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Influenza A Virus PA Antagonizes Interferon-β by Interacting with Interferon Regulatory Factor 3
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The influenza A virus (IAV) can be recognized by retinoic acid-inducible gene I (RIG-I) to activate the type I interferon response and induce antiviral effects. The virus has evolved several strategies to evade the innate immune response, including non-structural protein 1 (NS1) and its polymerase subunits. The mechanism by which NS1 inhibits interferon-β (IFN-β) is well understood, whereas the mechanism by which polymerase acid protein (PA) inhibits IFN-β remains to be elucidated. In this study, we observed that the IAV PA protein could inhibit the production of IFN-β and interferon-stimulated genes induced by Sendai virus through interferon regulatory factor 3 (IRF3), but not through nuclear factor-kappaB (NF-kappaB). In addition, PA inhibited IFN-β induction by RIG-I, melanoma differentiation-associated gene 5, mitochondria antiviral signaling protein, TANK-binding kinase 1, inhibitor of nuclear factor kappa-B kinase-ε (IKKε), and IRF3 overexpression. Furthermore, PA interacted with IRF3 to block its activation. The N-terminal endonuclease activity of PA was responsible for its interaction with IRF3 and inhibition of the IFN-β signaling pathway. In summary, our data reveal the mechanism by which IAV PA inhibits the IFN-β signaling pathway, providing a new mechanism by which the virus antagonizes the antiviral signaling pathway.
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INTRODUCTION

Type I interferon (IFN-I) is the first defense line of the host antiviral response and leads to broad-spectrum antiviral effects (1–4). Upon Influenza A virus (IAV) infection, viral RNA (vRNA) is recognized by pathogen recognition receptors (PRRs) and initiates the innate immune response. The activation of innate immunity leads to a cascade of downstream signaling pathways and results in the activation of IFN-I and a variety of inflammatory cytokines (5, 6). Both retinoic acid-inducible gene 1 (RIG-I) and melanoma differentiation-associated gene 5 (MDA-5) (5, 7–9) can recognize IAV RNA and bind to the mitochondria antiviral signaling protein (MAVS, also known as IPS-1), thereby activating TANK-binding kinase 1 (TBK-1) and inhibitor of nuclear factor kappa-B kinase (IKK). These recruits could lead to the activation of interferon regulatory factor 3 (IRF3) and nuclear factor-kappaB (NF-kappaB) (1, 10). Activation of IRF3 depends on the phosphorylation of five serine residues at its C-terminus, leading to its dimerization and nuclear localization (11) and initiating the transcription of IFN and IFN-induced genes (12, 13).

During IAV infection, polymerase acid protein (PA), PB1, and PB2, three components of the vRNA polymerase, are responsible for viral replication and transcription (14–17). To evade the antiviral response of the host immunity, IAV has developed a series of mechanisms to antagonize IFNs. It has been reported that the IAV polymerases could inhibit interferon-β (IFN-β) expression (18–20). PB2 and PB1 could interact with MAVS and independently inhibit IFN-β promoter activation (21). PB2-588I could exacerbate PB2 inhibition of IFN-β and contribute to high virulence (22). In addition, the non-structural protein 1 (NS1) binds to tripartite motif containing 25 (TRIM25) and blocks the recognition of host RIG-I, inhibiting IFN-β induction (23).

The PA subunit has been reported to enhance influenza virus polymerase activity, pathogenicity, transmission, contribute to its capacity to infect a range of hosts (24–26), and has also been suggested to be involved in the inhibition of IFN-β induction (21); however, this mechanism still remains to be elucidated. In this study, we demonstrated that IAV PA could block IRF3 activation and suppress IFN-β production. The aspartic acid at position 108 in PA is required for this activity.

MATERIALS AND METHODS

Cell Culture

Human embryonic kidney (293T) cells were maintained in RMPI 1640 (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS). Human type 2 alveolar epithelial (A549) cells were maintained in F12 (Invitrogen) with 10% FBS.

Plasmid Construction

The IFN-β-luc, IRF3-luc, NF-kappaB-luc, RL-TK, RIG-I, MDA-5, MAVS, TBK-1, IKKε, TNF receptor-associated factor 3 (TRAF3), and IRF3 plasmids were kindly provided by Zhengfan Jiang (Peking University) (22). The PA expression plasmids were generated from A/Mexico/4486/2009 (H1N1) (pdm/09 PA), A/swine/Nanchang/F9/2010 (H1N1) (F9), A/duck/Hubei/Hangmei01/2006 (H5N1), and A/Shanghai/02/2013 (H7N9) and were cloned into the p3xFlag-CMV-14 vector. The N-terminal PA fragment (PAN), C-terminal PA fragment (PAC), and PA-D108A mutants and IRF3 were cloned into both the p3xFlag-CMV-14 and pCAGGS-HA vectors.

Luciferase Assay

To determine the impact of PA on the promoter activities of IFN-β, IRF3, or NF-kappaB, the luciferase reporter plasmids were co-transfected with the indicated plasmids in 293T cells. A co-transfected pRL-TK vector that provided constitutive expression of Renilla luciferase was used as a control (Promega, Madison, WI, USA). After 24 h, cells were infected with 10 hemagglutinating activity units/well of Sendai virus (SEV; Centre of Virus Resource and Information, Wuhan Institute of Virology, Chinese Academy of Sciences) or they were transfected with 200 ng Poly(I:C) (Sigma, St. Louis, MO, USA) for 8 h. Cells were then lysed for measuring the luciferase activity using the dual-luciferase assay system (Promega) according to the manufacturer’s instructions.

