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ABSTRACT Influenza A virus (IAV) is a highly contagious pathogen, causing acute
respiratory illnesses in human beings and animals and frequently giving rise to epi-
demic outbreaks. Evasion by IAV of host immunity facilitates viral replication and
spread, which can be initiated through various mechanisms, including epidermal
growth factor receptor (EGFR) activation. However, how EGFR mediates the suppres-
sion of antiviral systems remains unclear. Here, we examined host innate immune
responses and their relevant signaling to EGFR upon IAV infection. IAV was found to
induce the phosphorylation of EGFR and extracellular signal-regulated kinase (ERK)
at an early stage of infection. Inhibition of EGFR or ERK suppressed the viral replica-
tion but increased the expression of type I and type III interferons (IFNs) and inter-
feron-stimulated genes (ISGs), supporting the idea that IAV escapes from antiviral
innate immunity by activating EGFR/ERK signaling. Meanwhile, IAV infection also
induced the activation of Src homology region 2-containing protein tyrosine phos-
phatase 2 (SHP2). Pharmacological inhibition or small interfering RNA (siRNA)-based
silencing of SHP2 enhanced the IFN-dependent antiviral activity and reduced virion
production. Furthermore, knockdown of SHP2 attenuated the EGFR-mediated ERK
phosphorylation triggered by viral infection or EGF stimulation. Conversely, ectopic
expression of constitutively active SHP2 noticeably promoted ERK activation and viral
replication, concomitant with diminished immune function. Altogether, the results
indicate that SHP2 is crucial for IAV-induced activation of the EGFR/ERK pathway to
suppress host antiviral responses.

IMPORTANCE Viral immune evasion is the most important strategy whereby viruses
evolve for their survival. This work shows that influenza A virus (IAV) suppressed the
antiviral innate immunity through downregulation of IFNs and ISGs by activating
EGFR/ERK signaling. Meanwhile, IAV also induced the activation of protein tyrosine
phosphatase SHP2, which was found to be responsible for modulating the EGFR-
mediated ERK activity and subsequent antiviral effectiveness both in vitro and in
vivo. The results suggest that SHP2 is a key signal transducer between EGFR and ERK
and plays a crucial role in suppressing host innate immunity during IAV infection.
The finding enhances our understanding of influenza immune evasion and provides
a new therapeutic approach to viral infection.
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Influenza A virus (IAV), a member of the family Orthomyxoviridae, is an enveloped vi-
rus whose genome contains eight segments of negative-sense single-stranded RNA,

and it can cause severe respiratory diseases and seasonal epidemics worldwide (1, 2).
IAV infection motivates host innate immune responses, including expression of type I
and type III interferons (IFNs), through manifold transduction such as pathogen recog-
nition receptor-mediated signaling (3–6). Consequently, IFNs trigger the activation of
Janus kinase/signal transducer and activator of transcription (JAK/STAT), which upregu-
lates the expression of interferon-stimulated genes (ISGs), thereby carrying out antiviral
activities (7, 8). Nonetheless, IAV has evolved diverse strategies to evade the host anti-
viral system by variable genetic mutations or by employing cellular signaling, such as
activation of epidermal growth factor receptor (EGFR).

EGFR is a transmembrane glycoprotein and member of the ErbB family of receptor
tyrosine kinases, which consists of EGFR (ErbB1/HER1), ErbB2 (HER2/neu), ErbB3 (HER3),
and ErbB4 (HER4). Activation of EGFR via dimerization and phosphorylation in tyrosine
residues of its kinase domain stimulates multiple signaling pathways, which regulate a
broad range of biological processes, including tissue homeostasis, as well as tumor
progression and metastasis (9–11). Recently, it was reported that EGFR activation can
be induced in response to various viruses, including IAV, and is involved in host
immune defenses. In the case of IAV, binding of the virus to host cells induces the
aggregation of plasma membrane lipids, which functions as a platform for activation
of the EGFR signaling, which in turn facilitates virus internalization (12). The IAV-acti-
vated EGFR can cause a decrease in IFN-l and CXCL10 levels by downregulating the
transcription factor IRF-1 (13, 14). The secretion of transforming growth factor a (TGF-
a) stimulated by IAV infection also prompts the activation of EGFR and consequently
promotes the expression of interleukin 8 (IL-8) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) cytokines (15). Moreover, the elevated production of the
epithelial cell-derived mucin MUC5AC, which provides a protective barrier against
pathogenic challenges, is triggered by transduction of a protease/EGFR/mitogen-acti-
vated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)/specificity pro-
tein 1 (Sp1) cascade during IAV infection (16). On the other hand, the signaling of EGFR
can be negatively regulated by SOCS5, resulting in viral restriction (17). Recently, pur-
purquinone B and fucoidan KW, derived from the acid-tolerant fungus Penicillium pur-
purogenum and the brown alga Kjellmaniella crassifolia, respectively, have been found
to inhibit viral replication by interfering with activation of downstream molecules
within the EGFR pathway (18, 19). Mounting evidence has suggested that EGFR-medi-
ated signaling is a vital part of IAV infection, but how EGFR regulates the host innate
immunity in response to IAV is still obscure.

Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2 (SHP2),
encoded by PTPN11, is a cytoplasmic nonreceptor protein tyrosine phosphatase which
comprises two SH2 domains in the N-terminal half of SHP2 and one protein tyrosine
phosphatase (PTP) domain in its C terminus (20–22). A conformational change evoked
in the presence of extracellular stimulation of growth factors and cytokines, such as
platelet-derived growth factor, epidermal growth factor (EGF), hepatocyte growth fac-
tor, ILs, and IFNs, prevents the SH2 domain from exerting inhibitory activity at the cata-
lytic site in the PTP domain, which is concurrent with activation of its enzymatic prop-
erty (23–30). In turn, SHP2 activation can regulate the activities of growth factor and
cytokine receptors and their downstream signaling, which is intimately associated with
development of normal tissues and various diseases, such as cancer (31–39). However,
few studies have exploited the correlation between SHP2 and viral infection, especially
IAV, so far.

Here, we examined the change in the expression pattern of EGFR-mediated signal-
ing and IFNs in response to IAV infection and the outcomes. The results showed that
IAV infection provoked the activation of SHP2 and ERK downstream of EGFR, and phar-
macological or small interfering RNA (siRNA)-based inhibition of SHP2 suppressed vi-
rion production and enhanced innate immunity in alveolar epithelial cells and mice.
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Our findings indicate that SHP2 is activated during IAV infection and is able to modu-
late the EGFR/ERK signaling, leading to sustained viral replication via suppression of
IFN-mediated antiviral immunity.

RESULTS
IAV activates the EGFR/ERK pathway at the early stage of infection. To investi-

gate whether the EGFR-mediated signaling is triggered by IAV infection, we examined
the phosphorylation levels of EGFR and its downstream molecule ERK in cells infected
with IAV, influenza virus A/WSN/33 (H1N1) (WSN), and influenza virus A/Puerto Rico/8/
1934 (H1N1) (PR8). The immunoblotting results showed that IAV infection induced
phosphorylation of EGFR and ERK within 30min, and their activation was sustained for
at least 2 h (Fig. 1A), indicating that the activation of the EGFR/ERK pathway occurs in
host cells at the early time during IAV infection. It has been described that heat treat-
ment at 56°C for 30min allows IAV entry into cells but prevents viral replication, while
increasing the temperature to 65°C is sufficient to completely inactivate viruses (40,
41). To determine whether the activation of the EGFR-mediated signaling is associated
with virus invasion or viral replication, IAVs were treated at 56°C or at 65°C for 30min.

FIG 1 IAV infection induces activation of the EGFR/ERK pathway. (A) A549 cells were infected with WSN or PR8
(MOI = 1) and collected at 0, 5, 10, 15, 30, 60, 90, and 120min. (B and C) A549 cells were infected with WSN or
PR8 (MOI = 1) without (Live) or with treatment at 56°C or 65°C, and then the cells were further cultured for 0, 5,
10, 15, 30, and 60min. The cell lysates were harvested and subjected to Western blotting with the indicated
antibodies.
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FIG 2 Inhibition of the EGFR/ERK pathway reduces IAV replication. (A and B) A549 cells were pretreated with 1mM afatinib
(Afa), 10mM U0126, or DMSO as a vehicle control for 12 h, followed by WSN, PR8, or CA04 infection (MOI = 1) for 30min, and
the protein samples were harvested. The expression levels of p-EGFR and p-ERK were detected by Western blotting. (C and D)

(Continued on next page)
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We observed that the 56°C-treated viruses were able to induce the expression of p-
EGFR and p-ERK, similar to the live control (Fig. 1B), whereas the 65°C-inactivated
viruses failed to activate either of them (Fig. 1C). These results demonstrate that the
EGFR/ERK pathway can be activated by IAV infection at the early invasion stage.

