
Citation: Ning, H.; Chiu, S.-H.; Xu,

X.; Ma, Y.; Chen, J.-L.; Yang, G. The

Immunosuppressive Roles of PD-L1

during Influenza A Virus Infection.

Int. J. Mol. Sci. 2023, 24, 8586.

https://doi.org/10.3390/

ijms24108586

Academic Editors: Mattia Mori and

Ilaria Vicenti

Received: 3 April 2023

Revised: 27 April 2023

Accepted: 3 May 2023

Published: 11 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

The Immunosuppressive Roles of PD-L1 during Influenza A
Virus Infection
Hongya Ning †, Shih-Hsin Chiu †, Xiaodong Xu, Yanmei Ma, Ji-Long Chen and Guihong Yang *

Key Laboratory of Animal Pathogen Infection and Immunology of Fujian Province, College of Animal
Sciences (College of Bee Science), Fujian Agricultural and Forestry University, Fuzhou 350002, China
* Correspondence: yangguihong@fafu.edu.cn
† These authors contributed equally to this work.

Abstract: The clinical benefits of targeting programmed death-ligand 1 (PD-L1) in various cancers
represent a strategy for the treatment of immunosuppressive diseases. Here, it was demonstrated that
the expression levels of PD-L1 in cells were greatly upregulated in response to H1N1 influenza A virus
(IAV) infection. Overexpression of PD-L1 promoted viral replication and downregulated type-I and
type-III interferons and interferon-stimulated genes. Moreover, the association between PD-L1 and
Src homology region-2, containing protein tyrosine phosphatase (SHP2), during IAV/H1N1 infection
was analyzed by employing the SHP2 inhibitor (SHP099), siSHP2, and pNL-SHP2. The results
showed that the expressions of PD-L1 mRNA and protein were decreased under SHP099 or siSHP2
treatment, whereas the cells overexpressing SHP2 exhibited the opposite effects. Additionally, the
effects of PD-L1 on the expression of p-ERK and p-SHP2 were investigated in PD-L1-overexpressed
cells following WSN or PR8 infection, determining that the PD-L1 overexpression led to the decreased
expression of p-SHP2 and p-ERK induced by WSN or PR8 infection. Taken together, these data reveal
that PD-L1 could play an important role in immunosuppression during IAV/H1N1 infection; thus, it
may serve as a promising therapeutic target for development of novel anti-IAV drugs.

Keywords: programmed death ligand 1; influenza A virus H1N1 subtype; SHP2; inflammation; virus
replication; cytokines

1. Introduction

Influenza A virus (IAV) is a top global threat to public health, causing severe pneu-
monia. IAV infection motivates host innate immune responses, including expression of
type-I and type-III interferons (IFNs), through manifold signal transduction pathways,
such as pathogen recognition receptor-mediated signaling [1–8]. Upon the recognition of
viral pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors
(PRRs), inflammatory cytokines, including interleukin-1β (IL-1β), IL-6, and tumor necrosis
factor alpha, are produced in hosts in response to IAV infection [5,9–14]. Although these
cytokines play critical antiviral roles in the first line of host defense against IAV infection,
excessive inflammatory responses to IAV infection can lead to viral pathogenesis [9,12]. In
the past decades, many strategies to achieve sustained viral replication have been observed,
such as employing mitogen-activated protein kinase/extracellular signal regulated kinase
(MAPK/ERK) and signal transducer and activation of transcription (STAT)-mediated sig-
naling [15–23]. However, the mechanisms underlying the immunosuppressive activities of
IAV remain poorly understood.