RNA Extraction and Real-time q-PCR

A549 cells in 6-well plates were transfected with empty vector or a plasmid encoding pdm/09 PA, pdm/09 PAN, pdm/09 PAC, or pdm/09 PA-D108A mutant protein at the indicated quantities. After 24 h, the cells were infected with SEV for 8 h or left uninfected. Total RNA was extracted from A549 cells using TRIzol (Invitrogen), and 1 µg of RNA was treated with DNase (Promega). The cDNA was treated with avian myeloblastosis virus (AMV) reverse transcriptase and an oligo(dT-)18-adaptor primer (TaKaRa Biotechnology, DaLian, China). The reaction mixtures were incubated at 42°C for 1 h and were terminated by heating at 95°C for 5 min. The primers used in real-time q-PCR were as follows: IFN-β, 5′-TCTTTCCATGAGCTACAACTTGCT-3′ (forward), 5′-GCAGTATTCAAGCCTCCCATTC-3′ (reverse); interferon-stimulated gene (ISG)-15, 5′-CGCAGATCACCCAGAAGATCG-3′ (forward), 5′-TTCGTCGCATTTGTCCACCA-3′ (reverse); ISG-56, 5′-GCTTTCAAATCCCTTCCGCTAT-3′ (forward), 5′-GCCTTGGCCCGTTCATAAT-3′ (reverse); C-X-C motif chemokine (CXCL) 10, 5′-GTGGCATTCAAGGAGTACCTC-3′ (forward), 5′-TGATGGCCTTCGATTCTGGATT-3′ (reverse); and GAPDH, 5′-TCATGACCACAGTCCATGCC-3′ (forward), 5′-GGATGACCTTGCCCACAGCC-3′ (reverse) (22). The assay was performed on an ABIViiA 7 PCR system (Applied Biosystems, Waltham, MA, USA) in a total volume of 10 µl per sample, containing 5 µl of 2× SYBR Green Master Mix (Roche, Indianapolis, IN, USA), 0.5 µl of cDNA, 0.25 µl of each primer (10 mM), and 4 µl of DEPC-treated water. The transcript level of each gene was normalized using GAPDH as a control.

ELISA of IFN-β

To measure IFN-β secretion, A549 cells were transfected with an empty vector or plasmids with Flag-tagged pdm/09 PA. After 24 h, the cells were left uninfected or were infected with SEV for 8 h. The supernatants were harvested for an ELISA using a human IFN-β ELISA kit (Elabscience, Wuhan, China) according to the manufacturer’s instructions.

Co-Immunoprecipitation (CO-IP) and Western Blotting

293T cells cultured in 6-well plates were transfected with the indicated plasmids. After 24 h, the cells were lysed and analyzed by SDS-PAGE or in NP-40 buffer (SDS free) for NATIVE-PAGE. The Western blotting was performed using monoclonal anti-Flag antibody (Sigma), monoclonal anti-HA antibody (ABclonal, Cambridge, MA, USA), an IRF3 polyclonal antibody (Proteintech, Rosemont, IL, USA), anti-phospho IRF3 (ser386) antibody (Merck Millipore, Darmstadt, Germany), IAV PA polyclonal antibody (Gene Tex, Irvine, CA, USA), anti-NF-kappaB antibody(Cell Signaling Technology, 3 Trask Lane, Danvers, MA, USA), or anti-phospho NF-kappaB antibody(Cell Signaling Technology). For CO-IP, the 293T cells were plated in a 15-cm dish with 70% cells and then transfected with 10 µg of plasmid. After 24 h, the cells were collected, washed in ice-cold PBS three times, and lysed in 1 ml of Tris lysis buffer (Cell Signaling Technology) on ice for at least 20 min. The supernatant (400 µl) was used for immunoprecipitation with 5 µl of monoclonal anti-Flag antibody (Sigma) or 5 µl of normal rabbit IgG control (ABclonal). The cell lysates and immunoprecipitates (IPs) were analyzed by SDS-PAGE.

Cytokine Treatment

293T cells were transfected with indicated quantities of Flag-tagged pdm/09 PA. After 24 h, cells were treated with 100 U/mL of human IFN-β (R&D Systems, Minneapolis, MN, USA) for 1 h. Cells were then lysed for Western blot using anti-STAT1 (9H2) antibody (Cell Signaling Technology) and anti-phospho STAT1 (Tyr701) antibody (Cell Signaling Technology).

Indirect Immunofluorescence Assay

293T cells seeded onto coverslips and placed into 12-well plates were transfected with the indicated plasmids or an empty vector and cultured in the presence or absence of SEV for 8 h. The cells were fixed with 4% paraformaldehyde for at least 15 min, treated with 0.2% Triton X-100 for 15 min, and blocked with bovine serum albumin (5%) in PBS for 2 h at room temperature. The cells were then incubated separately with monoclonal anti-Flag antibody (Sigma) or IRF3 polyclonal antibody (Proteintech) at a dilution of 1:200, followed by incubation with a fluorescein isothiocyanate-labeled secondary antibody (Invitrogen) for 1 h at 37°C. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min. The images were taken using a Zeiss LSM510 Meta confocal microscope (Carl Zeiss, Zena, Germany).

Statistical Analyses

Statistical analyses for all experiments were performed using Student’s t-test or one-way ANOVA (for more than two groups) with GraphPad Prism software (San Diego, CA, USA). The data were representative of at least three separate experiments. The error bars represent the SDs, and p values <0.05 are significant (*p < 0.05, **p < 0.01, ***p < 0.001).

