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ABSTRACT Porcine epidemic diarrhea virus (PEDV) causes acute and devastating
enteric disease in suckling piglets and results in huge economic losses in the pig in-
dustry worldwide. To establish productive infection, viruses must first circumvent the
host innate immune response. In this study, we found that PEDV infection stimu-
lated epidermal growth factor receptor (EGFR) activation, which has been linked to
not only anticancer therapeutics, but also antiviral signaling. Therefore, we deter-
mined whether EGFR activation affected PEDV infection by using an activator or
overexpression assay. The data showed that EGFR activation enhanced virus replica-
tion in both cases. We also found that specific inhibition of EGFR by either inhibitors
or small interfering RNA (siRNA) led to a decrease in virus yields. Further analysis re-
vealed that inhibition of EGFR produced augmentation of type | interferon genes.
We next observed that the EGFR downstream cascade STAT3 was also activated
upon PEDV infection. Similar to the case of EGFR, specific inhibition of STAT3 by ei-
ther inhibitor or siRNA increased the antiviral activity of interferon and resulted in
decreased PEDV RNA levels, and vice versa. The data on STAT3 depletion in combi-
nation with EGFR activation suggest that the attenuation of antiviral activity by EGFR
activation requires activation of the STAT3 signaling pathway. Taken together, these
data demonstrate that PEDV-induced EGFR activation serves as a negative regulator
of the type | interferon response and provides a novel therapeutic target for virus
infection.

IMPORTANCE EGFR is a transmembrane tyrosine receptor that mediates various cel-
lular events, as well as several types of human cancers. In this study, we investigated
for the first time the role of EGFR in PEDV infection. We observed that PEDV infec-
tion induced EGFR activation. The role of EGFR activation is to impair the antiviral
activity of type | interferon, which requires the involvement of the EGFR down-
stream signaling cascade STAT3. Our findings reveal a new mechanism evolved by
PEDV to circumvent the host antiviral response, which might serve as a therapeutic
target against virus infection.

KEYWORDS EGFR, PEDV, interferons

orcine epidemic diarrhea virus (PEDV) is an enveloped, single-stranded, positive-

sense RNA virus that belongs to the genus Alphacoronavirus in the family Corona-
viridae, order Nidovirales (1). PEDV is the etiological agent of porcine epidemic diarrhea
(PED), which is characterized by watery diarrhea, vomiting, and dehydration in infected
swine (2, 3). Although reported initially in a few countries in the late 1970s, PED now
occurs worldwide in most major swine-raising countries, causing huge economic losses,
as well as public health concerns (4-9).

During viral infection, the most important pathological characteristics of PED are
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acute destruction of intestinal villous enterocytes and villous atrophy in the jejunum
and ileum (10, 11). We and others have reported that the integrity of the intestinal
epithelium is impaired, and the structural destruction and disorganization of tight-
junction proteins in PEDV-infected cells are observed (12-14). Epidermal growth factor
receptor (EGFR) is expressed in a wide spectrum of epithelial cells, and EGFR-dependent
signaling is involved in the disassembly of epithelial tight junctions and epithelial
barrier permeability alteration (15-19).

EGFR is a transmembrane glycoprotein that is activated by binding to its cognate
ligands, such as epidermal growth factor (EGF), transforming growth factor «, amphiregulin,
heparin-binding EGF, and betacellulin (20). EGFR is a receptor tyrosine kinase, serving as a
homeostatic regulator of cell proliferation, differentiation, adhesion, and survival (21, 22).
Since EGFR is overexpressed in the majority of solid tumors, much effort has been directed
at developing anticancer agents that can interfere with EGFR activity (23-25). Most recently,
emerging evidence indicated that EGFR and its downstream pathways play a critical role in
the outcome of virus infection by modulating innate immunity (26, 27). For example,
inhibition of EGFR function during hepatitis C virus (HCV) infection upregulates the expres-
sion of interferon-stimulated genes and boosts the antiviral efficacy of interferon (28).
Respiratory virus infection-induced EGFR activation suppresses endogenous airway epithe-
lial antiviral signaling (29). Venkataraman et al. have reported that EGFR signaling is a key
regulator of severe acute respiratory syndrome coronavirus (SARS-CoV)-induced lung dam-
age (30). However, the role of EGFR in PEDV infection has not been defined. In this study,
we examined the relationship between EGFR signaling and PEDV infection. We observed
that PEDV infection activates EGFR and its downstream pathways, which increase viral
infection by negatively regulating type | interferon (IFN-I) signaling. In addition, functional
inhibition of EGFR during PEDV infection augmented the host antiviral response and
resulted in a reduction in virus titers. The work presented here advances our understanding
of the role of EGFR in regulating virus infection.

RESULTS

PEDV induces EGFR activation. To investigate whether PEDV infection is able to
activate EGFR, we measured EGFR phosphorylation by Western blotting (31, 32) after
virus infection in IPEC-J2 cells (a porcine intestinal epithelial cell line). Levels of total
EGFR were comparable between PEDV-infected and mock-treated cells, whereas incu-
bation with PEDV induced EGFR phosphorylation within 5 min and reached maximum
at 15 min (Fig. 1A). We next examined whether the phosphorylation of EGFR induced
by PEDV was limited to the specific cell type used. To this end, we repeated these
experiments with HEK293 and Vero E6 cells (33, 34). Similarly, the levels of phosphor-
ylated EGFR (phospho-EGFR) were increased in PEDV-infected HEK293 (Fig. 1B) and
Vero E6 (Fig. 1C) cells. These results demonstrated that PEDV infection augments EGFR
activation without affecting total EGFR expression.