The EGFR/ERK pathway is involved in IAV replication. EGFR signaling participates
in the replication of various viruses (13, 14, 42–46). However, the biological significance of
the EGFR/ERK pathway in IAV replication remains to be elucidated. To determine whether
the EGFR/ERK pathway plays an important role in IAV replication, cells were treated with
afatinib and U0126, which can inhibit the activation of EGFR and ERK, respectively, prior to
infection with WSN, PR8, or influenza virus A/California/04/2009 (H1N1) (CA04). As shown
in Fig. 2A and B, afatinib extensively inhibited both p-EGFR and p-ERK, while U0126
blocked only p-ERK, in response to IAV infection. Inhibition of EGFR or ERK showed a signif-
icant decrease in virus titers in WSN, PR8, and CA04 infections (Fig. 2C and D). To confirm
the role of EGFR in IAV replication, cells were transfected with EGFR siRNA (siEGFR).
Treatment of siEGFR downregulated the EGFR protein level in a concentration-dependent
manner (Fig. 2E) and also suppressed the virus production in comparison with the control
(Fig. 2F). The above data support the idea that EGFR activation is responsible for IAV repli-
cation through its downstream ERK signaling.

Inhibition of the EGFR/ERK pathway promotes antiviral innate immune
response to IAV infection. To understand how the EGFR/ERK pathway controls IAV
infection, we evaluated the effect of this signaling on host antiviral innate immunity
with regard to IFN responses. Inhibition of EGFR and ERK upregulated the mRNA levels
of type I IFNs (IFN-a and IFN-b), type III IFNs (IL-29 and IL-28), and ISGs (ISG15 and
MxA) during infection with WSN, PR8, and CA04 (Fig. 3A to F). Consistent with the
change in the IFN mRNA expression, an increase in production of IFN-b and IL-29 was
observed in the culture supernatants (Fig. 3G and H). Furthermore, knockdown of EGFR
also led to increases in the innate immunity-related gene expression (Fig. 4A and B)
and IFN-b and IL-29 secretion (Fig. 4C). Taken together, these results verify that activa-
tion of the EGFR/ERK pathway promotes IAV replication by suppressing the host innate
immune response.

SHP2 is required for IAV replication. To explore the role of SHP2 in the regulation
of IAV replication, we examined the activation status of SHP2 and its biological func-
tions during IAV infection. The phosphorylation of SHP2 was induced within 30min
upon infection with WSN, PR8, and CA04 (Fig. 5A) and was suppressed by treatment
with SHP099, an allosteric small molecule inhibitor of SHP2 (47), and siSHP2 in a con-
centration-dependent manner (Fig. 5B and C). Following inhibition or knockdown of
SHP2, the production of infectious virions of WSN, PR8, and CA04 decreased signifi-
cantly (Fig. 5D to G). Furthermore, administration of SHP099 effectively reduced IAV-
induced phosphorylation of SHP2 and the expression of viral nucleoprotein (NP), as
well as the titer of virus, in mice (Fig. 5H to J). Therefore, these results suggest that
SHP2 is activated in response to IAV infection and is required for viral replication.

Suppression of SHP2 enhances innate immunity against IAV. To further deter-
mine the effect of SHP2 on host antiviral responses, we examined the expression pat-
tern of innate immunity-related genes, including type I and type III IFNs and ISGs, dur-
ing IAV infection after inhibition of SHP2. SHP099 treatment significantly increased the
mRNA levels of IFNs and ISGs (Fig. 6A to D), as well as the secretion of IFN-b and IL-29
(Fig. 6E), compared to vehicle controls. In line with this, siSHP2 treatment also elevated
the expression levels of IFNs and ISGs, compared to the control siRNA treatment (Fig.
6F to H). These findings suggest that suppression of SHP2 may restore the host antivi-
ral activity against IAV, leading to reduced viral replication.

