found that the
addition of a Jak1 inhibitor removed the effect of Gefitinib to
suppress RSV infection (Figure 4b). This implicated IFN-l-
induced Jak-STAT signaling to mediate the effect of IFN-l
during EGFR inhibitor-induced suppression of RSV infection.

To examine the role of IRF1 in the antiviral effect of Gefitinib,
BEAS-2b cells infected with RSV were treated with Gefitinib
and IRF1 siRNA and compared, by plaque assay, to cells treated
with Gefitinib and control siRNA. The addition of IRF1 siRNA-
abrogated EGFR inhibitor-induced RSV viral suppression
(Figure 4c). Together, these results reveal a novel role during
RSV infection of AECs for IRF1-dependent induction of IFN-l,
which is required for the antiviral effect of EGFR inhibition on
RSV infection.

RSV F protein suppresses IRF1. There are two predominant
glycoproteins on the surface of RSV, an attachment (G) and
fusion (F) glycoprotein. The F protein allows for RSV to fuse
with cell membranes, and has been shown to also mediate viral
attachment. Importantly, recent experiments have found that
the F protein activates EGFR to induce mucin production.7

Therefore, we hypothesized that the RSV F protein would
mediate the effects of EGFR to suppress IRF1. First, we
measured EGFR-p after stimulating BEAS-2b cells with UV-
inactivated RSV (UV RSV). The addition of UV RSV activated
EPGR-p (Figure 5a), which suggests that viral attachment, not
replication, is required for EGFR activation. Next we found that
UV RSV activated Nox activity (Figure 5b), which suggests that
UV RSV activates airway epithelial Nox to produce ROS to
activate EGFR-p. Finally, BEAS-2b cells were stimulated with
RSV F protein to assess its effect on IRF1. Poly I:C was used to
mimic viral activation of IRF1, RSV F protein was added, and
IRF1 transcription was measured (Figure 5c). Here, the
addition of RSV F protein suppressed poly I:C-induced
IRF1 expression (Figure 5c), which implicates the protein
to mediate the effects of EGFR-p to suppress IRF1.

DISCUSSION

RSV remains a significant human pathogen because it leads to
frequent infections in children, which are associated with a
subsequent risk for future asthma. Because adaptive immune
responses to RSV do not provide effective antiviral immunity,
infections occur throughout life.3 Thus, in adults RSV causes

pneumonia and contributes to exacerbations of underlying
chronic lung diseases. Importantly, despite substantial disease
burden and significant efforts to identify a vaccine or antiviral
therapy, there is not an approved effective therapy for RSV.
Therefore, a better understanding of innate immune responses
to RSV may provide novel insights into potential therapeutic
targets.

AECs are the primary cell type for RSV infection, and
epithelial host defense against viral infection is a battle between
viral virulence and host responses. RSV infects airway
epithelium by binding to recently identified receptors (e.g.,
nucleolin40 and CX3CR141,42), but the specific mechanism(s)
for RSV entry remain to be elucidated. Viruses have evolved to
hijack host responses to increase productive replication and
virulence. For example, RSV contains nonstructural proteins
(NS)-1 and -2 that suppress innate and adaptive immune
responses against this virus. NS1 was found to inhibit type I IFN
production, whereas NS2 inactivated RIG-I signaling.43 In
addition, RSV NS1 protein inhibits airway epithelial IFN-l
(lambda) production,14 and virus-induced EGFR activation
may be another example to promote viral virulence. Several
viruses have been shown to activate EGFR (e.g., influenza A
virus, rhinovirus, RSV, cytomegalovirus, Epstein–Barr virus,
vesicular stomatitis virus, and Hepatitis B and C viruses). In
addition, our laboratory6,8 and other investigators9,32,33 have
shown that several of these viruses activate EGFR to suppress
antiviral immune responses. In addition, RSV-induced inflam-
mation and mucin production are important for viral
pathology. Recently, the RSV fusion (F) protein was shown
to induce airway epithelial mucin production in an EGFR-
dependent manner,7 and prior studies showed a similar effect
for RSV-induced EGFR signaling to regulate CXCL8 produc-
tion.5,6 These experiments by Monick et al.,5 were the first to
show that RSV activates EGFR, which was subsequently
confirmed by other investigators,7 and our laboratory6