To characterize the molecular events initiated by PEDV infection, we used UV
irradiation-inactivated PEDV (UV-PEDV) as a control. Of interest, we observed an
increase in phosphorylated EGFR in UV-PEDV-infected cells (Fig. 1D), which is similar to
the case with replication-competent PEDV, suggesting that PEDV replication is not
required for the induction of EGFR activation in target cells. UV-PEDV inactivation was
verified by plaque assay (data not shown). Since there was no viral protein synthesized
in UV-PEDV-infected cells, we hypothesized that the early steps of the virus life cycle,
such as attachment, entry, and uncoating, could result in the virion-induced phosphor-
ylation of EGFR. It is known that coronavirus spike (S) protein attaches to the cellular
receptor to mediate viral entry (35, 36); therefore, we examined the interaction be-
tween PEDV S protein and EGFR using a coimmunoprecipitation (co-IP) assay in HEK293
cells. As shown in Fig. 1E, the existence of EGFR was detected only in the presence of
PEDV S protein and not in the presence of empty vector, suggesting that PEDV surface
S protein can activate EGFR by direct interaction. Together, these findings demonstrate
that PEDV induces EGFR activation at the early stage of viral infection.
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FIG 1 (A to C) PEDV infection induces EGFR phosphorylation. IPEC-J2, HEK293, and Vero E6 cells were incubated
with PEDV at an MOI of 1 for 2 h at 4°C. Unbound viruses were removed with PBS, and the cells were then cultured
at 37°C for different times as indicated. Mock-infected cells were used as a control. Detergent lysates collected from
the cells were directly subjected to reducing SDS-PAGE and blotted with MAbs against phospho-EGFR (pEGFR),
EGFR, and B-actin. (D) UV-PEDV incubation activates EGFR. IPEC-J2 and HEK293 cells were incubated with UV-PEDV
at an MOI of 1, and the cells were then further cultured for the indicated times. The cell lysates were subjected to
immunoblotting with the antibodies indicated. (E) PEDV S-Flag protein interacts with EGFR. HEK293T cells were
cotransfected with PEDV S-Flag (S) and EGFR (E). At 36 h after transfection, immunoprecipitation (IP) and
immunoblotting were performed as described in Materials and Methods to examine interactions between PEDV
S-Flag and EGFR.

EGFR activation augments PEDV infection. To characterize the role of EGFR
activation in PEDV infection, EGF, a physical stimulus, was added to the target cells. EGF
binding to EGFR can result in receptor dimerization, autophosphorylation, and activa-
tion of the intrinsic protein tyrosine kinase activity (20, 37). However, it has been
reported that prolonged stimulation with EGF can cause ligand-induced EGFR degra-
dation (38, 39), so the influences of treatment time with EGF on EGFR phosphorylation
and total EGFR expression were compared by Western blotting. As shown in Fig. 2A,
phosphorylation of EGFR was induced at 5 min and remained stable until 15 min in
IPEC-J2 and HEK293 cells, while the levels of total EGFR had no obvious change over
time. Therefore, stimulation with EGF for 15 min was conducted to activate EGFR for
subsequent experiments unless otherwise stated. Next, IPEC-J2 cells were pretreated
with EGF for 15 min and then infected with PEDV for an additional 48 h. We observed
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FIG 2 EGFR activation enhances PEDV replication. (A) EGF treatment induces the phosphorylation of EGFR. IPEC-J2
and HEK293 cells were serum starved for 12 h and then incubated with 10 ng/ml EGF at 37°C for the indicated
times. The cell lysates were blotted with antibodies against pEGFR, EGFR, and B-actin as indicated. (B and D) EGFR
activation facilitates virus infection. IPEC-J2 (B) and HEK293 (D) cells were stimulated with 10 ng/ml EGF for 15 min.

After washing, the cells were infected with mock control or PEDV for 48 h or 24 h, respectively. Total

RNA was

extracted from the cells, and PEDV RNA levels were assessed by quantitative RT-PCR using the primers listed in
Table 1. Virus yields were determined by TCID,, assay. The results are representative of three independent
experiments (means and SD). ¥, P < 0.05. The P value was calculated using Student’s t test. (C and E) EGF treatment
induces EGFR activation. Cells were treated with 10 ng/ml EGF at 37°C for 15 min, and the cell lysates were blotted

with antibodies as indicated.

that viral RNA levels were significantly increased in EGF-treated cells compared with
control cells, and virus titers were also increased, as measured by the 50% tissue culture
infective dose (TCID,) (Fig. 2B). Western blot analysis confirmed that EGFR was
activated and total EGFR levels remained constant upon EGF treatment (Fig. 2C). To
confirm the effect of EGFR activation on PEDV infection, we repeated these experiments
with HEK293 cells. Consistent with the findings obtained with IPEC-J2 cells, induction of
EGFR phosphorylation by EGF significantly enhanced virus replication in HEK293 cells
(Fig. 2D and E).