RESULTS

PA Antagonizes SEV-Induced IFN-β Production

To investigate the regulation of influenza virus PA in IFN-β induction, we constructed the expression plasmid of influenza A (H1N1) pdm09 virus (pdm/09) PA and a series of influenza PA expression plasmids from different influenza virus subtypes, including F9PA, H5N1PA, and H7N9PA. Luciferase assays revealed that all subtypes of PA could strongly inhibit SEV- and Poly(I:C)-induced IFN-β promoter activity (Figure 1A), supporting the hypothesis that IAV PA plays a role in inhibition of the IFN-β signaling pathway (21). This hypothesis was further supported by the fact that IFN-β induction by SEV could be further inhibited by pdm/09 PA overexpression, as evidenced by reduced IFN-β transcription and protein levels (Figures 1B,C). Because of the inhibition of the IFN-β signaling pathway, CXCL-10 (also known as IP-10) (Figure 1D), ISG-15 (Figure 1E), and ISG-56 (Figure 1F) induction levels were all strongly reduced by pdm/09 PA. Furthermore, pdm/09 PA expression showed no influence on IFN-β-induced phosphorylation of signal transducer and activator of transcription 1 (STAT1) (Figure 1G). Therefore, this study indicates that influenza PA can antagonize IFN-β induction.
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FIGURE 1 | Inhibition of SEV-induced interferon-β (IFN-β) expression by PA. 293T cells in 12-well plates were transfected with 0.5 µg of Flag-tagged pdm/09 PA, F9PA, H5N1PA, H7N9PA, or an empty vector, together with 0.3 µg of IFN-β-luc and 0.02 µg of RL-TK. After 24 h, cells were infected with SEV or transfected with 200 ng of Poly(I:C) for 8 h and lysed for luciferase assay (A). A549 cells in 6-well plates were transfected with indicated quantities of Flag-tagged pdm/09 PA or empty vector. After 24 h, cells were infected with SEV or left uninfected for 8 h. The supernatants were harvested for IFN-β ELISA (C). The cells were harvested, and total RNAs were extracted for detecting the expression levels of IFN-β (B), CXCL-10 (D), ISG-15 (E), and ISG-56 (F) by real-time q-PCR. 293T cells were transfected with increasing quantities of Flag-tagged pdm/09 PA for 24 h and then treated with human IFN-β for 1 h or left untreated. Then, cells were lysed for Western blot using anti-STAT1 and anti-phospho STAT1 antibodies (G). The bars represent the SEs of the means, based on three experiments. *p < 0.05, **p < 0.01, ***p < 0.001 [as determined by Student’s t-test (A,C) or by one-way ANOVA (B,D–F)].



Pdm/09 PA Inhibits the RIG-I-Like Receptor (RLR)-Mediated IFN-β Signaling Pathway through IRF3, rather than NF-kappaB

During influenza virus infection, vRNAs will be recognized by PRRs and trigger the activation of transcription factors, leading to IFN-β induction (10). To describe the molecular mechanism of IFN-β inhibition by PA, a luciferase assay of the IFN-β promoter was performed with several activators, including RIG-I, MDA-5, MAVS, TBK-1, IKKε, and IRF3. PA induced by upstream factors could inhibit IFN-β promoter activation (Figure 2A). The assay indicated that PA may inhibit the IFN-β pathway downstream of these activators.
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FIGURE 2 | Inhibition of RIG-I-like receptor (RLR)-mediated IFN-β signaling pathway by Pdm/09 PA 293T cells in 12-well plates were transfected with 0.5 µg of Flag-tagged pdm/09 PA or empty vector, together with 0.3 µg of IFN-β-luc (A) or 0.3 µg of IRF3-luc (B) or 0.3 µg of NF-kappaB-luc (C), 0.02 µg of RL-TK, and 0.5 µg of transcription factors as the positive controls. After 24 h, the cells were lysed for luciferase assay. The bars represent the SEs of the means, based on three experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (as determined by Student’s t-test).



Because activation of the transcription factors IRF3 and NF-kappaB is essential for IFN-β production, we further investigated whether pdm/09 PA disturbs the IRF3 or NF-kappaB pathway using luciferase assays of the IRF3 (Figure 2B) or NF-kappaB promoter (Figure 2C). Interestingly, IRF3 promoter activity induced by the above activators was strongly inhibited. However, NF-kappaB promoter activity was not inhibited by pdm/09 PA protein. Therefore, we conclude that PA can interfere in RLR-mediated IFN-β production through the IRF3-dependent signaling pathway.

Pdm/09 PA Interacts with IRF3 and Suppresses IRF3 Phosphorylation, Dimerization, and Subsequent Nuclear Translocation

In the context of viral infection, activation of signaling pathways can induce IRF3 phosphorylation and dimerization, which results in IRF3 accumulation in the nucleus (11, 27). We observed that pdm/09 PA overexpression could decrease IRF3 phosphorylation in a dose-dependent manner but could not influence NF-kappaB activation (Figures 3A,B). In addition, pdm/09 PA could also suppress SEV-induced dimerization (Figure 3C) and nuclear translocation of IRF3 (Figure 3D). These data indicated that the IAV PA protein inhibits IRF3 activation in response to SEV stimulation. Interestingly, pdm/09 PA and IRF3 showed co-localization in the cytoplasm by confocal microscopy (Figure 3D).
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FIGURE 3 | Inhibition of interferon regulatory factor 3 (IRF3) activation is mediated by interaction between Pdm/09 polymerase acid protein (PA) and IRF3 (A) 293T cells in 6-well plates were transfected with increasing quantities of Flag-tagged pdm/09 PA. After 24 h, cells were lysed, and the expression levels of IRF3, P-IRF3, and GAPDH were measured with indicated antibodies by Western blotting. (B) 293T cells in 6-well plates were transfected with increasing quantities of Flag-tagged pdm/09 PA. After 24 h, cells were infected with SEV or left uninfected for 8 h. Then the cells were lysed for Western blotting using nuclear factor-kappaB (NK-kappaB) and phospho-NF-kappaB antibodies. (C) 293T cells in 6-well plates were transfected with Flag-tagged pdm/09 PA or empty vector. After 24 h, cells were infected with Sendai virus (SEV) or were left uninfected for 8 h and then they were harvested for NATIVE-PAGE using anti-IRF3 antibody or for Western blot using anti-Flag and anti-GAPDH antibodies. (D) 293T cells seeded onto coverslips and placed into 12-well plates were transfected with Flag-tagged pdm/09 PA or empty vector. After 24 h, cells were infected with SEV or were left uninfected for 8 h and were fixed for immunofluorescence assay (IFA), with endogenous IRF3 (red), PA (green), and nuclei (blue) labeled with anti-IRF3 antibody, anti-Flag antibody and DAPI, respectively, using confocal microscopy. (E) 293T cells in 6-well plates were transfected with Flag-tagged PA and HA-tagged IRF3. After 24 h, cells were lysed and precipitated with anti-Flag antibody. The cell lysates and immunoprecipitates (IPs) were analyzed by Western blotting using anti-Flag and anti-HA antibodies. (F) 293T cells were infected with H1N1 pdm/09 ([MOI] = 0.1) for 12 h, and cells were then lysed and precipitated with anti-IRF3 antibody or with normal IgG as a negative control. The cell lysates and IPs were analyzed by Western blotting using anti-IRF3 and anti-PA antibodies.



