

[image: image1]
Influenza Virus-Induced Robust Expression of SOCS3 Contributes to Excessive Production of IL-6
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Influenza A virus (IAV) remains a major public health threat in the world, as indicated by the severe pneumonia caused by its infection annually. Interleukin-6 (IL-6) involved excessive inflammatory response to IAV infection profoundly contributes to the virus pathogenesis. However, the precise mechanisms underlying such a response are poorly understood. Here we found from both in vivo and in vitro studies that IAV not only induced a surge of IL-6 release, but also greatly upregulated expression of suppressor of cytokine signaling-3 (SOCS3), the potent suppressor of IL-6-associated signal transducer and activator of transcription 3 (STAT3) signaling. Interestingly, there existed a cytokine-independent mechanism of the robust induction of SOCS3 by IAV at early stages of the infection. Furthermore, we employed SOCS3-knockdown transgenic mice (TG), and surprisingly observed from virus challenge experiments using these mice that disruption of SOCS3 expression provided significant protection against IAV infection, as evidenced by attenuated acute lung injury, a higher survival rate of infected animals and lower viral load in infected tissues as compared with those of wild-type littermates under the same condition. The activity of nuclear factor-kappa B (NFκB) and the expression of its target gene IL-6 were suppressed in SOCS3-knockdown A549 cells and the TG mice after infection with IAV. Moreover, we defined that enhanced STAT3 activity caused by SOCS3 silencing was important for the regulation of NFκB and IL-6. These findings establish a critical role for IL-6-STAT3-SOCS3 axis in the pathogenesis of IAV and suggest that influenza virus may have evolved a strategy to circumvent IL-6/STAT3-mediated immune response through upregulating SOCS3.
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INTRODUCTION

Upon the recognition of viral pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs), such as retinoic acid-inducible gene I-like receptors (RLRs), toll-like receptors (TLRs), C-type lectin receptors (CLRs) or NOD-like receptors (NLRs) (1, 2), various inflammatory cytokines including interleukin (IL) 6 (IL-6), IL-1β, and tumor necrosis factor alpha (TNFα) are produced in the host in response to the infection (3–5). Although these cytokines play critical antiviral roles in the first wave of host immune response (6–8), the excessively produced pro-inflammatory cytokines contribute to increased disease severity. For example, IL-6, an important marker and mediator of ongoing inflammation, is expressed by innate immune cells (macrophage and dendritic cells) or non-immune cells (epithelial cells and fibroblasts) during influenza A virus (IAV) infection. As a multi-functional cytokine, IL-6 has been shown to be required for the virus clearance and mouse survival through modulating neutrophil release and recruitment, and pivotal for the antibody production by promoting the differentiation of B cells (6, 7). Further, IL-6 prevents tissue destruction through elevating the secretion of cytoprotective cytokine IL-22 (9, 10). However, aberrant and excessive production of IL-6 is associated with highly virulent IAV infection, which leads to severe disease progression (11). In addition, dysregulation of IL-6 expression is observed in various chronic inflammation and autoimmunity (12). Within the complex regulatory network of IL-6, IL-6-activated signal transducer and activator of transcription 3 (STAT3) and the primary inhibitor of IL-6/STAT3 signaling, suppressor of cytokine signaling 3 (SOCS3), are essential for the function of IL-6.

STAT3 is a signaling mediator of IL-6 and other cytokines or growth factors such as IL-10, IL-21, interferon-gamma (IFN-γ), leukemia inhibitory factor (LIF), epidermal growth factor (EGF), and granulocyte colony-stimulating factor (G-CSF) (13–15). As a transcription factor, STAT3 has a wide variety of functions in mammalian cells (16–18). Following the engagement of IL-6 with the receptor complex containing gp130 and IL-6R/sIL-6R, STAT3 is phosphorylated by the JAK kinases (19). The IL-6-activated STAT3 promotes the transcription of various target genes, including pro-inflammatory genes, anti-inflammatory genes and IFN-inducible genes, which play central roles in the development, recruitment and anti-apoptosis of macrophages, T cells, and B cells (19, 20). Nevertheless, SOCS3 specifically inhibits the activity of STAT3 to attenuate IL-6 action and is a key regulator for controlling the duration of IL-6 signaling and STAT3 activation (20).