To further confirm that EGFR activation increases PEDV replication, we overex-
pressed EGFR in IPEC-J2 cells to specifically activate EGFR (40), and the cells were then
infected with PEDV. As shown in Fig. 3A, EGFR overexpression enhanced the accumu-
lation of viral N protein. Quantitative reverse transcription (RT)-PCR results showed that
EGFR overexpression increased the levels of viral RNA, in contrast to the vector control
(Fig. 3B). Similar to the results observed in IPEC-J2 cells, HEK293 cells treated with EGFR
overexpression facilitated PEDV replication (Fig. 3C and D). In addition, results of TCIDs,,
assays in both IPEC-J2 (Fig. 3E) and HEK293 (Fig. 3F) cells confirmed the positive effect
of EGFR overexpression on the PEDV titers in comparison with the vector control. Taken
together, these data indicate that virus-induced EGFR activation may facilitate PEDV
infection.

Pharmacological inhibition of EGFR decreases the yield of PEDV. To further
examine the effect of EGFR on PEDV infection, we next exposed cells to the inhibitors
erlotinib and gefitinib, both of which can inhibit EGFR activation (41-43). The cytotoxic
effects of erlotinib and gefitinib were examined with a Cell Counting Kit-8 (CCK-8)
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FIG 3 Overexpression of EGFR facilitates PEDV infection. (A and C) IPEC-J2 (A) and HEK293 (C) cells were
transfected with pAAV/EGFR and pAAV vector control (con) for 24 h. The cells were then infected with
PEDV for 48 h or 24 h. Detergent lysates were subjected to immunoblotting with the indicated
antibodies. (B and D) EGFR overexpression enhances the levels of PEDV RNA. Total RNA was extracted
from IPEC-J2 cells at 48 h postinfection (hpi) (B) or from HEK293 cells at 24 hpi (D) and analyzed by
quantitative RT-PCR. (E and F) EGFR overexpression promotes PEDV titers. Virus samples were collected
from IPEC-J2 cells at 48 hpi (E) or from HEK293 cells at 24 hpi (F) and measured by TCID,, assay. The
results are representative of three independent experiments (means and SD). *, P < 0.05. The P value was
calculated using Student’s t test.

system (Dojindo Laboratory, Kumamoto, Japan) on IPEC-J2 and HEK293 cells. No
significant toxicity of these two inhibitors was evident for the two types of cells at
concentrations of <25 uM (Fig. 4A). The inhibitory effects of erlotinib and gefitinib on
EGFR activation were also confirmed by Western blotting of cell lysates from EGF-
treated cells in the presence or absence of 10 uM erlotinib or gefitinib (Fig. 4A, left).
Thus, IPEC-J2 cells were pretreated with 10 uM erlotinib or gefitinib for 12 h and then
infected with PEDV. As shown by immunofluorescence assay, the number of PEDV-
positive cells was significantly lower in erlotinib- or gefitinib-treated IPEC-J2 cells than
in a mock-treated control (Fig. 4B). Challenging cells with either erlotinib or gefitinib
decreased viral protein synthesis (Fig. 4C) and viral RNA levels (Fig. 4D) in a
concentration-dependent manner. The reduced titers of viruses in infected cell cultures
containing erlotinib or gefitinib were further analyzed and confirmed by measuring the
TCIDs, (Fig. 4E). Consistent with the findings obtained with IPEC-J2 cells, the EGFR
inhibitors erlotinib and gefitinib also had similar inhibitory effects on PEDV replication
in HEK293 cells (Fig. 4), suggesting that virus-induced EGFR activation is involved in
virus infection.

Knockdown of endogenous EGFR expression reduces PEDV infection. Our
pharmacological data promoted further exploration of the relationship between EGFR
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FIG 4 EGFR inhibitors reduce PEDV infection. (A) Effects of inhibitors on EGFR function. IPEC-J2 and HEK293 cells were treated with
the carrier control DMSO or EGFR-specific inhibitors, erlotinib (Erl) and gefitinib (Gef), at different concentrations for 72 h. Cell
cytotoxicity was analyzed with the CCK-8 system as described in Materials and Methods. IPEC-J2 and HEK293 cells were also pretreated
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activation and virus infection. Therefore, we used a specific small interfering RNA
(siRNA) to knock down the endogenous expression of EGFR. When IPEC-J2 cells were
transfected with EGFR-specific siRNA, the EGFR mRNA level was significantly decreased
relative to that with control siRNA, and Western blot analysis of detergent lysates
collected from cells transfected with EGFR siRNA revealed a clear reduction in the level
of EGFR protein relative to that with control siRNA (Fig. 5A). At 24 h post-siRNA
transfection, IPEC-J2 cells were inoculated with PEDV for an additional 48 h. We
observed that the levels of viral protein were greatly decreased in the EGFR-specific
siRNA transfection group compared with the control siRNA group (Fig. 5A). Knockdown
of endogenous EGFR with siRNA also reduced virus loads as measured by quantitative
RT-PCR and TCIDs, assay (Fig. 5B). Consistent with the results in IPEC-J2 cells, we found
that EGFR-specific siRNA significantly decreased the levels of virus titers in HEK293 cells,
as well (Fig. 5C and D). Taken together, these data demonstrate that EGFR expression
and function are relevant for PEDV infection and that EGFR is a host factor for PEDV
infection.