FIG 2 Legend (Continued)
Culture supernatants were harvested at 15 h postinfection and subjected to plaque assay to determine the virus titer. (E)
A549 cells were transfected with siRNA corresponding to EGFR (siEGFR) or scrambled control siRNA (siCtrl) for 24 h, and the
knockdown efficiency of siEGFR was determined by Western blotting. (F) After transfection with siEGFR or siCtrl at 80 nM for
24 h, the cells were exposed to WSN (MOI = 1) for 15 h, and then the culture supernatants were collected for plaque assay.
Data are means and standard deviations (SD). *, P, 0.05.
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FIG 3 Inhibition of IAV-induced EGFR/ERK signaling upregulates the expression of innate immunity-related genes. A549 cells were pretreated with 1mM
afatinib (Afa) for 12 h, followed by infection with WSN (A and C), PR8 (E), or CA04 (F) (MOI = 1). (B and D) After U0126 treatment at a concentration of
10mM for 12 h, A549 cells were infected with WSN (MOI = 1). Total RNA was extracted at 8 h postinfection, and the mRNA levels of IFNs and ISGs were
determined by qRT-PCR. (G and H) A549 cells were treated with 1mM Afa or 10mM U0126 prior to WSN infection (MOI = 1). IFN-b and IL-29 levels in the
culture supernatants collected at 15 h postinfection were measured by ELISA. Data are means and SD. *, P, 0.05; **, P, 0.01.
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SHP2 regulates the EGFR/ERK pathway during IAV infection. As observed from
the results reported above, the EGFR/ERK signaling and SHP2 can be activated upon
IAV infection, which reduces the host antiviral activity, thereby facilitating viral replica-
tion. Here, to investigate the interplay of the EGFR-mediated signaling and SHP2,
siSHP2 and inhibitors specific to EGFR, SHP2, and ERK were used during IAV infection
or EGF stimulation. As shown in Fig. 7A, EGF, a canonical EGFR ligand, triggered an
increase in EGFR, ERK, and SHP2 phosphorylation, indicating that the SHP2 activation is
associated with EGFR. Furthermore, knockdown of SHP2 robustly diminished WSN- and
EGF-induced p-ERK without altering p-EGFR (Fig. 7B and C), suggesting that SHP2 func-
tions as an intermediate between EGFR and ERK. In accordance with this observation,
after viral infection or growth factor stimulation, lower levels of EGFR, SHP2, and ERK
phosphorylation were manifested in the presence of afatinib compared to vehicle con-
trols (Fig. 7D and E). SHP099 treatment markedly suppressed both p-SHP2 and
p-ERK, while U0126 treatment inhibited only p-ERK (Fig. 7D and E). All of these demon-
strate that SHP2 is a pivotal signal transducer between EGFR and ERK, in response to
IAV infection.

Activated SHP2 is required for activation of ERK and promotes viral replication.
To confirm that SHP2 is an indispensable part of EGFR-mediated ERK activation during
IAV infection, we generated wild-type SHP2 and a constitutively active mutant, SHP2
E76K (48, 49), and validated their biological activities by transfection of these con-
structs into host cells. The cells harboring SHP2 with the E76K active mutation exhib-
ited an elevated phosphorylation level of downstream target ERK in comparison with
empty vector and wild-type SHP2 groups (Fig. 8A). Following infection with WSN or
PR8, ectopic expression of the SHP2 E76K intensified virus-induced phosphorylation of
SHP2 and ERK and sufficiently counteracted the inhibitory potential of EGFR inhibitor
afatinib on the ERK activation (Fig. 8B). Remarkably, the production of infectious virions
was higher upon transfection of cells with the wild type and the constitutively active
form of SHP2 than with the empty vector (Fig. 8C). In addition, IAV-induced expression
of IFNs and ISGs was reduced after overexpression of wild-type SHP2 and SHP2 E76K
(Fig. 8D). Therefore, these results suggest that SHP2 is capable of triggering ERK activa-
tion and promoting IAV replication.

FIG 4 Knockdown of EGFR upregulates the expression of innate immunity-related genes during IAV infection.
A549 cells were transfected with siEGFR or scrambled control siRNA (siCtrl) at 80 nM for 24 h, followed by
infection with WSN (MOI = 1). At 8 h postinfection, total RNA was extracted, and the mRNA levels of IFNs (A)
and ISGs (B) were determined by qRT-PCR. (C) IFN-b and IL-29 levels in the culture supernatants collected at
15 h postinfection were measured by ELISA. Data are means and SD. **, P, 0.01.
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DISCUSSION

In recent years, various strategies have been observed for viruses to achieve sus-
tained viral replication, such as activating EGFR. To determine the role of EGFR in IAV
replication, pharmacological and genetic approaches were utilized in this study. We
found that inhibition of EGFR with its specific inhibitor (afatinib) or knockdown of