Since pdm/09 PA antagonizes IRF3 activation, we hypothesized that both proteins interact. A CO-IP experiment showed that pdm/09 PA does co-precipitate with IRF3 in both transfected cells (Figure 3E) and virus-infected cells (Figure 3F). These data indicate that pdm/09 PA interacts with IRF3 and further blocks IRF3 activation.

The N-Terminal Functional Domain of pdm/09 PA Is Responsible for IFN-β Suppression

Influenza A virus (IAV) PA consists of two functional domains: a 30-kDa N-terminal fragment (PAN, residues 1–257) and a 53-kDa C-terminal fragment (PAC, residues 258–716) (28). PAC is known as the PB1 binding domain, while PAN possesses endonuclease activity (29). Similar to what was observed for full-length PA, pdm/09 PAN could strongly inhibit SEV-induced IFN-β promoter activation in a dose-dependent manner (Figures 4A,C). Furthermore, the expression levels of IFN-β and ISG-56 were reduced by pdm/09 PA and pdm/09 PAN (Figure 4B), whereas pdm/09 PAC showed no significant effect on IFN-β induction (Figure 4C). These results indicate that the N-terminus of pdm/09 PA may be responsible for IFN-β suppression.
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FIGURE 4 | Interferon-β (IFN-β) induction was suppressed by the N-terminus of pdm/09 polymerase acid protein (PA). (A) 293T cells in 12-well plates were transfected with 0.5 µg of Flag-tagged pdm/09 PA, pdm/09 N-terminal PA fragment (PAN), pdm/09 C-terminal PA fragment (PAC), or an empty vector, together with 0.3 µg of IFN-β-luc and 0.02 µg of RL-TK. After 24 h, cells were infected with SEV or were left uninfected for 8 h and then they were lysed for the luciferase assay. (B) A549 cells in 6-well plates were transfected with 1 µg of Flag-tagged pdm/09 PA, pdm/09 PAN, pdm/09 PAC, or empty vector. After 24 h, cells were infected with SEV for 8 h and subsequently harvested, and total RNA was then extracted for detection of IFN-β and ISG-56 expression levels by real-time q-PCR. (C) 293T cells in 12-well plates were transfected with HA-tagged PAN and PAC in increasing quantities and co-transfected with 0.3 µg of IFN-β-luc and 0.02 µg of RL-TK. After 24 h, cells were infected with SEV for 8 h and then lysed for use in the luciferase assay. (D) 293T cells in 6-well plates were transfected with 2 µg of HA-tagged pdm/09 PA, pdm/09 PAN, pdm/09 PAC, or an empty vector, and Flag-tagged IRF3. After 24 h, cells were lysed and precipitated with anti-Flag antibody. The cell lysates and IPs were analyzed by Western blotting using anti-Flag and anti-HA antibodies. (E) 293T cells were seeded onto coverslips and placed into 12-well plates and were transfected with Flag-tagged pdm/09 PA, pdm/09 PAN, pdm/09 PAC, or empty vector. After 24 h, cells were infected with SEV or were left uninfected for 8 h and were fixed for IFA, with endogenous IRF3 (red) and nuclei (blue) shown with anti-IRF3 antibody and DAPI via confocal microscopy. The bars represent the SEs of the means, based on three experiments. *p < 0.05, **p < 0.01, ***p < 0.001 [as determined by Student’s t-test (A,B) or by one-way ANOVA (C)].



Because PA interacts with IRF3 and blocks its activation (Figure 3), we further investigated the interaction of PAN with IRF3. Similar to what was observed with pdm/09 PA, PAN was shown to interact with IRF3 in a CO-IP assay (Figure 4D) and to block SEV-induced translocation of IRF3 into the nucleus (Figure 4E). Therefore, the N-terminus of pdm/09 PA is responsible for the interaction with IRF3 and suppression of the IFN-β signaling pathway.