Depletion of endogenous EGFR expression enhances the antiviral response of
type | interferon. Given that inhibition of EGFR can decrease virus infection, it is
worthwhile to further investigate the molecular mechanisms. IFN-I is the key innate
immune cytokine produced by cells to trigger antiviral function (44, 45). Previous
reports showed that EGFR-mediated signaling impairs the antiviral activity of IFN-I
through cross talk with the interferon signaling molecules (28, 29, 36, 46). Therefore, we
assessed the effect of EGFR on the signaling pathway of IFN-I by using specific siRNA
targeting EGFR. Here, the mRNA levels of several interferon-stimulated genes (ISGs),
including myxovirus resistance A (MxA), ISG15, and IFN-B, were analyzed by quantitative
RT-PCR (47). The results showed that the mRNA levels of three ISGs, MxA, ISG15, and
IFN-B, were significantly increased in EGFR siRNA-transfected IPEC-J2 (Fig. 6A) and
HEK293 (Fig. 6B) cells, in contrast to the control siRNA treatments, suggesting that
inhibition of EGFR activation restores cellular antiviral activity and thus decreases virus
infection.

PEDV infection links to the activation of STAT3. We next investigated the
downstream mechanisms by which EGFR might regulate this cellular antiviral response.
Studies in cancer models have suggested that EGFR physically interacts with signal
transducers and activators of transcription 3 (STAT3), leading to the phosphorylation of
STAT3 and subsequent gene regulation (48, 49). Therefore, we evaluated whether PEDV
infection activates the EGFR downstream cascade STAT3 in target cells. Similar to the
pattern of EGFR activation, the levels of phosphorylation of STAT3 were increased in
the virus-infected IPEC-J2 (Fig. 7A) and HEK293 (Fig. 7B) cells. Previous reports
have demonstrated that STAT3 negatively regulates the IFN-I-mediated antiviral re-
sponse (50, 51), so we next determined the regulation effect of STAT3 on the IFN-I
response. Here, S31-201, an aminosalicylic compound, was added to the cell cultures to
inhibit STAT3 phosphorylation and dimerization, thereby blocking its activation func-
tion (52). We observed that the mRNA levels of three ISGs, MxA, ISG15, and IFN-3, were
significantly increased in IPEC-J2 (Fig. 7C) and HEK293 (Fig. 7D) cells in the presence of
the STAT3 inhibitor S31-201 at a concentration of 40 uM compared with a carrier
control. Cells treated with the inhibitor S31-201 at a concentration of <100 uM and
untreated cells did not differ in cell morphology, viability, or numbers (Fig. 7E). These

FIG 4 Legend (Continued)

with an EGFR-specific inhibitor, Erl or Gef, at 10 uM or with DMSO for 12 h, followed by EGF stimulation (10 ng/ml) for 15 min. The
levels of pEGFR and B-actin were analyzed by Western blotting. (B) EGFR inhibitors decrease the number of PEDV-positive cells. IPEC-J2
and HEK293 cells were pretreated with DMSO or EGFR inhibitors, Erl and Gef, at 10 uM for 12 h. After washing, the cells were infected
with PEDV or mock control in the absence or presence of inhibitors. At 48 hpi or 24 hpi, the cell monolayers were fixed and examined
for PEDV infection by IFA with an anti-PEDV spike protein MAb (3F12). The number of PEDV-positive cells was calculated. (C) Reduction
of PEDV N protein by EGFR inhibitors is concentration dependent. Detergent lysates collected from IPEC-J2 and HEK293 cells were
subjected to immunoblotting with antibodies as indicated. (D) EGFR inhibitors decreased PEDV RNA levels, as determined by
quantitative RT-PCR. (E) Virus titers were reduced after inhibitor treatment, as detected by TCID., assay. The results are representative
of three independent experiments (means and SD). *, P < 0.05; ns, not significant. The P value was calculated using Student’s t test.
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FIG 5 Knockdown of EGFR expression decreases PEDV infection. (A and C) Verification of EGFR knock-
down efficiency. IPEC-J2 (A) and HEK293 (C) cells were transfected with EGFR-specific siRNA (siEGFR) or
scrambled control siRNA (siCtrl) for 24 h, and the knockdown efficiency of EGFR was determined by
quantitative RT-PCR and Western blotting. (B and D) Depletion of endogenous EGFR inhibited PEDV
replication. After siRNA transfection for 24 h, cells were exposed to virus for 48 h (IPEC-J2) (B) or 24 h
(HEK293) (D). The effect of EGFR knockdown on PEDV infection was determined by Western blotting (A
and C, right), quantitative RT-PCR, and TCID,, assay. The results are representative of three independent
experiments (means and SD). ¥, P < 0.05. The P value was calculated using Student'’s t test.

observations suggest that virus-induced STAT3 activation serves as a negative regulator
of the IFN-I response.