FIG 5 Activation of SHP2 mediates IAV replication upon infection. (A) A549 cells were incubated with WSN, PR8, or CA04 (MOI = 1) for 0, 5, 10, 15, 30, 60,
90, and 120min prior to protein extraction and analysis using Western blotting with the indicated antibodies. (B and C) To examine the efficacy of SHP2
inhibitor and siRNA, A549 cells were treated with the SHP2 inhibitor SHP099 (SHP) for 12 h prior to infection with WSN (MOI = 1) for 30min or transfected
with siRNA corresponding to SHP2 (siSHP2) or scrambled control siRNA (siCtrl) for 24 h. The cell lysates were analyzed by Western blotting with the
indicated antibodies. The titer of WSN was determined by plaque assay at 8, 16, and 24 h postinfection (MOI = 1) after pretreatment of cells with 10mM
SHP099 for 12 h (D) or 120 nM siSHP2 for 24 h (E). A549 cells were pretreated with 10mM SHP099 for 12 h, followed by PR8 (F) or CA04 (G) infection
(MOI = 1) for 15 h, and then the culture supernatants were subjected to plaque assay to determine the virus titer. In mouse experiments, BALB/c mice were
treated with SHP099 for 3 days prior to infection with WSN. At 24 h postinfection, lung homogenates of the mice (n= 4 per group; three independent
experiments) were collected for assessing the phosphorylation status of SHP2 (H), the IAV NP mRNA level (I), and the virus titer (J). Data are means and SD.
*, P, 0.05; **, P, 0.01; ***, P, 0.001.
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FIG 6 Inhibition of IAV-induced SHP2 activation upregulates the expression of innate immunity-related genes. A549 cells were treated with 10 mM
SHP099 (SHP) for 12 h, followed by infection with WSN (A and B), PR8 (C), or CA04 (D) (MOI = 1). A549 cells were transfected with siRNA corresponding
to SHP2 (siSHP2) or scrambled control siRNA (siCtrl) at 120 nM for 24 h prior to WSN infection (MOI = 1) (F and G). After infection for 8 h, total RNA
samples were harvested and subjected to qRT-PCR for assessing the levels of IFN and ISG mRNA. Following inhibition (E) and knockdown (H) of SHP2,
IFN-b and IL-29 levels in the culture supernatants collected at 15 h after WSN infection were measured by ELISA. Data are means and SD. *, P, 0.05; **,
P, 0.01.
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EGFR using siRNA enhanced the expression of type I and type III IFNs and ISGs and
reduced the level of virion production during infection (Fig. 2 to 4), suggesting that
IAV escapes from IFN-mediated antiviral immunity by activating the EGFR pathway.
Our observation in IAV is in agreement with the previous findings in other viruses. For
example, rhinovirus and respiratory syncytial virus infections induce the activation of
EGFR, decreasing IRF-1-mediated IFN-l expression and increasing the virus production
(13, 42). Porcine epidemic diarrhea virus infection or hepatitis C virus infection acti-
vates the EGFR/STAT3 signaling, downregulating the expression of type I IFN and ISGs
(43, 44). Hepatitis B virus provokes the expression of EGFR and amphiregulin, a mem-
ber of the EGF family, in intrahepatic regulatory T cells, which contributes to inhibiting
CD81 T cell proliferation and antiviral activity (45); EGFR expression in hepatocytes is
regulated by hepatitis B virus-encoded X gene product (HBx) (50, 51). The antiviral ac-
tivity of the helicase DDX60, which carries out viral RNA degradation, is reduced along
with EGFR activation in the presence of hepatitis C virus (46). In addition to host immu-
nity, overexpression of EGFR commonly exists in nasopharyngeal and hepatocellular
carcinomas harboring Epstein-Barr virus and hepatitis C virus, respectively (52, 53), and
its hyperactivity elicited by severe acute respiratory syndrome coronavirus results in
the progression to pulmonary fibrosis (54). Taking these findings into account, EGFR is
strongly implicated in viral immune evasion and pathogenesis.

FIG 7 SHP2 is involved in EGFR-mediated activation of ERK. (A) A549 cells were serum starved for 12 h and
then treated with 10 ng/ml EGF for 0, 5, 10, 15, 30, and 60min. The cell lysates were harvested and subjected
to Western blotting with the indicated antibodies. (B and C) After transfection with siRNA corresponding to
SHP2 (siSHP2) or scrambled control siRNA (siCtrl) at 120 nM for 24 h, A549 cells were infected with WSN
(MOI = 1) or treated with 10 ng/ml EGF for 30min, and the protein extracts were analyzed by Western blotting
with the indicated antibodies. (D and E) A549 cells were pretreated with 1mM afatinib (Afa), 10mM SHP099
(SHP), or 10mM U0126 for 12 h and then infected with WSN (MOI = 1) or stimulated with 10 ng/ml EGF for
30min. After incubation, the cell lysates were harvested and subjected to Western blotting with the indicated
antibodies.