Immune evasion is a survival strategy for cancers, taking advantage of molecular sig-
naling such as by upregulating the programmed death ligand 1 (PD-L1) and Src homology
region-2, containing protein tyrosine phosphatase (SHP2). PD-L1 is a type-I transmembrane
protein and is also known as B7-H1 or CD274 [24]. It consists of an extracellular domain
(ECD), a transmembrane domain (TMD), and a cytoplasmic domain (CD) [20,21,25]. As an
important immune checkpoint, high expression of PD-L1 is detected in various immune
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cells and cancer cells, and PD-L1 can be transported into the nucleus and then participates
in regulating gene transcription, which is involved in interferon signaling [18,26], NF-
kB signaling [19,27,28], immune checkpoints [19,22,23,29–31], and inflammation [31–33].
In the context of cancers, PD-L1 binding to PD-1 on tumor-specific cytotoxic T lympho-
cytes (CTLs) can recruit SHP2 to the C-terminal of the PD-1 intracellular domain, leading,
subsequently, to the inhibition of downstream PI3K/Akt signaling, which would down-
regulate cell survival gene BCL-XL expression and result in the dysfunction or apoptosis
of T cells [21,34–36]. Antagonizing the PD-L1/PD-1 interaction can revert the exhausted
phenotype of T cells and allows for the efficient killing of cancer cells [22,23,37–40]. These
phenomena demonstrate the importance of PD-L1 signaling in cancer progression, but
the immunosuppressive potential of PD-L1 in response to viral infection is still not clear,
especially IAV. Recently, Wang et al. have found that SHP2 not only enables to induce ERK
phosphorylation but also functions as a negative factor in the activation of p-STAT1 [35].
These results disclosed that SHP2 is crucial for the suppression of host antiviral response.
Thus, SHP2 depletion may be an effective approach against IAV infection. Based on these
observations, further studies are needed to investigate whether SHP2 can mediate the
activities of PD-L1 in response to IAV infection. The brilliant success achieved by targeting
PD-L1 in cancer treatment provides a promising route for the development of anti-IAV
immunotherapy. However, few studies have exploited the potential of PD-L1 in immune
evasion in response to IAV infection.

In this study, we aimed to explore the role of PD-L1 in host innate immune responses
to IAV/H1N1 infection. Here, we found that PD-L1 was profusely expressed in IAV-
infiltrating cells and played a critical role in limiting anti-IAV/H1N1 immunity. Further-
more, the expression of PD-L1 can be regulated by SHP2 activation. These findings reveal
the regulation of PD-L1 during IAV infection and provide an extensive understanding of
viral immune evasion.

2. Results
2.1. The Expression of PD-L1 Expression Is Up-Regulated in IAV/H1N1-Infected A549 Cells

To assess whether IAV infiltrating non-immune cells can express PD-L1, we examined
the expression levels of PD-L1 in A549 cells infected with IAV WSN and PR8. In com-
parison to the cells without WSN or PR8 infection, mRNA and protein levels of PD-L1
were profusely expressed in WSN- or PR8-infected A549 cells. Meanwhile, the viral NP
expression was also increased (Figures 1 and 2). Therefore, these results demonstrate that
IAV infection can trigger the expression of PD-L1 in A549 cells.
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Figure 1. Robust expression of PD-L1 is induced by WSN infection. A549 cells were infected with or 

without WSN (MOI = 1) for 0, 4, 6, 8, 12, 18, and 24 h, and then the expression levels of PD-L1 mRNA 

were determined by RT-PCR (A) and qRT-PCR (B). The expression levels of PD-L1 protein were 

examined by Western blotting (C). GAPDH and β-actin were used as internal standards. Three 

independent experiments were performed. * p < 0.05; ** p < 0.01; *** p < 0.001. 

Figure 1. Robust expression of PD-L1 is induced by WSN infection. A549 cells were infected with
or without WSN (MOI = 1) for 0, 4, 6, 8, 12, 18, and 24 h, and then the expression levels of PD-L1
mRNA were determined by RT-PCR (A) and qRT-PCR (B). The expression levels of PD-L1 protein
were examined by Western blotting (C). GAPDH and β-actin were used as internal standards. Three
independent experiments were performed. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 2. Robust expression of PD-L1 is induced by PR8 infection. A549 cells were infected with or 

without PR8 (MOI = 1) for 0, 4, 6, 8, 12, 18, and 24 h, and then the expression levels of PD-L1 mRNA 

were determined by RT-PCR (A) and qRT-PCR (B). The expression levels of PD-L1 were examined 

by Western blotting (C). GAPDH and β-actin were used as internal standards. Three independ-

ent experiments were performed.  

2.2. Overexpression of PD-L1 Facilitates IAV/H1N1 Infection 

To investigate the potential roles of PD-L1 in response to IAV/H1N1 infection, the 

effects of PD-L1 on the virus replication in A549 cells were analyzed. PD-L1-overex-

pressed cells were generated from A549 cells after transfection with pNL-PD-L1, and the 

control cells were transfected with pNL-EV. Then, the cells were infected with WSN. The 

mRNA levels of PD-L1 and NP in A549 cells were examined using RT-PCR and qRT-PCR. 