The Binding Activity of pdm/09 PA to IRF3 Is Dependent on Asp108

Because the N-terminus of pdm/09 PA contains an endonuclease domain, it is important to investigate the role that the endonuclease activity of pdm/09 PA plays in inhibition of the host IFN-β induction. A previous study showed that a PA-D108A mutant could abolish the endonuclease activity of PA in vitro (30). The D108A mutation impairs the capacity of pdm/09 PA to inhibit IFN-β induction by SEV at the transcriptional (Figure 5A) and translational levels (Figure 5B). In addition, ISG-15, ISG-56, and CXCL-10 expression levels in cells transfected with the pdm/09 PA-D108A mutant were only half that of those in cells transfected with pdm/09 PA (Figure 5B). Furthermore, the mutation abolished the interaction between IRF3 and pdm/09 PA (Figure 5C). Together, these results indicate that Asp108 of pdm/09 PA contributes to the interaction of pdm/09 PA with IRF3 and inhibition of the IFN-β signaling pathway.
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FIGURE 5 | The binding activity of pdm/09 polymerase acid protein (PA) to interferon regulatory factor 3 (IRF3) is dependent on Asp108. (A) 293T cells in 12-well plates were transfected with 0.5 µg of Flag-tagged pdm/09 PA, pdm/09 PA-D108A mutant or empty vector, together with 0.3 µg of interferon-β (IFN-β)-luc and 0.02 µg of RL-TK. After 24 h, cells were infected with Sendai virus (SEV) or were left uninfected for 8 h and were then lysed for the luciferase assay. (B) A549 cells in 6-well plates were transfected with 2 µg of Flag-tagged pdm/09 PA, pdm/09 PA-D108A mutant or an empty vector. After 24 h, cells were infected with SEV or were left uninfected for 8 h. The cells were harvested, and total RNA was extracted for detection of IFN-β, CXCL-10, ISG-15, and ISG-56 expression levels by real-time q-PCR. (C) 293T cells in 6-well plates were transfected with 2 µg of Flag-tagged pdm/09 PA, pdm/09 PA-D108A mutant or an empty vector, and HA-tagged IRF3. After 24 h, cells were lysed and precipitated with anti-Flag antibody. The cell lysates and immunoprecipitates (IPs) were analyzed by Western blotting using anti-Flag and anti-HA antibodies. The bars represent the SEs of the means, based on three experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (as determined by Student’s t-test).



DISCUSSION

The influenza virus RNA polymerase is a heterotrimeric complex consisting of the PB2, PB1, and PA subunits, all of which are required for vRNA transcription and replication (15–17). Infection is usually associated with inhibition of the host antiviral response by viral polymerases (31). Upon infection, IAV triggers the activation of the host innate immunity (32), which leads to IFN-β secretion, which mediates an antiviral effect. Hence, IAV employs a variety of strategies to circumvent innate immunity and the host’s IFN response. The influenza viral NS1 protein and polymerase proteins could reduce IFN-β synthesis through the inhibition of IFN signaling pathways, thereby circumventing the antiviral effect of host immunity, which is essential for IAV infection (18, 19, 21, 23, 33–36). However, the mechanism by which PA inhibits IFN-β remains unknown. In our study, we found that all the PA subunits from the IAV strains H1N1, H5N1, and H7N9 could antagonize IFN-β production through IRF3 rather than NF-kappaB.

It is known that upon viral infection, IRF3 is phosphorylated, exposing the IRF association domain at the C-terminus. Subsequently, phosphorylated IRF3 will be dimerized and translocate to the nucleus (37), leading to IFN-β transcription (11, 27, 38–41). In this study, we observed that IRF3 phosphorylation and dimerization were inhibited by pdm/09 PA, resulting in IRF3 accumulation in the cytoplasm. Interestingly, IRF3 and pdm/09 PA were co-localized, and a CO-IP assay further indicated an interaction between pdm/09 PA and IRF3. These results explain the findings that PA can antagonize IFN-β production through IRF3.

The influenza viral PA protein can be digested by trypsin through two domains: the N-terminal domain (from amino acid residues 1–257) and the C-terminal domain (from amino acid residues 277–716). Amino acid residues 257–276 provide a flexible structure to ensure the connection of PA to PB1 (28, 30). The N-terminus of PA possesses pleiotropic functions (42), including the host RNA cap-snatching via an endonuclease activity (15, 43, 44) and proteolysis induction (45, 46). Both functions may cause non-specific reductions in host gene expression levels. The capacity of PA to inhibit the IRF-3 signaling pathway, but not the NF-kappaB signaling pathway, suggests that PA inhibits IFN-β via some specific molecular mechanism. To further investigate the precise function of the domains of PA against the host IFN response, we generated plasmids pdm/09 PAN (1–257) and pdm/09 PAC (258–716) and found that PAN activity was similar to that of full-length PA and that pdm/09 PAN could interact with IRF3 and effectively alter the distribution of endogenous IRF3 upon SEV infection.

Furthermore, mutation of PA (PA-D108A mutant) causes loss of endonuclease activity (30), abolishes the interaction of PA with IRF3, and decreases the inhibition of the IFN-β signaling pathway. These data further support our opinion that the N-terminal endonuclease activity may be required for PA to interact with IRF3 and then block its activation.

Regrettably, we failed to generate a recombinant virus carrying the pdm/09 PA-D108A mutation to evaluate the effect of IFN-β inhibition by PA on virulence. The inability to generate the recombinant virus may be due to the essential function of PA endonuclease activity for viral propagation, such as viral genes transcription and the vRNA promoter binding activity (30). Considering that the sequence of the endonuclease domain of PA is highly conserved, we hypothesized that IAV PA could bind to IRF3 through its N-terminal domain and suppress IFN-β induction, although the exact pathogenic role of PA during infection was difficult to be elucidated.

It has been reported that a single amino acid substitution of PB2 (N9D) blocks mitochondrial localization of the PB2 protein and suppresses IFN-β induction (18), while we demonstrated that PA blocks IRF3 activation and IFN-β induction dependent on Asp108. In addition, PA could mediate IFN-β induction through multiple mechanisms (as shown in Figure 5, the pdm/09 PA-D108A mutant is still able to inhibit host IFN-β induction). It is likely that the PA protein impacts the synthesis of host proteins through its helix α4 domain and amino residues 51–57, the flexible loop domain (43, 47). The first 85 amino acid residues of PA and amino acid residues from 186 to 247, which are necessary to induce proteolysis of PA, may also contribute to suppression of host IFN-β induction (45). There may also be other mechanisms by which PA inhibits IFN-β that remain unknown.