Wang et al. Journal of Virology

March 2021 Volume 95 Issue 6 e02001-20 jvi.asm.org 10

https://jvi.asm.org


FIG 8 Activated SHP2 is required for ERK activation and promotes IAV replication. (A) A549 cells were transiently transfected with empty vector (EV), wild-
type SHP2 (WT), or a constitutively active SHP2 mutant (EK) for 24 h, followed by protein extraction and analysis using Western blotting with the indicated
antibodies. (B) A549 cells harboring EV, WT, or EK were pretreated with or without 1mM afatinib (Afa) for 12 h and then infected with WSN or PR8

(Continued on next page)
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EGFR orchestrates a complex network through diverse intermediates, including
MAPK/ERK, phosphoinositide 3-kinase (PI3K)/Akt, JAK/STAT, protein kinase C (PKC), and
phospholipase Cg (PLCg), which is involved in multiple cell functions (55). To address
which effector downstream of EGFR is required for IAV immune evasion, and host
innate immunity in particular, U0126, a selective inhibitor that inhibits activation of
MAPK, was employed. The results showed that U0126 treatment resulted in an obvious
upregulation of the immune activity mediated by IFNs and subsequent suppression of
viral replication (Fig. 2 and 3), whereas inhibition of PI3K/Akt or nuclear factor κB (NF-
κB) had no such effects (data not shown). Furthermore, IAV-induced phosphorylation
of ERK was drastically attenuated by treatment with the EGFR inhibitor (Fig. 1, 2, 7, and
8). Thus, these results indicate that ERK signaling is the target of EGFR, being crucial for
IAV escaping from the innate immunity. A previous study has shown that administra-
tion of purpurquinone B, an antiviral agent, is able to reduce the production of IAV viri-
ons and inflammatory factors, such as tumor necrosis factor alpha (TNF-a), IL-6,
RANTES, and keratinocyte-derived chemokine (KC), by blocking the ERK and NF-κB
pathways (18). EGFR-induced activation of ERK also increases MUC5AC secretion for
clearance of adherent IAV from the epithelium (16). In addition, IAV endocytosis is sup-
pressed by inhibiting EGFR downstream molecules, PI3K/Akt and NF-κB, by fucoidan
KW treatment (19). Collectively, IAV has the capacity to trigger multiple functional out-
comes by initiating different signals downstream of EGFR.

The biological significance of SHP2 has been extensively studied in the field of tu-
morigenesis, but the role of SHP2 in the virus life cycle is poorly understood. Early
research showed that costimulation with envelope proteins of hepatitis C virus and
human immunodeficiency virus, E2 and gp120, respectively, in hepatocytes concert-
edly activates p38 and SHP2, which enhances liver injury by AP-1-mediated upregula-
tion of IL-8 (56). SHP2, while being activated by infection with human cytomegalovirus,
directly interacts with STAT1 and in turn inhibits the phosphorylation of STAT1 induced
by IFN-g (57). Moreover, Kaposi’s sarcoma-associated herpesvirus vGPCR initiates acti-
vation of ERK, NF-κB, and AP-1, which requires the participation of SHP2, for exacerbat-
ing tumor progression (58, 59). In peripheral blood CD41 T cells from simian immuno-
deficiency virus-infected rhesus macaques, the suppressed Th17 expression is
associated with upregulation of several cellular regulators, including SHP2 (60). In the
present study, we found that IAV infection induced the phosphorylation of SHP2, and
inhibition of SHP2 reduced the production of infectious virions, which was likely attrib-
utable to the upregulated expression of IFNs and ISGs in cells (Fig. 5 and 6). Higher
expression levels of innate immunity-related genes were also observed in mice upon
administration of SHP2 inhibitor (data not shown). In contrast, ectopic expression of
constitutively activated SHP2 increased the virus titer (Fig. 8). Of note, a recent study
showed that mice with SHP2 deficiency have an enhanced susceptibility to postin-
fluenza Staphylococcus aureus infection due to overproduction of type I IFNs but show
no apparent effect on influenza virus production (61). The infectious dose in the earlier
work was 200 PFU, which is much lower than the dose we used for challenging mice
(Fig. 5). Therefore, these observations imply that SHP2 activation upon IAV infection is
able to attenuate the antiviral innate immunity.