As shown in Figure 3, the PD-L1 overexpression caused a significant increase in NP ex-

pression, compared with the controls. Consistent with the change in the NP expression, 

the virus titer was significantly increased in cells overexpressing PD-L1. Meanwhile, the 

Figure 2. Robust expression of PD-L1 is induced by PR8 infection. A549 cells were infected with or
without PR8 (MOI = 1) for 0, 4, 6, 8, 12, 18, and 24 h, and then the expression levels of PD-L1 mRNA
were determined by RT-PCR (A) and qRT-PCR (B). The expression levels of PD-L1 were examined
by Western blotting (C). GAPDH and β-actin were used as internal standards. Three independent
experiments were performed. ** p < 0.01; *** p < 0.001, **** p < 0.0001.

2.2. Overexpression of PD-L1 Facilitates IAV/H1N1 Infection

To investigate the potential roles of PD-L1 in response to IAV/H1N1 infection, the
effects of PD-L1 on the virus replication in A549 cells were analyzed. PD-L1-overexpressed
cells were generated from A549 cells after transfection with pNL-PD-L1, and the control
cells were transfected with pNL-EV. Then, the cells were infected with WSN. The mRNA
levels of PD-L1 and NP in A549 cells were examined using RT-PCR and qRT-PCR. As
shown in Figure 3, the PD-L1 overexpression caused a significant increase in NP expression,
compared with the controls. Consistent with the change in the NP expression, the virus
titer was significantly increased in cells overexpressing PD-L1. Meanwhile, the replication
of PR8 in A549 cells was measured. Similarly, the PD-L1 overexpression significantly
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increased the expression of NP mRNA and the virus titer in A549 cells after virus infection
(Figure 4). These results suggest that up-regulation of PD-L1 is required for IAV infection.
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Figure 3. Overexpression of PD-L1 induces NP expression and IAV replication. The expression
levels of PD-L1 and NP mRNA in A549 cells were detected by RT-PCR (A) and qRT-PCR (B) after
infection with WSN (MOI = 1) at 8 h. After infection with or without WSN (MOI = 1) at 18 h, the
supernatants were collected, and the virus titer was detected by plaque assay (C). GAPDH was
used as an internal standard. Three independent experiments were performed for each incubation.
** p <0.01; *** p < 0.001.
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standard. Three independent experiments were performed for each incubation.*** p < 0.001. 

2.3. PD-L1 Inhibits Host Innate Immunity against IAV/H1N1 
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IAV infection, we analyzed the expression levels of innate immunity-related genes, in-

cluding IFN-β, IL-29, ISG15, and MxA, in cells overexpressing PD-L1 during WSN or PR8 

infection. The ectopic expression of PD-L1 in A549 cells exhibited a significant down-reg-

ulation in WSN-induced IFN-β, IL-29, ISG15, and MxA expression, compared with the 

control cells (Figure 5). As expected, the similar diminished expression levels of IFN-β, IL-

29, ISG15, and MxA were also observed in PD-L1-overexpressed cells upon PR8 infection 

(Figure 6). These results indicate that induction of PD-L1 can suppress the host innate 

immunity by negatively regulating the expression of type-I and type-III IFNs and ISGs, thus 

facilitating IAV infection. 

Figure 4. Overexpression of PD-L1 induces NP mRNA expression and IAV replication. A549 cells
were infected with PR8 (MOI = 1) for 8 h, and the mRNA levels of PD-L1 and NP were measured
by RT-PCR (A) and qRT-PCR (B). After infection with PR8 (MOI = 1) at 8 h, the supernatants were
collected, and plaque assay was used to detect virus titers (C). GAPDH was used as an internal
standard. Three independent experiments were performed for each incubation.*** p < 0.001.