In summary, we observed that IAV PA can interact with IRF3 and inhibit its activation, thereby blocking the activation of the IFN-β signaling pathway. The interaction requires the N-terminal endonuclease activity of PA. This study reveals a new mechanism by which IAV inhibits the IFN-β signaling pathway.

AUTHOR CONTRIBUTIONS

CY, ZZ, AZ, and MJ designed the study; CY and ZZ performed experiments; CY, ZZ, SW, XS, and DZ analyzed the data; CY drafted the manuscript; XMS, AZ, and MJ contributed to conduct of the laboratory work and critical review of the manuscript. All authors contributed to read and approved the final version.

FUNDING

This work was supported by the National Key Research and Development Program of China (No. 2016YFD0500205, 2016YFD0500800).

REFERENCES

1. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell (2006) 124(4):783–801. doi:10.1016/j.cell.2006.02.015

2. Baskin CR, Bielefeldt-Ohmann H, Tumpey TM, Sabourin PJ, Long JP, Garcia-Sastre A, et al. Early and sustained innate immune response defines pathology and death in nonhuman primates infected by highly pathogenic influenza virus. Proc Natl Acad Sci U S A (2009) 106(9):3455–60. doi:10.1073/pnas.0813234106

3. Malireddi RK, Kanneganti TD. Role of type I interferons in inflammasome activation, cell death, and disease during microbial infection. Front Cell Infect Microbiol (2013) 3:77. doi:10.3389/fcimb.2013.00077

4. Schulz KS, Mossman KL. Viral evasion strategies in Type I IFN signaling – a summary of recent developments. Front Immunol (2016) 7:498. doi:10.3389/fimmu.2016.00498

5. Katze MG, Fornek JL, Palermo RE, Walters KA, Korth MJ. Innate immune modulation by RNA viruses: emerging insights from functional genomics. Nat Rev Immunol (2008) 8(8):644–54. doi:10.1038/nri2377

6. Santhakumar D, Rubbenstroth D, Martinez-Sobrido L, Munir M. Avian interferons and their antiviral effectors. Front Immunol (2017) 8:49. doi:10.3389/fimmu.2017.00049

7. Andrejeva J, Childs KS, Young DF, Carlos TS, Stock N, Goodbourn S, et al. The V proteins of paramyxoviruses bind the IFN-inducible RNA helicase, mda-5, and inhibit its activation of the IFN-beta promoter. Proc Natl Acad Sci U S A (2004) 101(49):17264–9. doi:10.1073/pnas.0407639101

8. Pichlmair A, Schulz O, Tan CP, Naslund TI, Liljestrom P, Weber F, et al. RIG-I-mediated antiviral responses to single-stranded RNA bearing 5’-phosphates. Science (2006) 314(5801):997–1001. doi:10.1126/science.1132998

9. Reikine S, Nguyen JB, Modis Y. Pattern recognition and signaling mechanisms of RIG-I and MDA5. Front Immunol (2014) 5:342. doi:10.3389/fimmu.2014.00342

10. Seth RB, Sun L, Ea CK, Chen ZJ. Identification and characterization of MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell (2005) 122(5):669–82. doi:10.1016/j.cell.2005.08.012

11. Servant MJ, Grandvaux N, Hiscott J. Multiple signaling pathways leading to the activation of interferon regulatory factor 3. Biochem Pharmacol (2002) 64(5–6):985–92. doi:10.1016/S0006-2952(02)01165-6

12. Sato M, Suemori H, Hata N, Asagiri M, Ogasawara K, Nakao K, et al. Distinct and essential roles of transcription factors IRF-3 and IRF-7 in response to viruses for IFN-alpha/beta gene induction. Immunity (2000) 13(4):539–48. doi:10.1016/S1074-7613(00)00053-4

13. Honda K, Taniguchi T. IRFs: master regulators of signalling by toll-like receptors and cytosolic pattern-recognition receptors. Nat Rev Immunol (2006) 6(9):644–58. doi:10.1038/nri1900

14. Kawaguchi A, Naito T, Nagata K. Involvement of influenza virus PA subunit in assembly of functional RNA polymerase complexes. J Virol (2005) 79(2):732–44. doi:10.1128/JVI.79.2.732-744.2005

15. Dias A, Bouvier D, Crepin T, McCarthy AA, Hart DJ, Baudin F, et al. The cap-snatching endonuclease of influenza virus polymerase resides in the PA subunit. Nature (2009) 458(7240):914–8. doi:10.1038/nature07745

16. Reich S, Guilligay D, Pflug A, Malet H, Berger I, Crepin T, et al. Structural insight into cap-snatching and RNA synthesis by influenza polymerase. Nature (2014) 516(7531):361–6. doi:10.1038/nature14009

17. Te Velthuis AJ, Fodor E. Influenza virus RNA polymerase: insights into the mechanisms of viral RNA synthesis. Nat Rev Microbiol (2016) 14(8):479–93. doi:10.1038/nrmicro.2016.87

18. Graef KM, Vreede FT, Lau YF, McCall AW, Carr SM, Subbarao K, et al. The PB2 subunit of the influenza virus RNA polymerase affects virulence by interacting with the mitochondrial antiviral signaling protein and inhibiting expression of beta interferon. J Virol (2010) 84(17):8433–45. doi:10.1128/JVI.00879-10

19. Varga ZT, Grant A, Manicassamy B, Palese P. Influenza virus protein PB1-F2 inhibits the induction of type I interferon by binding to MAVS and decreasing mitochondrial membrane potential. J Virol (2012) 86(16):8359–66. doi:10.1128/JVI.01122-12