(Figure 1). In addition, recent experiments suggest that the
magnitude of EGFR activation may be dependent upon RSV
virulence factors.7 Together, these studies have shown that
RSV-induced CXCL8 and mucin production requires EGFR.5–7

In airway epithelium, EGFR activation involves an integrated
signaling pathway that includes Nox-induced production of
ROS that activate a metalloproteinase (e.g., TNF-a-converting
enzyme), which cleaves an EGFR proligand (e.g., TGF-a and
EGF) that is released to bind to, and to activate EGFR.26,44

Recently, we implicated Nox as a shared epithelial signal in
response to multiple respiratory viruses.8 In addition, here we
found that a Nox inhibitor (DPI) and ROS scavenger (nPG)
suppressed RSV-induced CXCL8 production (Figure 1).6

CXCL10 is a CXCR3 ligand, produced by airway epithelium,
which contributes to NK cell and T-lymphocyte recruitment to
target and kill virus-infected cells. RSV induces airway
epithelial CXCL10 production,6,45 and we found that inhibition
of Nox and ROS decreased RSV-induced CXCL10 (Figure 1).
UV RSV and RSV F activated airway epithelial CXCL8 and
CXCL10 production.45 More recently, RSV F protein was
shown to activate EGFR.7 These experiments, and others,46
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highlight potential strain-specific effects of RSV for EGFR
activation and inflammation in general. Here, we confirmed
that UV RSV activates EGFR-p (Figure 5), and that UV RSV
activates NADPH oxidase. These results, combined with prior
studies that showed (1) TNF-a-converting enzyme and EGFR
ligand are required for RSV-induced CXCL8 and CXCL10,6

and (2) RSV F protein induces EGFR-p,7 suggest that RSV
interacts with airway epithelium to activate EGFR via a surface-
signaling pathway. Because RSV infects airway epithelium via
nucleolin40 and CX3CR141,42, future experiments will explore
RSV receptor activation communicating with EGFR via this
surface-signaling pathway (e.g., induction of ROS production
that activates TNF-a-converting enzyme to release EGFR
proligand). In addition, we hypothesize that RSV F protein
activates EGFR-p to mediate these effects. This suggests that
targeting EGFR surface signaling may provide a mechanism to
modulate RSV-induced inflammation.

In these experiments, EGFR inhibition decreased RSV titers
in vitro (Figure 2), which was recently observed in vitro and
in vivo.7 However, the mechanism for this effect has not been
identified. We focused on the potential role for EGFR to
regulate epithelial IRF1-dependent IFN-l production. Here we
found that EGFR inhibition increased IFN-l and IRF1, and
RSV-induced IFN-l production required IRF1 (Figure 3).
Previous experiments showed that IRF3 did not contribute to
IFN-l production.6,8 Conversely, we showed that EGFR
activation decreased IRF1 and IFN-l (Figure 3). In
addition, because the addition of RSV F protein suppressed
IRF1 (Figure 5), we implicate RSV F protein to mediate the

effect of EGFR activation to decrease IRF1. Overall, these results
are similar to our laboratory’s observations with influenza virus
and rhinovirus,8 which implicates virus-induced EGFR activa-
tion as a virulence factor for multiple respiratory viruses.