2.3. PD-L1 Inhibits Host Innate Immunity against IAV/H1N1

To further explore the function of PD-L1 in suppressing host antiviral responses to IAV
infection, we analyzed the expression levels of innate immunity-related genes, including
IFN-β, IL-29, ISG15, and MxA, in cells overexpressing PD-L1 during WSN or PR8 infection.
The ectopic expression of PD-L1 in A549 cells exhibited a significant down-regulation in
WSN-induced IFN-β, IL-29, ISG15, and MxA expression, compared with the control cells
(Figure 5). As expected, the similar diminished expression levels of IFN-β, IL-29, ISG15,
and MxA were also observed in PD-L1-overexpressed cells upon PR8 infection (Figure 6).
These results indicate that induction of PD-L1 can suppress the host innate immunity by
negatively regulating the expression of type-I and type-III IFNs and ISGs, thus facilitating
IAV infection.
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Figure 5. Overexpression of PD-L1 regulates the expression of cytokines during WSN infection.
A549 cells bearing pNL-PD-L1 or pNL-EV were infected with or without WSN (MOI = 1) for 8 h.
The expression levels of IFN-β, IL-29, ISG15, and MxA mRNAs in these cells were examined by
RT-PCR (A) and qRT-PCR (B–E). GAPDH was used as an internal standard. Three independent
experiments were performed for each incubation. *** p < 0.001.
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Figure 6. Overexpression of PD-L1 regulates the expression of cytokines during PR8 infection. A549
cells bearing pNL-PD-L1 or pNL-EV were infected with or without PR8 (MOI = 1) for 8 h. The mRNA
expression levels of IFN-β, IL-29, ISG15, and MxA in these cells were examined by RT-PCR (A) and
qRT-PCR (B–E). GAPDH was used as an internal standard. Three independent experiments were
performed for each incubation.** p < 0.01; *** p < 0.001.

2.4. SHP2 Regulates PD-L1 Expression and Viral Replication during IAV/H1N1 Infection

To understand the specific function of PD-L1 in response to IAV infection, it is im-
portant to analyze the association between PD-L1 and SHP2 upon WSN or PR8 challenge.
The allosteric small molecular inhibitor of SHP2, SHP099, was employed to treat A549
cells prior to virus infection, and it was observed that the expressions of PD-L1 and NP
were inhibited by SHP099 treatment (Figures 7 and 8). Further, the A549 cells lacking
or overexpressing SHP2 were generated to examine the expression of PD-L1 and viral
replication after WSN or PR8 infection. These results showed that the expressions of PD-L1
and NP in both mRNA and protein levels were significantly decreased after knockdown of
SHP2 (Figures 9 and 10), whereas overexpression of SHP2 exhibited the opposite effects
(Figures 11 and 12). These observations demonstrate that SHP2 can regulate the expression
of PD-L1, which is required for IAV replication.
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Figure 7. SHP2 regulates the expression of PD-L1 and NP in response to WSN infection. Probe
detection in A549 cells was performed with SHP099, an allosteric small molecule inhibitor of SHP2,
and the cells were infected with or without WSN (MOI = 1) for 8 h. Decreased mRNA levels of PD-L1
and NP driven by SHP099 treatment were observed using RT-PCR(A) and qRT-PCR (B,C). Western
blotting showed the decreased expression levels of PD-L1 and NP proteins after WSN (MOI = 1)
infection at 18 h (D). GAPDH and β-actin were used as internal standards. Three independent
experiments were performed for each incubation. ** p < 0.01; *** p < 0.001.
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Figure 8. SHP2 regulates the expression PD-L1 and NP in response to PR8 infection. Probe detection
in A549 cells was performed with SHP099, an allosteric small molecule inhibitor of SHP2, and the cells
were infected with or without PR8 (MOI = 1) for 8 h. Decreased expression levels of PD-L1 and NP
mRNAs driven by SHP099 treatment were observed using RT-PCR (A) and qRT-PCR (B,C). Western
blotting showed the decreased expression levels of PD-L1 and NP proteins after PR8 (MOI = 1)
infection at 18 h (D). GAPDH and β-actin were used as internal standards. Three independent
experiments were performed for each incubation. *** p < 0.001.
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Figure 9. Targeted disruption of SHP2 inhibits PD-L1 and NP expression during WSN infection.
A549 cells bearing siSHP2 or siCtrl were infected with or without WSN (MOI = 1) for 8 h. The
decreased mRNA expression levels of PD-L1 and NP in these cells were detected by RT-PCR (A) and
qRT-PCR (B,C). With or without WSN (MOI = 1) infection for 18 h, Western blotting showed decreased
expression levels of PD-L1 and NP protein, and decreased phosphorylation of SHP2 (D). GAPDH
and β-actin were used as internal standards. Three independent experiments were performed for
each incubation. ** p < 0.01.
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Figure 10. Targeted disruption of SHP2 inhibits PD-L1 and NP expression during PR8 infection. A549
cells bearing siSHP2 or siCtrl were infected with or without PR8 (MOI = 1) infection for 8 h. The
decreased mRNA expression levels of PD-L1 and NP in these cells were detected by RT-PCR (A) and
qRT-PCR (B,C). With or without PR8 (MOI = 1) infection for 18 h, Western blotting showed decreased
expression levels of PD-L1 and NP protein and decreased phosphorylation of SHP2 (D). GAPDH and
β-actin were used as internal standard. Three independent experiments were performed for each
incubation. * p < 0.05; ** p < 0.01.
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Figure 11. Overexpression of SHP2 promotes the expression of PD-L1 and NP during WSN infection.
A549 cells were infected with or without WSN (MOI = 1) for 8 h after transfection of pNL-SHP2
or pNL-EV. Increased mRNA expression levels of PD-L1 and NP in these cells were detected by
RT-PCR (A) and qRT-PCR (B,C). With or without WSN (MOI = 1) infection for 18 h, Western blotting
showed increased expression levels of PD-L1 and NP proteins (D). GAPDH and β-actin were used as
internal standard. Three independent experiments were performed for each incubation. ** p < 0.01;
*** p < 0.001.
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Figure 12. Overexpression of SHP2 promotes the expression of PD-L1 and NP during PR8 infection.
A549 cells were infected with or without PR8 (MOI = 1) for 8 h after transfection of pNL-SHP2 or
pNL-EV. Increased mRNA expression levels of PD-L1 and NP in these cells were detected by RT-PCR
(A) and qRT-PCR (B,C). With or without PR8 (MOI = 1) infection for 18 h, Western blotting showed
the increased expression levels of PD-L1 and NP protein (D). GAPDH and β-actin were used as
internal standard. Three independent experiments were performed for each incubation. ** p < 0.01;
*** p < 0.001.
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2.5. PD-L1 Regulates Activities of the ERK Signaling during IAV Infection