SOCS proteins inhibit STAT3 by competitively binding with phosphorylated tyrosine residues of JAKs, facilitating the receptor-JAK-STAT complex ubiquitination and degradation and inhibiting the JAK activities (21). In the absence of SOCS3, IL-6 acts to suppress TNF but induce an IFN-regulated transcriptional response in macrophages (20). This is consistent with the observations that mice lacking SOCS3 have a considerably higher survival rate after lipopolysaccharide challenge or exhibit a lower viral load after virus infection (9, 10, 20, 22). Moreover, the IL-7-mediated antiviral effects are dependent on the increased endogenous IL-6 and the substantial repression of SOCS3 (9). However, the relationship between IL-6, STAT3, and SOCS3 and their functions in antiviral response remain to be defined.

In addition, several lines of evidence have suggested that SOCS3 plays important roles in immune and inflammatory responses based on the altered expression of SOCS3 after viral infection (23). For example, it has been observed that SOCS3 is significantly upregulated by infections with IAV (24, 25), respiratory syncytial virus (RSV) (26), SARS coronavirus (SARS-CoV) (26), Herpes simplex virus type 1 (HSV-1) (27), or human immunodeficiency virus (HIV) (28). High levels of SOCS3 are also shown in liver specimens from patients with Hepatitis C virus (HCV) genotype 1 infection (29) and chronic Hepatitis B virus (HBV) infection (30). During viral infection, the expression of SOCS3 could be induced by viral protein or RNA (25, 28, 31), such as HIV-1 regulatory protein Tat, HCV core protein, RSV protein NS1, or 5′ triphosphate RNA of IAV, and by host cytokines, such as TNFα, IL-6, or IFNγ (7, 32–34), through various activating transcription factors, including nuclear factor-kappa B (NFκB), STAT3, and STAT1 (7, 32, 33). These studies indicate that tight control of SOCS3 expression via some feedback pathways is critically associated with maintaining the appropriate balance of host antiviral response, and thus dysregulation of SOCS3 may contribute to viral pathogenesis.

In this study, we found that the expression of both IL-6 and SOCS3 was greatly induced in vitro and in vivo during the IAV infection. Interestingly, IAV-induced early expression of SOCS3 was independent of IL-6 and type I IFNs. We observed that disruption of SOCS3 expression significantly inhibited the virus replication and increased the survival rate of SOCS3-knockdown transgenic (TG) mice after IAV challenge. Furthermore, our experiments demonstrated that silencing SOCS3 resulted in an increase in STAT3 activity, which decreased the activation of NFκB and thereby impaired the expression of IL-6. Therefore, the suppression of IL-6/STAT3 signaling by elevated SOCS3 induced by IAV might contribute to excessive production of IL-6 during the virus infection. These observations provide important evidence that the IAV-induced SOCS3 is critically involved in regulation of IL-6-mediated inflammatory response to the virus infection.

MATERIALS AND METHODS

Ethics Statement

Mice were bred and housed in a colony room at the Institute of Microbiology, Chinese Academy of Sciences. The humidity (50–70%) and temperature (21–24°C) were controlled. The room was maintained on a 12:12 light: dark cycle and water was available. The animals lived in autoclaved individual ventilated cages (IVC) in groups of up to five mice with same sex each cage. The animal experimental protocol used in this study was in accordance with the guidelines contained in the International Guiding Principles for Biomedical Research Involving Animals (CIOMS & ICLAS, 2019) and was approved by the Research Ethics Committee of Institute of Microbiology, Chinese Academy of Sciences (permit number APIMCAS2017045). All mouse experimental procedures were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of the People's Republic of China.