In addition, we showed that EGFR inhibition required IRF1
and IFN-l to suppress RSV infection, and the JAK-STAT
signaling pathway was implicated for this effect (Figure 4). We
also found that IFN-l was effective to suppress RSV infection
(Figure 4). Surprisingly, we are not aware of studies that
address the potential therapeutic role of exogenous IFN-l to
suppress epithelial RSV infection.13 In addition, RSV has been
found to suppress IFN-l,14 which suggests its important role in
antiviral immunity to RSV. The mechanisms for EGFR to
suppress IRF1 remain to be elucidated. Similar to EGFR
inhibition, decreased ERK 1/2, a mitogen-activated protein
kinase downstream from EGFR, increased virus-induced
CXCL10 production,47 which is an IFN-dependent molecule.
We have found that ERK inhibition increases RSV-induced
IFN-l (data not shown). These results suggest that future
experiments to investigate downstream EGFR-dependent ERK
signaling will provide an opportunity to begin to elucidate the
signaling intermediates between IRF1 and EGFR.

These experiments suggest a role for EGFR inhibition to
increase airway epithelial innate immune antiviral responses to
RSV, and potentially more broadly to other respiratory viruses.
In addition, EGFR inhibition suppresses RSV-induced mucin,7

and CXCL8 production5,6 that contributes to neutrophil
recruitment, which may have implications for decreasing
RSV-induced asthma.48 In addition, we have shown that EGFR

a b

c

Figure 5 RSV F protein suppresses IRF1. (a) BEAS-2b cells were treated with UV-inactivated RSV (UV RSV MOI 1; filled columns) (n¼ 5 independent
experiments, mean±s.e.m.; *** Po0.0001 vs. UV RSV). (b) NADPH activity was measured in BEAS-2b cells at 2 h. Cells were treated with serum-free
medium alone (Control, empty columns), DPI (3 mM) alone, with UV RSV (MOI 1; filled columns) alone, or with the addition of DPI (n¼ 3–6 independent
experiments, mean±s.e.m.; ** Po0.005 vs. control; ### Po0.005 vs. UV RSV alone). (c) BEAS-2b cells were treated with serum-free medium alone
(empty columns), Poly I:C alone (Poly I:C 100 mg ml� 1; filled colums), and Poly I:C plus RSV F protein (F protein 20mg ml� 1; filled columns), and IRF 1
mRNA was analyzed by quantitative RT-PCR (n¼ 6 independent experiments; *** Po0.0001 vs. serum-free medium; ### Po0.001 vs. RSV alone).
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inhibition increased respiratory virus-induced CXCL10 pro-
duction, which leads to: (1) increased recruitment of lym-
phocytes in vivo, (2) perforin mRNA, which is found in
cytotoxic T lymphocytes and NK cells, and (3) NK cell
migration.6 However, targeting EGFR has potential limitations.
The chronic use of an inhaled EGFR inhibitor in COPD patients
was not well tolerated.49 But the potential for EGFR inhibition,
ideally using an inhaled small molecule inhibitor, for a short
duration after RSV infection, remains to be explored. In
addition, because multiple respiratory viruses (e.g., Influenza A
virus, RSV, and rhinovirus) activate EGFR to induce mucin
production and neutrophilic inflammation, EGFR inhibition
may have a potential benefit when viruses are identified as
triggers for asthma and COPD exacerbations.

In summary, here we have examined the interaction between
EGFR signaling and IRF1-induced IFN-l pathways in the
regulation of RSV infection. RSV activated EGFR, and EGFR
activation suppressed IRF1-induced IFN-l production
(Figure 6 left). EGFR inhibition augmented IRF1 and IFN-
l, which resulted in decreased viral titers (Figure 6 right). In
addition, because RSV-induced Nox and ROS production leads
to CXCL8 and CXCL10, we hypothesize that RSV activates
EGFR via Nox and ROS upon binding to airway epithelium,
although the mechanism(s) for this effect remain to be
explored. In conclusion, we have uncovered a novel
mechanism that RSV uses to suppress endogenous
epithelial antiviral defenses (via EGFR activation), and
EGFR inhibition suppresses RSV titers, which may be able
to be targeted for a potential therapeutic benefit.
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