Since SHP2 is able to mediate the PD-L1 expression, as well as the EGFR/ERK signal-
ing, we further investigated the effect of PD-L1 on the EGFR/ERK signaling. For this reason,
we examined the expression of p-ERK and p-SHP2 in A549 cells overexpressing PD-L1
following WSN or PR8 infection. The results showed that overexpression of PD-L1 led to
the decreased expression levels of p-SHP2 and p-ERK induced by WSN or PR8 infection
(Figure 13). These findings suggest that PD-L1 can negatively regulate the activities of the
ERK signaling pathway.
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L1 or pNL-EV were infected with or without WSN or PR8 (MOI = 1) for 18 h. The protein expression
levels of ERK, p-ERK, SHP2, p-SHP2, and NP were detected by Western blotting. β-actin was used as
internal standard. Three independent experiments were performed for each incubation.

3. Discussion

Although there remain many challenges in current clinical trials, targeting PD-L1
holds promise for the development of immune modulators to treat pulmonary damages
induced by virus infection. The discovery of these functions of PD-L1 in cancer progression
inspires us to assess the expression levels of PD-L1 and its potentials in viral pathogenesis.
To determine the role of PD-L1 in IAV infection, genetic and pharmacological approaches
were utilized in this study. The present results identified that PD-L1 plays a key role in
maintaining the immune tolerance during IAV/H1N1 infection.