Cell, Virus, and Viral Infection

293T (American Type Culture Collection (ATCC) CRL-11268), A549 (ATCC CCL-185), MDCK (ATCC CRL-2935), and RAW264.7 (ATCC TIB-71) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco-BRL, Gaithersburg, MD, USA), or THP1 (ATCC TIB-202) cells in RPMI1640 (Gibco-BRL, Gaithersburg, MD, USA), containing 10% fetal bovine serum (FBS) (Gibco-BRL, Gaithersburg, MD, USA) supplemented with penicillin (100 U/mL) and streptomycin (100 μg/mL). IAV H1N1 strains including A/WSN/33 (WSN), A/PR/8/34 wild type (PR8) and A/CA/04/09 (CA04) were propagated in specific-pathogen-free (SPF) chicken embryo as previously described (35). For viral infection, cells were infected with virus at the indicated multiplicity of infection (MOI). After adsorption for 45 min at 37°C, the cells were washed with phosphate-buffered saline (PBS) and cultured in DMEM with 2 μg/mL trypsin for indicated time.

cDNA Microarray and Data Analysis

cDNA microarray experiments were performed using mouse 4 × 180 K gene expression microarray (Agilent Mouse lncRNA 049801). The lungs of mice were prepared using Trizol reagent (Life Technology, Carlsbad, CA, USA). Total RNAs were from three independent groups of WSN-infected mice (5 × 104 plaque forming unit (PFU), 24 hpi) or uninfected control mice. cDNA synthesis, labeling, hybridization, and data analysis were carried out as previously described (36). Expression data were normalized through quantile normalization.

Antibodies, Chemicals, and Plasmids

The following antibodies were used for Western blotting in this study: anti-STAT3 (124H6) (1:1,000), anti-phospho-STAT3 (Y705) (1:1,000), anti-β-actin (1:3,000) and anti-flag (1:800) (Cell signaling Technology, Danvers, MA, USA); anti-IKB-α (1:2,000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-influenza A virus NP (1:10,000) polyclonal antibody was obtained by immunizing rabbits with GST-tagged NP protein. The STAT3 inhibitor S3I-201 was purchased from Selleck Chemicals (Houston, TX, USA). The protein synthesis inhibitor cycloheximide (CHX) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used at the concentration of 1 μg/mL during the pretreatment (30 min) of cells and viral infection (as indicated). Plasmids pRC-CMV-STAT3-WT, pRC-CMV-STAT3-D661V (661 aspartic acid of STAT3 was substituted by valine) and pRC-CMV-STAT3-Y640F (640 tyrosine of STAT3 was substituted by phenylalanine) were constructed by inserting the cDNA coding STAT3-WT, STAT3-D661V and STAT3-Y640F into the Not I/Sal I site of retroviral vector pMSCV-IRES-GFP (pMIG) (37).

Western Blotting and Immunofluorescence

Cell lysates were prepared, and Western blotting was performed as previously described (38). Briefly, samples were separated on SDS-polyacrylamide gel, transferred onto a nitrocellulose membrane, and probed with antibodies as indicated. For immunofluorescence, A549 cells were infected with A/WSN/33 virus (MOI = 0.5) for 15 h and fixed with 4% paraformaldehyde. Then the samples were incubated with anti-NFκB p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and Alexa Fluor-labeled anti-mouse secondary antibody (Jackson Immuno Research, PA, USA), and counter-stained with 4′-6-diamidino-2-phenylindole (DAPI) (Keygene, Jiangsu, China). Imaging was performed using a FluoView (FV1000) confocal laser scanning microscope (Olympus Optical, Japan).

RNA Extraction, RT-PCR, and Quantitative RT-PCR

Total RNA was extracted from cells or tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and treated with DNase I (TaKaRa, Tokyo, Japan). cDNA was synthesized using 4 μg of total RNA and GoScript reverse transcriptase (Promega, Madison, WI, USA), followed by PCR using rTaq DNA polymerase or quantitative RT-PCR (RT-qPCR) using SYBR Premix Ex Taq II (TaKaRa, Tokyo, Japan) with the primers shown in Table S1. Actin was chosen as a reference gene for internal standardization.