SHP2 functions as a signal transducer between receptor tyrosine kinases and their
downstream signaling molecules, such as MAPK/ERK, PI3K/Akt, and STAT, which modu-
lates cell proliferation, apoptosis, differentiation, DNA damage and replication, and
drug resistance (29, 62, 63). Here, we noticed that IAV infection triggered the phospho-
rylation of EGFR and the downregulation of IFNs and ISGs (Fig. 1, 3, and 4). To explore
the possible mechanism by which EGFR mediates viral immune evasion, the MAPK/ERK

FIG 8 Legend (Continued)
(MOI = 1) for 30min. After infection, the cell lysates were harvested and subjected to Western blotting with the indicated antibodies. (C) A549 cells
harboring EV, WT, or EK were infected with WSN (MOI = 1). The culture supernatants were collected at 15 h postinfection, and the virus titer was
determined by plaque assay. (D) A549 cells harboring EV, WT, or EK were infected with WSN (MOI = 1) for 8 h. Total RNA was extracted after infection, and
the mRNA levels of IFNs and ISGs were assessed by qRT-PCR. Data are means and SD. *, P, 0.05; **, P, 0.01.
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and PI3K/Akt pathways downstream of EGFR were examined. We found that inhibition
of ERK (Fig. 3), but not PI3K (data not shown), enhanced the expression of IFNs and
ISGs. Knockdown of SHP2 resulted in reduced phosphorylation of ERK in response to
viral infection or EGF stimulation, whereas overexpression of SHP2 exhibited the oppo-
site effect (Fig. 7 and 8), demonstrating that the MAPK/ERK signaling is a key target
downstream of SHP2 and crucial for IAV infection. Furthermore, inhibition of EGFR
abrogated the phosphorylation of both of SHP2 and ERK (Fig. 7 and 8). These results
support the idea that SHP2 is a critical signal transducer between EGFR and ERK during
IAV infection. In this study, we also noticed that inhibition or knockdown of SHP2
enhanced the expression of phosphorylated STAT1 during the early course of IAV
infection (data not shown). However, the association between SHP2-induced STAT1
activation and innate immunity against IAV remains unclear and is worthy of further
investigation. In comparison to HBx-mediated SHP2 expression via NF-κB transcription,
which participates in the regulation of the EGFR/ERK signaling in liver fibrogenesis (64),
we found here that IAV infection increased the phosphorylation level rather than the
total protein level of SHP2 (Fig. 5). Taken together, our results indicate that IAV medi-
ates the EGFR/ERK pathway for escaping host innate immunity through activation of
SHP2.

MATERIALS ANDMETHODS
Viruses and cells. Influenza viruses A/WSN/33 (H1N1) (WSN), A/Puerto Rico/8/1934 (H1N1) (PR8),

and A/California/04/2009 (H1N1) (CA04) were propagated in specific-pathogen-free embryonated
chicken eggs as previously described (65, 66). The virus titer was determined by plaque assay using
Madin-Darby canine kidney (MDCK) cells (67). For viral infection, cells were infected with viruses at a
multiplicity of infection (MOI) of 1 in Dulbecco’s modified Eagle’s medium (DMEM; HyClone) containing
2mg/ml TPCK (L-1-tosylamido-2-phenylethyl chloromethyl ketone)-treated trypsin, 100 U/ml penicillin,
and 100mg/ml streptomycin for 1 h at 37°C. After adsorption, the supernatant was aspirated, and then
the cells were washed with phosphate-buffered saline (PBS) to remove noninternalized viral particles
and cultured in fresh DMEM containing 2mg/ml trypsin for subsequent analysis. Adenocarcinomic
human alveolar basal epithelial cells, A549 cells, and MDCK cells obtained from the American Type
Culture Collection (ATCC) were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, Thermo Fisher Scientific), 2mM glutamine, 100 U/ml penicillin, and 100mg/ml strep-
tomycin at 37°C in a 5% CO2 humidified atmosphere.

Drug treatment. For inhibition of protein activity, cells were treated with the EGFR inhibitor afatinib
(Selleck), the SHP2 inhibitor SHP099 (Selleck), the ERK inhibitor U0126 (Selleck), or dimethyl sulfoxide
(DMSO) as a vehicle control for 12 h, and then the cells were infected with IAV for 0.5, 8, 15, 16, or 24 h
in the presence of inhibitors. For EGF stimulation, cells were serum starved for 12 h prior to addition of
EGF (Novoprotein) for 0, 5, 10, 15, 30, and 60 min.