PD-L1 has been identified as a biomarker of immune-checkpoint; the induction of
PD-L1 could be significantly induced both in normal immune cells and tumor-infiltrating
immune cells to evade host immune surveillances [17,18,25,29]. In addition, several studies
have shown that PD-L1 mediates pyroptosis in tumor cells [17,27], and pyroptosis is critical
for host macrophages against pathogenic microorganisms. IAV infection can regulate cell
pyroptosis [4,9,10] and trigger pulmonary inflammatory responses [10], which mediate
virus immune escape [4,12]; however, little is known about the function of PD-L1 in IAV
infection. The expression of PD-L1 is generally regulated by numerous inflammatory
factors [17,18,25,26]. In this study, the increased expressions of PD-L1 in both transcript and
protein levels were observed in A549 cells after PR8 and WSN infection. The expression lev-
els of IFN-β, IL-29, ISG15, and MxA were diminished in PD-L1-overexpressed cells during
WSN or PR8 infection, determining that PD-L1 mediates immunosuppression by negatively
regulating the expression of the cytokines induced by IAV infection. The results indicate
that the high levels of PD-L1 expression could also also detected in pathogen-infected
non-immune cells and imply that PD-L1 may play a potential role in the inflammatory
response during IAV/H1N1 infection. Moreover, the expression of PD-L1 in A549 cells
was highly associated with the activation of SHP2 upon IAV/H1N1 stimuli, which may
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be related to the development of diverse pulmonary diseases [30] and IAV infection [37].
Here, we found that the elevated expression of SHP2 can induce the expression of PD-L1 in
IAV/H1N1-infected cells, identifying the regulatory effect of SHP2 on PD-L1.

ERK pathway was reported to be a potential target for antiviral strategy of SARS-CoV-
2 [41–43]. IAV escapes from antiviral innate immunity by activating ERK signaling [35].
Whether the ERK pathway mediates the immunosuppression of PD-L1 during IAV in-
fection remains unclear. The phosphorylation of ERK could be induced by SHP2 [35].
In this study, the expressions of PD-L1 and NP, as well as viral replication in A549 cells,
were promoted in cells overexpressing SHP2. These results suggest that PD-L1 may be a
downstream factor of SHP2 during IAV/H1N1 infection, and the upregulation of PD-L1
by SHP2 could facilitate virus replication and evasion from the host immune surveillance.
Thus, it seems as though the ERK pathway could affect the function of PD-L1 during IAV
infection. Based on these observations, the regulation of PD-L1 on the activities of ERK
and SHP2 was further investigated. The expression of p-ERK and p-SHP2 were decreased
by overexpression of PD-L1 during WSN or PR8 infection, suggesting that PD-L1 could
negatively regulate the activity of ERK signaling and thus maintain the immune tolerance
in response to IAV infection. However, these results cannot exclude that the existence of
other signaling pathways could mediate the immunosuppressive role of PD-L1 upon WSN
or PR8 challenge.

Because of the limited number of effective drugs and vaccines, there is an urgent
need of a better understanding of the pathogenesis of IAV. This study determined that
elevated PD-L1 expression may act as a predictive biomarker of IAV infection and exhibit
a significant immunosuppressive function. Evidence has demonstrated the biological
significance of PD-L1 in pulmonary fibrosis, suggesting the potential of targeting PD-
L1 to control IAV/H1N1 infection in the future. However, there some challenges still
remain, such as the lack of predictive and prognostic biomarkers and immunotherapy-
related adverse effects. Therefore, understanding the molecular mechanism underlying
the regulation of PD-L1 expression will provide a new insight to improve the efficacy of
anti-PD-L1 therapy.

4. Materials and Methods
4.1. Cells, Virus Strains, Inhibitor, and Plasmids

293FT, A549, and MDCK cells were purchased from American Type Culture Collection
(ATCC). All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA), 100 units
of penicillin G, and 100 µg of streptomycin. All cells were cultured at 37 ◦C with 5% CO2 as
previously described [44,45]. The culture medium was changed every day. The cells were
passaged every three days with 0.05% trypsin-EDTA (25300-062, Gibco, USA) and seeded
at a split ratio of 1:3. After three passages, cells were used for further experiments.

Influenza virus H1N1 subtype strain A/Puerto Rico/8/1934 (H1N1) (PR8), and
A/WSN/22 (H1N1) (WSN) were propagated in specific-pathogen-free (SPF) chicken em-
bryos as previously described [37,46,47]. Viruses were then harvested and preserved at
−80 °C. Virus titers were determined using a standard plaque assay in MDCK cells as
described previously [38,44]. The titer of the virus stock was 6.5 × 106 PFU/mL.