RNA Interference and Generation of Stable Cell Lines

Short hairpin RNA (shRNA)-based knockdown cell lines were generated by infection of A549 with lentiviruses expressing specific shRNAs in pSIH-H1-GFP vector as described previously (36). The sequences used in the shRNAs targeting specific genes were as follows: sh-STAT3 (human) 5′-GCAGCAGCTGAACAACATG-3′, sh-SOCS3 (human) 5′-CCACCTGGACTCCTATGAGAA-3′, sh-IL-6Rα (human) 5′-GGAAGACAATGCC ACTGTTCA-3′, and sh-gp130 (human) 5′-GCTCACTTGCAACATTCTTAC-3′. Cell lines stably expressing STAT3-WT, STAT3-D661V, and STAT3-Y640F or empty vector (EV) were generated by infecting the cells with retroviruses encoding these genes in pMIG vector as previously described.

Plaque Forming Assay and Hemagglutinin Assay

Plaque forming assay and hemagglutinin (HA) assay were performed as previously described (36). Briefly, for plaque forming assay, MDCK cells were incubated with serial dilutions of the cell culture supernatants for 1 h, washed with PBS and overlaid with DMEM containing low-melting-point agarose (Promega, Madison, WI, USA) and 2 μg/mL tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich, St. Louis, MO, USA). After incubation for 72 h, plaques were stained and counted. For hemagglutinin assay, the supernatants were serially 2-fold diluted with PBS and mixed with an equal volume of 0.5% chicken erythrocytes. Then, viral titers were counted from the highest dilution factors that produced a positive reading.

Lung Viral Load

Lung viral load was determined at 72 h post-infection. Lungs of infected mice and control mice were homogenized in 1 mL of ice-cold PBS and frozen at −80°C for 14 h. Then, thawed samples were centrifuged at 2,000 × g for 10 min, and the supernatants were titrated by plaque forming assay as described above.

Mouse Challenge Experiment

Female C57BL/6J WT mice were obtained from Vital River Laboratory Animal Center (Beijing, China). Type I interferon receptor (IFNAR1) knockout mice bred on a C57BL/6 background were kindly provided by Prof. Dan Portnoy (University of California, Berkeley, CA, USA). SOCS3-knockdown transgenic mice were generated as previously described (39). The transgenic mice were genotyped by PCR using specific primers shown in Figure S4A, and the transgenic founders were selected for further experiments. For infection, mice (5–6 weeks old, 17–19 g) were inoculated intranasally with 5 × 104 PFU of IAV or 50 μL of sterile PBS. The daily weights of mice were monitored at indicated time points until 75% of initial weight. On the indicated time of post-infection (p.i.), mice were euthanized and their lungs were collected at the indicated time for further analysis by Western blotting, RT-PCR or RT-qPCR.

Cell Stimulation and Enzyme-Linked Immunosorbent Assay

A549 cells were incubated with recombinant human IL-6 (50 ng/mL, PeproTech, Chicago, IL, USA) for 45 min, unless otherwise indicated. Cell culture supernatants from WSN-infected A549 cells (MOI = 1) were used as a source of virus-induced cytokines for stimulation of fresh cells. To quantify IL-6 protein production, culture supernatants from stimulated or infected cells as well as mouse lung tissue lysates were harvested and examined by enzyme-linked immunosorbent assay (ELISA) using the ready-SET-Go of human IL-6 analysis kit (eBioscience, CA, USA) or mouse IL-6 analysis kit (eBioscience, CA, USA) according to the manufacturer's instructions.

Histopathological Analysis

C57BL/6 mice were intranasally inoculated with WSN virus for 3 days, and then sacrificed. Mouse lung tissues were collected and fixed in 4% paraformaldehyde and embedded with paraffin. Then, 4-mm-thick sections were prepared and stained with hematoxylin and eosin (H&E). The slides were visualized under an Olympus BH-2 microscope (Tokyo, Japan).

Luciferase Assay

Luciferase assay was performed as previously described (36). Briefly, 293T cells in 24-well plates were co-transfected with 3 μg of plasmid expressing sh-SOCS3 (human) or plasmid expressing shRNA negative control (sh-control), 0.8 μg of pGL3-IL-6-promoter-Luc, and 30 ng of Renilla luciferase plasmid (pRL-TK, Promega, Madison, WI, USA) in serum-free medium for 4 h and then cultured in complete medium for another 6 h. Cells were infected with or without PR8 virus at MOI of 3 for 16 h. Luciferase activity driven by IL-6 promoter was measured using the dual-luciferase reporter assay system according to the manufacturer's instruction (Promega, Madison, WI, USA).