Role of STAT3 in PEDV infection. To establish biological relevance, we investigated
the consequences of interfering with STAT3 function for PEDV infection. IPEC-J2 and
HEK293 cells were pretreated with the STAT3 inhibitor S3I-201, followed by virus
inoculation. We found that S31-201 treatment resulted in decreased expression of the
viral N protein in a dose-dependent manner, as determined by Western blotting, and
quantitative-RT-PCR analysis showed that S31-201 treatment significantly decreased
PEDV RNA levels in both IPEC-J2 and HEK293 cells in a concentration-dependent
manner (Fig. 8A and B). To confirm the results with the inhibitor, a specific siRNA
against STAT3 was introduced to knock down the endogenous expression of STAT3. A
clear reduction of STAT3 mRNA and protein levels was observed in IPEC-J2 (Fig. 8C) and
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FIG 6 Depletion of EGFR expression enhanced the levels of several ISGs. IPEC-J2 (A) and HEK293 (B) cells
were transfected with control siRNA or EGFR-specific siRNA for 24 h. Total RNA was extracted, and the
mRNA levels of MxA, ISG15, and IFN-B were determined by quantitative RT-PCR. The results are
representative of three independent experiments (means and SD). *, P < 0.05. The P value was calculated
using Student’s t test.

HEK293 (Fig. 8D) cells transfected with STAT3-specific siRNA, indicating that the STAT3
siRNA had worked properly. Under these conditions, the level of PEDV N protein was
reduced in the STAT3 siRNA transfection group, and the reduced number of viruses in
siRNA-transfected cells was confirmed by quantitative RT-PCR (Fig. 8C and D).

To further confirm the functional relevance of STAT3 to PEDV infection, STAT3 was
overexpressed by transient-transfection assay. As indicated by Western blotting, the
levels of viral protein were increased in STAT3-transfected IPEC-J2 and HEK293 cells
compared with vector control-transfected cells (Fig. 8E and F). Furthermore, the viral
RNA levels in both IPEC-J2 (Fig. 8E) and HEK293 (Fig. 8F) cells confirmed the positive
effect of STAT3 overexpression on PEDV infection. Overall, these data indicate that
virus-induced STAT3 activation impairs the host antiviral response against PEDV, which
is similar to the results of the previous study of HCV infection (28).

PEDV-induced EGFR activation suppresses the host antiviral response via
STAT3-mediated signaling. A previous report demonstrated that EGFR activation can
regulate the STAT3 signaling pathway through direct interaction (53), and we therefore
examined the relationship between STAT3 and EGFR using EGF treatment. As shown in
Fig. 9A, EGF incubation led to an increase of STAT3 phosphorylation in IPEC-J2 and
HEK293 cells but no change in the levels of total STAT3 protein, suggesting that EGF
induces rapid activation of STAT3. Under these conditions, we assessed the effect of
the interaction between EGFR and STAT3 on PEDV infection. IPEC-J2 and HEK293 cells
were first transfected with control siRNA or STAT3-specific siRNA for 24 h, and the cells
were then cultured in the presence of EGF for 15 min. After washing, the cells were
infected with PEDV for an additional 48 h or 24 h, and the cell lysates were collected
for Western blot analysis. The results showed that EGF treatment increased viral protein
synthesis and STAT3 siRNA decreased the levels of viral N protein, whereas the increase
of viral N protein synthesis by activated EGFR was blocked by depletion of STAT3
expression (Fig. 9B and Q). These findings indicate that virus-induced EGFR activation
impairs the host antiviral response through the STAT3-mediated signaling pathway.

DISCUSSION
EGFR is a transmembrane glycoprotein that was isolated over 30 years ago after the
discovery of its ligand, EGF, in 1962 (54, 55). EGFR is best known for its classical function as
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, P < 0.05. The P value was calculated using Student’s t test.

a tyrosine kinase receptor and is widely distributed in epithelial cells. Activated EGFR
recruits downstream signaling and plays pivotal roles in cell-cell communication. EGFR
overexpression has been associated with a number of human cancers, and therefore,
extensive efforts have been devoted to exploring anticancer therapeutics directed against
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EGFR (56). More recently, increasing evidence has shown that some viruses can induce
EGFR activation and its subsequent signaling (27). In this study, we found that PEDV
infection activated EGFR. This, in turn, suppressed the IFN-I signaling pathway and thus
promoted viral infection, which was mediated by the EGFR downstream cascade STAT3. In
addition, inhibition of EGFR during PEDV infection augmented IFN-I signaling, which
resulted in a decrease in virus titers in target cells. These data suggest that virus-induced
EGFR activation likely plays a role in the establishment of PEDV infection.

To infect its host, a virus must have some means of circumventing the IFN response,
either by limiting IFN production or by blocking IFN functions (57). Like other viruses,
PEDV must subvert the intrinsic antiviral defenses of target cells to produce progeny
virions. We and others have reported that during PEDV infection virus can inhibit IFN
production by encoding proteins that act as IFN antagonists or by restricting IFN
functions through degrading IFN signaling molecules (33, 58-62). Here, we have found

FIG 8 Legend (Continued)