SHP099 was purchased from SELLECK (S8278, Houston, TX, USA).
For ectopic expression, the total RNA acquired from cells with a total RNA kit (Omega

Bio-tek, Shenzhen, China) was reverse transcribed into cDNA using Rever Tra Ace qPCR
RT master mix (Q712-02, Vazyme, Nanjing, China), and the coding regions of the SHP2 and
PD-L1, according to the recently updated sequence available in NCBI GenBank (accession
No. NM_002834.5, NM_0012 67706.2), were amplified by PCR. The amplicon was cloned
into the eukaryotic expression vector pNL-EGFP/CMV/WPREdU3 at the Nhe I and Xho
I cloning sites. Amplification primers for SHP2 and PD-L1 were designed by NCBI and
synthesized by Shang ya Company, as shown in Table 1.
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Table 1. Primers used for RT-PCR and qRT-PCR.

Gene Name Sequence (5′–3′) of Primer

GAPDH-F TGGGTGTGAACCATGAGAAGT
GAPDH-R AAGGCCATGCCAGTGAGCTT

NP-F TCAAACGTGGGATCAATG
NP-R GTGCAGACCGTGCTAAAA

PD-L1-F GTTGTGGATCCAGTCACCTCT
PD-L1-R AATTGGTGGTGGTGGTCTTAC
SHP2-F GATTTTGTTCTTTCTGTGCG
SHP2-R TAAGGGGCTGCTTGAGTTGT
IFN-β-F GCTACAACTTGCTTGGATTCC
IFN-β-R TGTCCTTGAGGCAGTATTCA
IL-29-F TGCTGGTGACTTTGGTGCTA
IL-29-R TGTGGTGACAGAGATTTGAACC

ISG-15-F GCAACGAATTCCAGGTGTCC
ISG-15-R TTCGTCGCATTTGTCCACCA
MxA-F GTGCATTGCAGAAGGTCAGA
MxA-R CTGGTGATAGGCCATCAGGT

PD-L1-Nhe I TTTAGTGAACCGTCAGATCCGCTAGCATGAGGATATTTGCTGTCTTT
PD-L1-Xho I TTGTAATCCAGAGGTTGATTCTCGAGTTACGTCTCCTCCAAATGTGT
SHP2-Nhe I GTTTAGTGAACCGTCAGATCCGCTAGCATGACATCGCGGAGATGGTTTCA
SHP2-Xho I TTTGTAATCCAGAGGTTGATTCTCGAGTCATCTGAAACTTTTCTGCTGTT

4.2. RNA Interference

For all the experiments, A549 cell lines were transfected with the indicated siRNA at a
final concentration of 20 nM using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. SHP2 siRNA (No. CRH3904) and their
scrambled control siRNAs (No. CSR1000) were purchased from Cohesion Biotechnology.
PD-L1 siRNA and their scrambled control siRNAs were purchased from TSINGKE. Cells
were transfected with siRNAs or scrambled controls using Lipofectamine 2000, according to
the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The cells were maintained
for 72 h after siRNA transfection. For determination of the effects of SHP2 and PD-L1
depletion on viral replication, A549 cells were infected with IAV/H1N1/PR8 strain or WSN
strain at an MOI of 1 for 1 h in DMEM medium supplemented with 2% FBS and 0.5% PS.
The infectious medium was removed prior to adding a fresh medium (DMEM 5% FBS,
0.5% PS) at indicated time points. Viral RNA and infectious particles were then quantified.
To assess the knockdown efficiencies of siSHP2 and siPD-L1, RT-PCR, quantitative RT-PCR
(qRT-PCR) and Western blotting (WB) were performed.

4.3. Generation of Stable Cell Lines

Cell lines overexpressing SHP2, PD-L1, or empty vector (EV) were generated as
previously described [44]. The lentiviruses encoding the SHP2, PD-L1, or an EV were
produced in 293T cells by co-transfecting with pNL-EGFP/CMV/WPREdU3-SHP2 (pNL-
SHP2),pNL-EGFP/CMV/WPREdU3-PD-L1 (pNL-PD-L1), pNL-VSVG, and pNL-package.
The supernatants containing the lentiviruses were collected at 36 h post-transfection. RT-
PCR, qRT-PCR, and WB were performed to assess the overexpression efficiencies of SHP2
and PD-L1.