20. Li W, Chen H, Sutton T, Obadan A, Perez DR. Interactions between the influenza A virus RNA polymerase components and retinoic acid-inducible gene I. J Virol (2014) 88(18):10432–47. doi:10.1128/JVI.01383-14

21. Iwai A, Shiozaki T, Kawai T, Akira S, Kawaoka Y, Takada A, et al. Influenza A virus polymerase inhibits type I interferon induction by binding to interferon beta promoter stimulator 1. J Biol Chem (2010) 285(42):32064–74. doi:10.1074/jbc.M110.112458

22. Zhao Z, Yi C, Zhao L, Wang S, Zhou L, Hu Y, et al. PB2-588I enhances 2009 H1N1 pandemic influenza virus virulence by increasing viral replication and exacerbating PB2 inhibition of beta interferon expression. J Virol (2014) 88(4):2260–7. doi:10.1128/JVI.03024-13

23. Gack MU, Albrecht RA, Urano T, Inn KS, Huang IC, Carnero E, et al. Influenza A virus NS1 targets the ubiquitin ligase TRIM25 to evade recognition by the host viral RNA sensor RIG-I. Cell Host Microbe (2009) 5(5):439–49. doi:10.1016/j.chom.2009.04.006

24. Ilyushina NA, Khalenkov AM, Seiler JP, Forrest HL, Bovin NV, Marjuki H, et al. Adaptation of pandemic H1N1 influenza viruses in mice. J Virol (2010) 84(17):8607–16. doi:10.1128/JVI.00159-10

25. Bussey KA, Desmet EA, Mattiacio JL, Hamilton A, Bradel-Tretheway B, Bussey HE, et al. PA residues in the 2009 H1N1 pandemic influenza virus enhance avian influenza virus polymerase activity in mammalian cells. J Virol (2011) 85(14):7020–8. doi:10.1128/JVI.00522-11

26. Mehle A, Dugan VG, Taubenberger JK, Doudna JA. Reassortment and mutation of the avian influenza virus polymerase PA subunit overcome species barriers. J Virol (2012) 86(3):1750–7. doi:10.1128/JVI.06203-11

27. Kumar KP, McBride KM, Weaver BK, Dingwall C, Reich NC. Regulated nuclear-cytoplasmic localization of interferon regulatory factor 3, a subunit of double-stranded RNA-activated factor 1. Mol Cell Biol (2000) 20(11):4159–68. doi:10.1128/MCB.20.11.4159-4168.2000

28. Guu TS, Dong L, Wittung-Stafshede P, Tao YJ. Mapping the domain structure of the influenza A virus polymerase acidic protein (PA) and its interaction with the basic protein 1 (PB1) subunit. Virology (2008) 379(1):135–42. doi:10.1016/j.virol.2008.06.022

29. Boivin S, Cusack S, Ruigrok RW, Hart DJ. Influenza A virus polymerase: structural insights into replication and host adaptation mechanisms. J Biol Chem (2010) 285(37):28411–7. doi:10.1074/jbc.R110.117531

30. Hara K, Schmidt FI, Crow M, Brownlee GG. Amino acid residues in the N-terminal region of the PA subunit of influenza A virus RNA polymerase play a critical role in protein stability, endonuclease activity, cap binding, and virion RNA promoter binding. J Virol (2006) 80(16):7789–98. doi:10.1128/JVI.00600-06

31. Hayashi T, Chaimayo C, McGuinness J, Takimoto T. Critical role of the PA-X C-terminal domain of influenza A virus in its subcellular localization and shutoff activity. J Virol (2016) 90(16):7131–41. doi:10.1128/JVI.00954-16

32. Ramos I, Fernandez-Sesma A. Modulating the innate immune response to influenza A virus: potential therapeutic use of anti-inflammatory drugs. Front Immunol (2015) 6:361. doi:10.3389/fimmu.2015.00361

33. Nemeroff ME, Barabino SM, Li Y, Keller W, Krug RM. Influenza virus NS1 protein interacts with the cellular 30 kDa subunit of CPSF and inhibits 3’ end formation of cellular pre-mRNAs. Mol Cell (1998) 1(7):991–1000. doi:10.1016/S1097-2765(00)80099-4

34. Kuo RL, Zhao C, Malur M, Krug RM. Influenza A virus strains that circulate in humans differ in the ability of their NS1 proteins to block the activation of IRF3 and interferon-beta transcription. Virology (2010) 408(2):146–58. doi:10.1016/j.virol.2010.09.012

35. Varga ZT, Ramos I, Hai R, Schmolke M, Garcia-Sastre A, Fernandez-Sesma A, et al. The influenza virus protein PB1-F2 inhibits the induction of type I interferon at the level of the MAVS adaptor protein. PLoS Pathog (2011) 7(6):e1002067. doi:10.1371/journal.ppat.1002067

36. Kuo RL, Li LH, Lin SJ, Li ZH, Chen GW, Chang CK, et al. Role of N terminus-truncated NS1 proteins of influenza A virus in inhibiting IRF3 activation. J Virol (2016) 90(9):4696–705. doi:10.1128/JVI.02843-15

37. Jennings S, Martinez-Sobrido L, Garcia-Sastre A, Weber F, Kochs G. Thogoto virus ML protein suppresses IRF3 function. Virology (2005) 331(1):63–72. doi:10.1016/j.virol.2004.10.015

38. Lin R, Heylbroeck C, Pitha PM, Hiscott J. Virus-dependent phosphorylation of the IRF-3 transcription factor regulates nuclear translocation, transactivation potential, and proteasome-mediated degradation. Mol Cell Biol (1998) 18(5):2986–96. doi:10.1128/MCB.18.5.2986