RNA interference, plasmid construction, and transfection. For gene knockdown, EGFR small inter-
fering RNA (siRNA) (no. sc-29301), SHP2 siRNA (no. sc-36488), and their scrambled control siRNAs (no. sc-
37007) were purchased from Santa Cruz Biotechnology. For ectopic expression, the total RNA acquired
from cells with a total RNA kit (Omega Bio-tek) was reverse transcribed into cDNA using ReverTra Ace
qPCR RT master mix (Toyobo), and the coding region of the SHP2 gene, according to the recently
updated sequence available in NCBI GenBank (accession no. NM_002834.5), was amplified by PCR. The
amplicon was cloned into the eukaryotic expression vector pFLAG-CMV-5a at the BamHI and EcoRI clon-
ing sites. Lysine substitution of the glutamic acid residue at amino acid 76 of SHP2 generated a constitu-
tively active gain-of-function mutant by site-directed mutagenesis using a fast mutagenesis kit
(Vazyme). Cells were transfected with siRNAs or plasmids using Lipofectamine 2000 according to the
manufacturer’s instructions (Invitrogen). At 24 h posttransfection, the cells were infected with IAV or
stimulated with EGF, followed by further analysis. The primer sequences are listed in Table 1.

Western blotting. Cell extracts were harvested in cell lysis buffer (Cell Signaling Technology) for
30min on ice and then centrifuged at 12,000� g for 15min at 4°C to collect the supernatants. The
lysates were mixed with a sample buffer (Solarbio), followed by heat treatment at 95°C for 5min. The
samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred
onto Immobilon-NC membranes (Merck) at 250mA for 120min in a cold room. The membrane was
soaked in 5% skim milk at room temperature for 1 h. After blocking, the membrane was incubated with
primary antibodies specific to EGFR, phospho-EGFR (Y1068), SHP2, phospho-SHP2 (Y542), ERK, phospho-
ERK (T202/Y204) (Cell Signaling Technology), b-actin, and Flag (TransGen) at 4°C overnight prior to treat-
ment with horseradish peroxidase-conjugated goat anti-mouse and -rabbit IgG at room temperature
incubation for 1.5 h. The protein band was developed with NcmECL Ultra Reagent (NCM Biotech) and
detected using a FluorChem M imaging system (ProteinSimple).

Plaque assay. MDCK cells were seeded in 12-well plates overnight and then incubated with serial
dilutions of culture supernatants for 2 h. After incubation, the cells were washed and overlaid with
DMEM containing 0.6% low-melting-point agarose and 2mg/ml TPCK-trypsin at 4°C for 30min.
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Following this, the plates were placed upside down at 37°C for a further 72 h. Visible plaques were
counted for virus titer determination.

Ethics statement. All animal experiments in this study were carried out in accordance with the
Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State
Council of People’s Republic of China. The animal protocol was reviewed and approved by the Research
Ethics Committee of College of Animal Sciences (College of Bee Science), Fujian Agriculture and Forestry
University (permit number PZCASFAFU2017003).

Mouse experiment. Female BALB/c mice (5 to 6weeks old, 18 to 20 g) were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. Mice were treated with the orally bioavailable SHP2 inhibitor
SHP099 (75mg/kg/day) via an intragastric route for 3 days, and then the mice were anaesthetized and
inoculated intranasally with 5� 104 PFU of WSN. At 24 h postinfection, lung tissues were excised from
the mice after euthanization and collected for further analysis.

Quantitative reverse transcription-PCR. Total RNA was isolated from cells using a total RNA kit
(Omega Bio-tek) and then reverse transcribed into cDNA with a ReverTra Ace qPCR RT master mix
(Toyobo). The cDNA samples were mixed with primers and SYBR green master Rox (TransGen). The qPCR
was performed using a LightCycler 96 instrument (Roche) with the following cycling program: initial
denaturation at 94°C for 30 s and 45 cycles of denaturation at 94°C for 5 s, annealing at 58°C for 15 s,
and extension at 72°C for 10 s. The primer sequences are listed in Table 1.

Cytokine release assay. Culture supernatants were collected at 15 h after virus infection, and the
levels of IFN-b and IL-29 were measured with an IFN-b enzyme-linked immunosorbent assay (ELISA) kit
(Elabscience) and IL-29 ELISA kit (Cusabio), respectively, according to the manufacturer’s protocols.

Statistical analysis. Statistical analysis was performed using Student’s t test. A P value of less than
0.05 was considered statistically significant.
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