Statistical Analysis

Data were presented as mean ± standard deviation (S.D.) from three independent experiments. Statistical analysis was performed by Student's t-test. P < 0.05 was considered to be significant.

Accession Numbers

The data of the microarray have been deposited in NCBI's Gene Expression Omnibus under the accession number GSE80011.

RESULTS

IAV Infection Induces Robust Expression of SOCS3 and IL-6 in vitro and in vivo

Inflammatory response is an important component of the antiviral innate immunity. Disorders of inflammation deteriorate the health of patients and cause death in many viral diseases. To better understand in vivo regulation of inflammation during the IAV infection, cDNA microarrays were performed to investigate the genome-wide mRNA expression in C57BL/6 mice infected with or without WSN as previously described (40) (GEO accession number GSE80011). Among hundreds of differentially expressed genes, two important SOCS family members, SOCS1, and SOCS3 were significantly upregulated in the lung of infected mice (Figure 1A). This finding was consistent with the previous in vitro studies about increased SOCS expression in IAV-infected human bronchial epithelial cells (24). In addition, one of the most remarkable changes in the infected lung was greatly enhanced expression of a critical inflammatory cytokine IL-6 (Figure 1A). The data showed that IL-6 mRNA increased by more than 90-fold in the WSN-infected samples.
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FIGURE 1. IAV infection induces robust expression of SOCS3 and IL-6 in vitro and in vivo. (A) The differentially expressed mRNAs (1399 upregulated and 693 downregulated) in lungs of C57BL/6 mice infected with A/WSN/33 influenza virus (5 × 104 PFU) were detected by a cDNA microarray compared with uninfected controls (fold change >2, p < 0.05; GEO accession number GSE80011). The mRNA levels of SOCS members, IL-6 and representative differentially expressed genes are shown in the heatmap. (B–D) C57BL/6 mice were intranasally infected with WSN (B), CA04 (C), or PR8 (D) (5 × 104 PFU) and were sacrificed at the indicated time. The mouse SOCS3 (mSOCS3) mRNA levels in the lungs were determined by quantitative RT-PCR (RT-qPCR) (B,C) or RT-PCR (D). Shown are representative data from three independent experiments. The error bars represent the ±S.D. from the mean. (E) A549 cells were infected with WSN (MOI = 1) for indicated time, and the mRNA levels of SOCS3, IL-6, IFNβ, IL28, and TNFα were measured by RT-PCR. (F,G) A549 cells were infected with CA04 (MOI = 1) for indicated time, and the mRNA levels of SOCS3 were analyzed by RT-PCR (F) and RT-qPCR (G). The average levels from three independent experiments are plotted. The error bars represent the ±S.D. from the mean.



As SOCS3 acts as a potent suppressor of IL-6/STAT3 signaling, next, we focused on investigating the role of SOCS3 in IL-6-mediated inflammatory response triggered by IAV infection. Thus, the IAV-induced SOCS3 and IL-6 expression in mouse or human cells was further confirmed by RT-PCR and RT-qPCR. In line with the microarray data, a robust induction of SOCS3 and IL-6 was observed in the lungs of mice infected with several IAV H1N1 strains, including seasonal strain WSN, pandemic strain CA04, and lab adapted strain PR8 (Figures 1B–D and Figures S1A,B). Of note, the increase of SOCS3 in lungs of PR8-infected mice started at 3 h post-infection (hpi) in the early stage of IAV infection (Figure 1D). Moreover, the induced expression of SOCS3 and IL-6 was examined in vitro after the virus infection. As expected, significant upregulations of SOCS3 and IL-6 during IAV infection were found in IAV infected human A549 cells (Figures 1E–G), mouse macrophages Raw264.7 (Figure S1C), and human monocyte THP1 cells (Figure S1D). In addition, enhanced expression of IFNβ, IL28, antiviral proteins Mx1, and IFITM3 was also observed, indicating the effective IFN response to IAV infection in our system (Figures 1A,E and Figure S1E). It is noteworthy that the pandemic IAV strain CA04 induced remarkable early expression of SOCS3 in A549 cells (Figures 1F,G). Together, these results suggest a crucial role of SOCS3 in the interaction between the virus and host.