HEK293 (F) cells were transfected with pAAV/STAT3 or vector control. Twenty-four hours later, the cells were incubated with PEDV for
an additional 48 h or 24 h. The levels of STAT3 protein and PEDV N protein were analyzed by Western blotting. Total RNA was also
extracted from the cells, and the viral RNA levels were then assessed by quantitative RT-PCR. The results are representative of three
independent experiments (means and SD). ¥, P < 0.05. The P value was calculated using Student's t test.
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for the first time that PEDV infection induces activation of a receptor tyrosine kinase,
EGFR, and its subsequent signaling. Several viruses, including rhinovirus, influenza virus,
HCV, cytomegalovirus, and Epstein-Barr virus (EBV), have been shown to activate EGFR
(46, 63-67). By using an activator or overexpression assay, we observed that activated
EGFR led to an increase in the PEDV titer, whereas inhibition of EGFR activity by either
inhibitors or siRNA resulted in a reduction of the PEDV titer. These findings indicate a
positive regulation role of activated EGFR in virus infection. Further evidence from an
siRNA knockdown assay showed that EGFR impaired the antiviral activity of type |
interferon, suggesting the involvement of EGFR activation-mediated signaling path-
ways in virus infection. Our finding is similar to those described previously in studies of
Pichinde virus, influenza A virus, EBV, and HCV (36, 65, 68, 69). This is another example
of a coronavirus that directly impairs the host antiviral response. Several researchers
have reported that inhibition of EGFR during viral infection resulted in decreased viral
titers in vitro and in vivo (29, 70, 71), suggesting that inhibition of EGFR may result in
decreased PEDV infection in pigs, as well. However, further work is needed to conclu-
sively answer this question.

In the present study, by using the virions of UV-inactivated PEDV, we also found that
virus replication is not required for EGFR activation. This suggests that binding of
UV-inactivated virions to the cell surface may directly activate EGFR. A previous study
revealed that UV-inactivated respiratory syncytial virus could induce mouse alveolar
macrophages to secret interleukin-6 (IL-6) as efficiently as infectious virions (72). Riffault
et al. have reported that UV-inactivated herpes simplex virus 1 triggers synthesis of
IFN-I in mouse regional lymph nodes when delivered into the ear dermis (73). In
addition, the cellular transcription factor NF-kB appears to be quickly upregulated after
the binding of either live or UV-inactivated human cytomegalovirus to the cell surface
(74). Since EGFR activation occurred in the target cells upon incubation with UV-
inactivated PEDV, as well, a co-IP experiment was performed to address whether PEDV
surface S protein interacted with EGFR. We observed that there was a direct interaction
between EGFR and PEDV S protein, indicating that EGFR activation occurs at the early
stage of viral infection.

Activated EGFR recruits different downstream signaling cascades, leading to the
activation of several major pathways that are important for cell survival, proliferation,
angiogenesis, and viral infection (27, 75, 76). The main downstream pathways of EGFR
activation include those mediated by phosphatidylinositol 3-kinase (PI3K)-Akt-mTOR,
Ras-Raf-MEK, and JAK2-STAT3 (49, 77, 78). Previous reports have demonstrated that
STAT3, a downstream effector of EGFR signaling, suppresses the antiviral activity of type
| interferon (48, 79). Considering that EGFR activation impairs the antiviral activity of
type | interferon and facilitates PEDV replication, we assessed the involvement of STAT3
in virus infection. We first observed that the changes in STAT3 phosphorylation induced
by virus infection were similar to the pattern of activated EGFR, suggesting that STAT3
is a downstream signaling cascade initiated by phosphorylated EGFR (28). Next, using
the STAT3 inhibitor S31-201, we found that inhibition of STAT3 activation resulted in the
augmentation of type | interferon signaling, which is consistent with another study that
showed that STAT3 negatively regulates the type | interferon-mediated response (50).
Xue et al. have reported that inhibition of STAT3 phosphorylation by S3I-201 abrogates
the antiviral ability of mature porcine IL-22 (mplL-22) and the mplL-22-induced expres-
sion of antimicrobial genes, such as BD-2, IL-18, survivin, and IFN-A genes (80); however,
they did not provide direct evidence of the involvement of STAT3 in PEDV infection. To
address this controversial finding, we further analyzed the role of STAT3 in virus
infection using genetic-modification methods. We observed that inhibition of STAT3
function resulted in the reduction of virus replication, whereas activated STAT3 facili-
tated virus replication. Sen et al. reported similar findings that STAT3 phosphorylation
is required for efficient varicella-zoster virus replication and spread and that blocking
STAT3 activation has antiviral activity against virus infection in vivo (51). In agreement
with previous findings reported by Ho and Ivashkiv (81), our findings further support
the idea that STAT3 expression and STAT3 function are relevant to PEDV infection.

April 2018 Volume 92 Issue 8 €02095-17

Journal of Virology

jviasm.org 13


http://jvi.asm.org

Yang et al.

Although previous data have shown that phosphorylated EGFR can mediate the
activation of its downstream signaling cascade, STAT3, we needed direct evidence to
confirm our hypothesis. We found that the augmentation effect of activated EGFR on
virus infection was inhibited by STAT3 knockdown treatment. These data suggest that
STAT3 is a downstream effector of the EGFR signaling pathway that negatively regu-
lates the antiviral activity of type | interferon, as well. Our findings are similar to those
in a previous report showing that EGFR-mediated STAT3 signaling impairs IFN-«
production and facilitates HCV replication (28).