4.4. Virus Infection and Inhibitor Treatment

In vitro infection with WSN or PR8 was performed under biosafety levels (BSL-2)
laboratory conditions. A549 cells, siSHP2 cells, siPD-L1 cells, pNL-SHP2 cells, and pNL-
PD-L1 cells were seeded in 6-well plates at 37 ◦C in 5% CO2. When the cells reached
approximately 80–90% confluence, the cells were infected with the viruses at a multiplicity
of infection (MOI = 1) for 1 h at 37 ◦C under 5% CO2. After adsorption of 1 h, the
supernatants were aspired, and then the cells were washed with phosphate-buffered saline
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(PBS) and cultured in a fresh medium. The cells were harvested at 8 h post-infection (hpi)
for gene expression analysis by RT-PCR and qRT-PCR, and at 18 hpi for protein expression
analysis by WB. The supernatants were harvested at 18 hpi for virus titration by plaque
assay.

One hour after infection with the viruses, the cells were washed with PBS and cultured
in DMEM containing 2 µg/mL trypsin for the indicated time. Then, the cells were incubated
with 10 µM SHP099. The cells were harvested at 8 hpi for gene expression analysis by
RT-PCR and qRT-PCR and at 18 hpi for protein expression analysis by WB.

4.5. RT-PCR and qRT-PCR

Total RNA was isolated from cells at indicated time points using Trizol (Omega Bio-
tek, Shenzhen, China), according to the manufacturer’s instructions, and then reverse
transcribed into cDNA with M-MLV Reverse Transcriptase (Promega, Fitchburg, WI, USA).
The cDNA was analyzed by RT-PCR using rTaq DNA polymerase (Takara, Tokyo, Japan).
Amplicons from the RT-PCR reactions were separated on a 1.5% agarose gel, which was
stained with nucleic acid stain I (Roche Diagnostics, Mannheim, Germany), photographed,
and analyzed using the Gene Tools Analysis Software (Syngene, Cambridge, UK). The
cDNA was performed by qRT-PCR using a LightCycler 96 instrument (Roche). The qRT-
PCR data were presented as normalized ratios, which were calculated using ∆∆CT method
by LightCycler system and software (Roche, Basel, Switzerland). The human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal standard. The primer sequences
are listed in Table 1.

4.6. WB

Cell lysates were extracted from the samples harvested at 18 hpi. The lysates were
mixed with a sample buffer (Solarbio, Beijing, China) followed by heat treatment at 95 ◦C
for 5 min. The samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Bands were detected with primary antibodies specific to SHP2 (3397T, Cell Signaling
Technology, Danvers, MA, USA), phospho-SHP2 (Y542) (3751T, Cell Signaling Technology,
Cambridge, MA, USA), PD-L1 (3751T, Cell Signaling Technology), ERK (4695T, Cell Signal-
ing Technology, MA, USA), phospho-ERK (T202/Y204) (4370T, Cell Signaling Technology),
β-actin (R019, Transgen biotech, China), and anti-H1N1-NP (generated in our laboratory) at
4 ◦C overnight prior to incubation with horseradish peroxidase-conjugated goat anti-mouse
(125229, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or anti-rabbit IgG
(131879, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) incubation for 2 h.
The blots were developed using the FluorChem M Imaging System (Protein Simple, San
Jose, CA, USA). β-actin was used as a reference of internal standard.

4.7. Plaque Assay

WSN or PR8 titers were determined by plaque assay as described previously [37].
Briefly, the collected supernatants were serially diluted with DMEM and added to mono-
layers of MDCK cells at −80% confluence in a 6-well plate. After incubation for 1 h at
37 ◦C with 5% CO2, the supernatants were aspired, and the covering medium containing
5% agarose was then overlaid on the cells at 4 ◦C for 30 min. After coagulation of agarose,
the maintenance medium was added to the plates, and the plates were further incubated
for 3 days for plaque formation. Subsequently, the cells were fixed with 10% formalin
overnight and stained with crystal violet (1% w/v) for 30 min. Then, plaques were counted
and the plaque forming unit (PFU) was determined.

4.8. Statistical Analysis

Data are presented as means± SEM. Values were considered statically significant at
p ≤ 0.05. Statistical analysis was performed by one-way ANOVA using SPSS 21.0 (Chicago,
IL, USA).
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