Expression of SOCS3 at Early Stage of IAV Infection Is Independent of IL-6 and Type I IFNs

The SOCS3 expression is known to be stimulated by IL-6, IFNs and other cytokines (25, 32, 41, 42). To unveil how SOCS3 expression is upregulated at the early stage of IAV infection, we determined whether its transcription triggered by IAV was dependent on cytokines. As shown in the microarray data described above, IL-6 mRNA increased by more than 90-fold in lungs of the WSN-infected mice (Figure 1B). Interestingly, results obtained from analysis by RT-PCR, RT-qPCR, and ELISA showed that IL-6 mRNA and protein levels were substantially upregulated in the PR8, WSN, or CA04 infected mice or human A549 cells (Figures 1E–G, 2A–C), and IAV-induced SOCS3 appeared to occur concomitantly with the expression of IL-6 (Figures 1C–G). These observations prompted us to examine whether SOCS3 was induced due to IL-6-mediated signaling activated during the early infection. Thus, we generated A549 cell lines stably expressing shRNAs specifically targeting IL-6 receptor subunits glycoprotein 130 (gp130) or IL-6Ra and found that knockdown of IL-6 receptor subunits did not affect the mRNA levels of SOCS3 at early stage of the infection (Figures 2D,E).
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FIGURE 2. Expression of SOCS3 at early stage of IAV infection is independent of induction of cytokines including IL-6. (A,B) C57BL/6 mice were intranasally infected with WSN (A) or CA04 (B) (5 × 104 PFU) for the indicated time and then sacrificed. The mRNA levels of IL-6 in the lungs were examined via RT-qPCR. (C) C57BL/6 mice were intranasally infected with WSN (A) or CA04 (B) (5 × 104 PFU) for the indicated time and then sacrificed. The protein levels of IL-6 were measured via ELISA. Shown are representative data from three independent experiments. The error bars represent the ±S.D. from the mean. (D) shRNA based-knockdown efficiency of gp130 and IL-6 receptor α (IL-6Ra) were determined by RT-PCR. (E) A549 cells expressing shRNAs targeting gp130, IL-6Rα, or luciferase (Luc) were infected with or without WSN for 3 h, and then the expression of SOCS3 was examined by RT-PCR. Shown are representative blots from three independent experiments. (F) The IFNAR1 knockout (IFNAR−/−) or WT mice were infected with WSN virus for indicated time, and then the mSOCS3 levels in lungs were determined by RT-qPCR. (G) A549 cells were treated with DMSO (0.1%) or CHX (1 ng/mL) for 30 min, and then infected with WSN (MOI = 1) for indicated time. The expression of mSOCS3 was determined by RT-qPCR. (H) A549 cells were infected by WSN (MOI = 1) for indicated time. Supernatants (SN) derived from these cell cultures were used to stimulate the native A549 for 1 h. Both infected cells and SN-stimulated cells were used to analyze mSOCS3 expression via RT-qPCR. The average levels from three independent experiments are plotted. The error bars represent the ±S.D. from the mean, **P < 0.01.



Next, we employed IFNAR1 knockout mice to test whether type I IFNs were involved in early induction of SOCS3 by IAV. We observed that the induction of SOCS3 expression at early stages (3 and 6 hpi) was not impaired by the knockout of IFNAR1 (Figure 2F and Figure S2A). Furthermore, we asked whether the newly produced other cytokines were responsible for the early induction of SOCS3 by IAV. To address this possibility, cycloheximide (CHX), a translation inhibitor, was used to block the de novo synthesis of proteins, including all cytokines, before and during viral infection. Although protein synthesis including viral NP protein was dramatically inhibited upon CHX treatment, SOCS3 mRNA levels at early stages (3–6 hpi) were not significantly reduced (Figure 2G and Figure S2B). However, markedly reduced induction of SOCS3 was shown at late stage of the infection (12 hpi), implying that de novo synthesized proteins were required for efficient SOCS3 expression at late stage but not for early stage of IAV infection (Figure 2G and Figure S2B). To further confirm this finding, we treated A549 cells with cell culture supernatants derived from cells infected with the virus at the early stage. We found that these supernatants failed to stimulate the SOCS3 expression, as compared with viral infection control (3 hpi) (Figure 2H and Figure S2C). Taken together, these data indicate that IAV itself, but not IAV-induced cytokines including IL-6 or newly synthesized viral proteins, might trigger SOCS3 expression at the early infection stage.