In summary, here, we have examined the relationship between EGFR activation and
type | interferon pathways in the regulation of virus infection. Our findings have shown that
EGFR positively regulates PEDV infection by activating the EGFR-STAT3 signaling pathway,
which suppresses the antiviral activity of type | interferon. Although the signaling interme-
diates between PEDV and EGFR remain to be elucidated, we have demonstrated that PEDV
S directly interacts with EGFR. In conclusion, we have uncovered a novel mechanism in
which PEDV uses EGFR to suppress cellular antiviral defenses, which may present a
potential therapeutic target against PEDV infection.

MATERIALS AND METHODS

Cells and viruses. IPEC-J2 cells (porcine small intestine epithelial cell clone J2; ATCC) and HEK293
cells (human embryonic kidney epithelial cells; ATCC) were cultured in Dulbecco’s minimum essential
medium (DMEM) (Life Technologies, USA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (HyClone), 100 U/ml penicillin, 100 ug/ml streptomycin at 37°C in a 5% CO, incubator (Thermo
Scientific, USA). PEDV strain CV777 (GenBank accession number KT323979) was titrated in Vero E6 cells
and stored at —80°C. To create replication-deficient virus, PEDV was UV irradiated using a CL-1000
cross-linker at 100 uJ/cm? for 60 min on ice. Virus inactivation was verified by plaque assay.

Drug treatments and virus infection. IPEC-J2 and HEK293 cells were serum starved overnight
before the addition of EGF (Life Technologies, USA) at the indicated concentrations for the indicated
times. After washing, some cells were infected with mock control or PEDV. For inhibitor treatments,
IPEC-J2 and HEK293 cells were treated with various concentrations of the EGFR-specific inhibitors
erlotinib (Selleck, USA) and gefitinib (Calbiochem, Germany), the STAT3-specific inhibitor S31-201
(ApexBio, USA), or the carrier control dimethyl sulfoxide (DMSO) for 12 h or 24 h. Virus infection was then
performed in the presence of these reagents. For the virus infection procedure, IPEC-J2 cells were
infected with PEDV at a multiplicity of infection (MOI) of 1 for 48 h, and HEK293 cells were infected with
virus at an MOI of 0.1 for 24 h. In this study, all virus infection experiments were conducted using the
above-described procedure unless otherwise stated. The treated cells were then collected for subsequent
analysis.

Overexpression and RNA interference. The EGFR and STAT3 genes were amplified from porcine
intestinal epithelial cell cDNA using the primers listed in Table 1 and then cloned into the pAAV vector
(Stratagene) at the Sall and Xhol sites. The nucleotide sequences of the plasmids expressing EGFR and
STAT3 were determined to ensure that the correct clones were used in the study. The vector carrying
EGFR (pAAV/EGFR) or STAT3 (pAAV/STAT3) was transfected into cells. Transfection of plasmid DNA was
performed with Lipofectamine 2000 (Invitrogen, USA) as recommended by the manufacturer. siRNA
duplexes were designed specifically to knock down the endogenous expression of EGFR or STAT3 (Table
2). Cells were transfected with 100 nM siRNA duplexes using Lipofectamine RNAiMax reagent (Invitrogen,
USA) according to the manufacturer’s instructions. At 24 h posttransfection, the cells were infected with
PEDV, followed by the indicated analysis.

IFA. Immunofluorescence assays (IFA) were performed as described previously with slight modifica-
tion (13). Briefly, after EGFR inhibitor treatments, IPEC-J2 and HEK293 cells were infected with PEDV. The
cells were fixed with 33.3% acetone for 30 min and then stained with mouse anti-PEDV spike protein
monoclonal antibody (MAb) (3F12; Median Diagnostics, South Korea) for 1 h. After three washes with
PBS, the cells were incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG for
45 min. After washing, the fluorescence was visualized with an Olympus inverted fluorescence micro-
scope equipped with a camera.

Western blotting. Western blot analysis was done as described previously (33) with slight modifi-
cation. Treated cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (HaiGene, China)
containing protease inhibitor cocktail and phosphatase inhibitors (Roche, Switzerland). After centrifuga-
tion, the lysate supernatants were fractionated by SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes (Merck Millipore, USA). The membranes were blocked and then incubated with the
indicated primary antibodies. After hybridizing with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit or goat anti-mouse IgG, the membranes were visualized by addition of Super ECL Star (U.S.
Everbright, China) and exposure to film, according to the manufacturer’s instructions. The densitometric
analysis was performed using ImagelJ. The antibodies against phospho-EGFR (Tyr1068), EGFR, phospho-
STAT3 (Tyr705), and STAT3 were obtained from Cell Signaling Technology, USA. Mouse anti-B-actin MAb
was purchased from Santa Cruz Biotechnology. Anti-PEDV N protein MAb was stored in our laboratory.