39. Chang TH, Liao CL, Lin YL. Flavivirus induces interferon-beta gene expression through a pathway involving RIG-I-dependent IRF-3 and PI3K-dependent NF-kappaB activation. Microbes Infect (2006) 8(1):157–71. doi:10.1016/j.micinf.2005.06.014

40. James SJ, Jiao H, Teh HY, Takahashi H, Png CW, Phoon MC, et al. MAPK phosphatase 5 expression induced by influenza and other RNA virus infection negatively regulates IRF3 activation and type I interferon response. Cell Rep (2015) 10:1722–34. doi:10.1016/j.celrep.2015.02.030

41. Wan Q, Yang C, Rao Y, Liao Z, Su J. MDA5 induces a stronger interferon response than RIG-I to GCRV infection through a mechanism involving the phosphorylation and dimerization of IRF3 and IRF7 in CIK cells. Front Immunol (2017) 8:189. doi:10.3389/fimmu.2017.00189

42. Hu J, Liu X. Crucial role of PA in virus life cycle and host adaptation of influenza A virus. Med Microbiol Immunol (2015) 204(2):137–49. doi:10.1007/s00430-014-0349-y

43. Yuan P, Bartlam M, Lou Z, Chen S, Zhou J, He X, et al. Crystal structure of an avian influenza polymerase PA(N) reveals an endonuclease active site. Nature (2009) 458(7240):909–13. doi:10.1038/nature07720

44. Datta K, Wolkerstorfer A, Szolar OH, Cusack S, Klumpp K. Characterization of PA-N terminal domain of influenza A polymerase reveals sequence specific RNA cleavage. Nucleic Acids Res (2013) 41(17):8289–99. doi:10.1093/nar/gkt603

45. Sanz-Ezquerro JJ, Zurcher T, de la Luna S, Ortin J, Nieto A. The amino-terminal one-third of the influenza virus PA protein is responsible for the induction of proteolysis. J Virol (1996) 70(3):1905–11.

46. Perales B, Sanz-Ezquerro JJ, Gastaminza P, Ortega J, Santaren JF, Ortin J, et al. The replication activity of influenza virus polymerase is linked to the capacity of the PA subunit to induce proteolysis. J Virol (2000) 74(3):1307–12. doi:10.1128/JVI.74.3.1307-1312.2000

47. Desmet EA, Bussey KA, Stone R, Takimoto T. Identification of the N-terminal domain of the influenza virus PA responsible for the suppression of host protein synthesis. J Virol (2013) 87(6):3108–18. doi:10.1128/JVI.02826-12

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Yi, Zhao, Wang, Sun, Zhang, Sun, Zhang and Jin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-08-01051-g005.jpg
HA-IRF3

g < >
& £ 58
s S o
2
3
b, by,
< 6, 90,
604, 1
g £7 13
uojssaidxa auab annePy
6y, b
Vi, '
o
8
]
o, s
20,
1
2 3 2 e
£ & £ u olssaidxs ausb anneloy
4 &
o Y
o ] (]
©
o ;
%, a
* <,
L
> ] %,
] & %o
o ¥ nV\
G:QﬁﬁMxmu:ume::u_ux
s £y Ey S <
3 8 3 3
> 2 £
(%)Ananae aseagn] g-NAT 2ABERY
<
g H 8 g °
o & 2

uoissa1dxa auab aAneiRY.





OPS/images/fimmu-08-01051-g003.jpg
Fiag

L
P——
—
aron
B SEV
Flag-
pdm/09 PA(ng)  — - hd 1 2
PAFAe [ e G - —
] e —
I e ————
D
DAPI IRF3 pdmi09  Merge

SEV+
pdm/09PA

Cc
NATIVE Dimer
PAGE
N | IRFS
=== pamios pa
ws
S S cAPOH
Flag-pdm/09 PA — — + o+
SEV — + — o+
Flagpdmi09PA —  +  +
E PCAGGSHARFS — —  +
PCAGGSwvector 4+ 4+ —
ot [ ]
WB:a-Flag
wpaflag [ RN
WB:a-HA
warag [
F
P IRF3 1gG
pdm/09 = + +
nput [0
WB:a-PA
e I |
Input [ I
P






OPS/images/fimmu-08-01051-g004.jpg
w00, -

H

B

H

Relative gene expression

Relative gone expressior
H

E DAPI IRF3 Merge

Sw Mock
—— SEV
AP —] AP ——
D
Input IP: a- Flag SEV+
pdm/09PA

vevtor PA  PAN PAC vevtor PA PAN PAC

SEV+
o H i pdm/09PAN
PN SEv+

pdm/09PAC

a- Flég





OPS/images/cover.jpg
? frontiers

in Immunology

Influenza A Virus PA
Antagonizes Interferon-f by

Interacting with Interferon
Regulatory Factor 3





OPS/images/fimmu-08-01051-g001.jpg
w
o

Poly (1:C) IFN-B.
w0
e 5
H ] 60,
3 2 10 2u
-4 ER - z
Z =17 I £ Ex
£ ]
& 0- [
3 F o E
3 AR
Flag-PA| [T T
GAPDH| GAPDH e — ]
D excLo E F 156-56 G
sev
oo 5% IFN-
§ H § Flag- L
£ 1500. £e ] pdmi09PA - - O0Sug ug 2ug
: g H T
£ 1o0e: 240 H
-3 & g P-STAT1
£ . H 8
] 5 H Flag o
o ] K
o & GAPDH






OPS/images/fimmu-08-01051-g002.jpg
TeK-1
TeK-1
TeK-1

§ & § ° £ & § °

[T R———— DI e g e

MAvS
mavs
MAvS.

e e AN PP

H

oA
OAS

§ §F § - § F § - § g § -

[T - s ey e SRR AN S

(e sy

{






OPS/images/logo.jpg
Ghesk for

i@