IAV Impairs IL-6-stimulated STAT3 Activation by Upregulation of SOCS3

Among cytokines, IL-6 is the major mediator of STAT3 activation. IL-6 primarily activates the JAK2-STAT3 signaling pathway through binding to its receptor complex gp130/IL-6R on the host cell surface, and then initiates the transcription of inflammatory genes. SOCS3 functions as a key inhibitor of JAK2-STAT3 signaling (43, 44). We hypothesized that to facilitate its replication, IAV might suppress the IL-6-induced activation of STAT3 through enhancing the expression of SOCS3. To directly determine whether IL-6-activated STAT3 was inhibited in IAV-infected host, we used purified IL-6 protein to stimulate cells. As expected, IL-6 was able to activate the JAK-STAT3 signal pathway in A549 cells (Figure 3A). Strikingly, the level of IL-6-induced STAT3 phosphorylation was reduced in IAV-infected cells as compared with that in control cells (Figure 3B). Next, we further investigated involvement of IAV-induced SOCS3 in inhibition of STAT3 phosphorylation during IAV infection. To this end, we generated a SOCS3-knockdown A549 cell line using SOCS3-specific shRNA (Figure 3C). Indeed, we observed that the impairment of IL-6-stimulated STAT3 activation by IAV was abrogated in SOCS3-knockdown cells (Figures 3D,E). Furthermore, silencing SOCS3 expression significantly enhanced the phosphorylation of STAT3 in WSN-infected cells (Figure 3F and Figure S3). These data indicate that IAV-induced SOCS3 impairs IL-6-stimulated STAT3 phosphorylation during viral infection.
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FIGURE 3. IAV impairs IL-6-stimulated STAT3 activation by upregulation of SOCS3. (A) A549 cells were stimulated with recombinant human IL-6 protein at the indicated concentration, and the phosphorylation of STAT3 was examined by Western blotting. Shown are representative data from three independent experiments. (B) A549 cells infected with WSN (MOI = 1) for 15 h (WSN+) or not infected (WSN-) were stimulated with human IL-6 (50 ng/mL) for indicated time. Cell lysates were used to analyze the phosphorylation of STAT3 by Western blotting. (C) A549 cells expressing shRNAs targeting either SOCS3 or control luciferase (Luc) were infected with WSN (MOI = 1) for 15 h. RT-PCR was performed to examine the interference efficiency. Shown are representative data from three independent experiments. (D,E) A549 cells expressing sh-Luc or sh-SOCS3 were infected without (D) or with (E) WSN virus and then treated with IL-6 (50 ng/mL) for indicated times. pSTAT3 levels of the cell lysates were examined by Western blotting. (F) A549 cells expressing shRNAs targeting SOCS3 or luciferase were infected with WSN for 15 h. Cell lysates were analyzed by Western blotting with indicated antibodies. Shown are representative blots from three independent experiments.