Co-IP. The PEDV S gene was amplified using the primers with Flag tags listed in Table 1 and then
cloned into the pAAV vector (Stratagene). The plasmids carrying PEDV S protein (pAAV/PEDV S) in the
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TABLE 1 PCR primers used in this study

Primer Sequence (5'-3')

EGFR-F TCCGAATTCGCATGCGTCGACCCACCATGCGACGCTCCT

EGFR-R GTCATCCTTGTAGTCCTCGAGTGCCCCAGTAAGGTCACTGC

PEDV S-Flag-F TCCGAATTCGCATGCGTCGACATGCACTCATCGAGGTTCAAGGA

PEDV S-Flag-R GTCATCCTTGTAGTCCTCGAGTTACTTATCGTCGTCATCCTTGTAA
TCCTGCACTGGACC

STAT3-F TCCGAATTCGCATGCGTCGACCCACCATGGCCCAATGGAATC

STAT3-R GTCATCCTTGTAGTCCTCGAGCATGGGGGAGGTAGCGCAC

PEDV-F? GCACTTATTGGCAGGCTTTGT

PEDV-R? CCATTGAGAAAAGAAAGTGTCGTAG

Porcine EGFR-F? GGCCTCCATGCTTTTGAGAA

Porcine EGFR-R? GACGCTATGTCCAGGCCAA

Human EGFR-F® AGGCAGGAGTAACAAGCTCAC

Human EGFR-R® ATGAGGACATAACAAGCCACC

Porcine STAT3-Ft AGTCATCAAGACCGGTGTCC

Porcine STAT3-R? CCGTTGTTGGACTCTTCCAT

Human STAT3-F® GTGATGCTTCCCTGATTGTG

Human STAT3-RP GCAAGGAGTGGGTCTCTAGG

Porcine MxA-F®
Porcine MxA-Rt

CACTGCTTTGATACAAGGAGAGG
GCACTCCATCTGCAGAACTCAT

Human MxA-Fb GCCGGCTGTGGATATGCTA
Human MxA-R® TTTATCGAAACATCTGTGAAAGCAA
Porcine ISG15-Ft GATGCTGGGAGGCAAGGA
Porcine ISG15-R® CAGGATGCTCAGTGGGTCTCT
Human /SG15-F AGATCACCCAGAAGATCG
Human /SG15-Re TGTTATTCCTCACCAGGATG
Porcine IFN-B-F GCTAACAAGTGCATCCTCCAAA
Porcine IFN-B-R? CCAGGAGCTTCTGACATGCCA
Human IFN-B-F CCTTGGCCTTCAGGTAATGCA
Human /FN-B-Rt TGAAGCTACAACAGATGAGG
Porcine B-actin-F® CTTCCTGGGCATGGAGTCC
Porcine B-actin-Rt GGCGCGATGATCTTGATCTTC
Human B-actin-F® AGGCTCTCTTCCAACCTTCCTT
Human B-actin-R® CGTACAGGTCTTTACGGATGTCCA

aSall sites are in boldface, and Xhol sites are underlined.
bPrimer used for relative quantitative RT-PCR.

presence or absence of EGFR (pAAV/EGFR) were transfected into HEK293T cells. At 36 h posttransfection,
the treated cells were lysed in Triton lysis buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 5
mM MgCl,, 10% glycerol, 1% Triton X-100) plus protease inhibitor cocktail and phosphatase inhibitors
(Roche, Switzerland). The supernatants were immunoprecipitated with anti-Flag affinity beads (Sigma-
Aldrich, USA) overnight at 4°C. Immunoprecipitated samples were subjected to SDS-PAGE and trans-
ferred to PVDF membranes. The membranes were probed with either rabbit anti-EGFR MAb (CST, USA)
or mouse anti-Flag MAb M2 (Sigma-Aldrich, USA).

Quantitative RT-PCR. Quantitative RT-PCR analyses were carried out as described previously (82).
After treatment, total RNA was extracted from cells and subjected to quantitative RT-PCR using specific
primers listed in Table 1. The quantitative reactions were set up in triplicate using SYBR premixed Ex Taq
(TaKaRa, Japan). Briefly, the relative quantification was calculated by the cycle threshold (AAC;) method
(83).

TCID,, assay. The TCID,, assay was performed in Vero E6 cells according to the method of Reed and
Muench as previously described (84). Briefly, cell monolayers were inoculated with serial dilutions of each
virus stock and incubated for 4 days prior to observation of the presence of cytopathic effect.

Cell cytotoxicity assay. Cell monolayers were incubated with each of three inhibitors (erlotinib,
gefitinib, and S31-201) at different concentrations or with the carrier control DMSO for 72 h. Cell viability
was then measured with the CCK-8 system according to the manufacturer’s instructions. Briefly, CCK-8

TABLE 2 Sequences of sense strand of siRNA used to ablate EGFR and STAT3 protein
expression in IPEC-J2 or HEK293 cells

Target Sense strand sequence (5'-3')

Porcine EGFR-siRNA CGCUGGAGGAGAAGAAAGUITIT
Human EGFR-siRNA GAGGAAAUAUGUACUACGAITIT
Porcine STAT3-siRNA GUCAGAUUGCUGGUCAAAUCTIT
Human STAT3-siRNA CUGACUACACUGGCAGAGAdTAT
Control siRNA UUCUCCGAACGUGUCACGUTdT
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solution (10 wl per 100 wl of medium in each well) was added, the plates were incubated at 37°C for 1
h, and the absorbance was read at 450 nm.

Statistical analysis. All statistical data were expressed as means and standard deviations (SD) of

three independent experiments and analyzed using Student’s t test. A P value of <0.05 was considered
statistically significant.
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