Targeted Disruption of SOCS3 Expression Decreases Viral Replication During IAV Infection in vitro and in vivo

To determine the functional involvement of SOCS3 in antiviral response in vivo, we utilized SOCS3-knockdown transgenic (TG) mice as previously described (39) (Figure 4A and Figure S4A). The TG mice and wild-type (WT) littermates were then challenged by WSN virus intranasally. Surprisingly, silence of SOCS3 provided significant protection of TG mice against IAV infection (Figures 4B–D). The TG mice exhibited notably lower weight loss and higher survival rate in comparison with WT littermates after IAV infection (Figures 4B,C). The results showed that the body weight of WT and TG mice dropped ~22 and 16.7% at 5 days post-infection (dpi), respectively (Figure 4B). At 6 dpi, about 90% of WT mice succumbed to IAV infection, whereas ~50% of SOCS3-knockdown TG mice still survived under the same condition (Figure 4C). Importantly, we found that the virus load in the lungs of TG mice at 3 dpi was significantly lower than that of WT mice (Figure 4D). Consistently, the suppression of IAV replication was also observed in vitro from the A549 cells expressing SOCS3 shRNA (Figure S4B). Furthermore, the lungs of infected TG mice displayed less necrosis and less filtration or damage as compared to WT controls (Figure 4E and Figure S4C). These data suggest that SOCS3, as an important negative regulator of IL-6-JAK-STAT3 pathway, might be hijacked by IAV to overcome the effects of IL-6 activated STAT3 signaling. Thus, IAV-induced high level of SOCS3 is in favor of viral replication and thereby promotes influenza pathogenesis.
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FIGURE 4. Targeted disruption of SOCS3 expression decreases viral replication during IAV infection in vitro and in vivo. (A) The mRNA levels of mSOCS3 in lung tissues from SOCS3-knockdown TG mice and WT littermates were examined via RT-PCR after WSN infection for 24 h. (B) Shown is the body percentage weight change of WT (n = 13) and TG (n = 13) mice intranasally infected with WSN or PBS. Body weight was measured daily. Data are shown as mean ± S.D. from three independent experiments. **P < 0.01 (Student's T-test). The dashed line indicates 75% of initial body weight. (C) Survival rates of WT mice (n = 13) and TG mice (n = 13) intranasally infected with or without WSN are shown. Mice were monitored for 10 days or sacrificed when showing hind limb paralysis or weight loss over 25%. *P < 0.05 (Gehan-Breslow-Wilcoxon test). (D) Shown is the viral load in the lungs of WT and TG mice infected with WSN for 3 days. (E) Shown are the representative lung photomicrographs (magnification, ×400) of WT and TG mice infected with or without WSN (3 dpi) stained with hematoxylin and eosin (HE). The pathological changes of lungs in WT mice were severer than those in TG mice. Scale bars, 30 μm. (F) TG mice and WT mice were intranasally infected with WSN for 24 h. The expression of indicated genes in mouse lungs was examined by RT-PCR. (G) 293T cells were co-transfected with pGL6-IL-6-promoter-luc and plasmid expressing sh-SOCS3 or control shRNA (sh-control), and then infected with PR8 virus (MOI = 3) for 16 h. The relative activity of luciferase driven by IL-6 promoter in cell lysates was normalized to renilla luciferase activity and displayed as mean ± S.D. from three independent experiments. (H) TG mice and WT mice were intranasally infected with WSN for indicated time points. The expression of IL-6 in the lungs was examined by ELISA. Shown are representative data from three independent experiments. Data are shown as mean ± S.D.; n = 3; *P < 0.05; **P < 0.01 (Student's T-test).



Aberrant innate response, with excessive IL-6 production and robust recruitment of inflammatory leukocytes to the lung, was believed to critically contribute to the disease progression and the ultimate death of humans or animals infected by highly virulent influenza virus. However, the mechanism underlying the excessive expression of IL-6 during IAV infection remains largely unclear. Since SOCS3 is a key regulator of IL-6/STAT3 signaling and silencing SOCS3 expression in genetically modified mice can effectively protect the animals against IAV infection, we hypothesized that altered SOCS3 expression may affect IL-6 production and thus IAV pathogenesis. To test this possibility, expression of IL-6 was examined in SOCS3-knockdown A549 cells infected with or without IAV (Figure S4D). Indeed, silencing SOCS3 resulted in a significant decrease in expression of inflammatory cytokines IL-6, IL-1β, and TNFα, but little change in the levels of type I and III IFNs after IAV infection (Figure S4D). Consistently, the results from the lungs of IAV-infected TG and WT mice showed that knockdown of SOCS3 caused a decreased expression of IL-6, IL-1β, IL-11, and TNFα (Figure 4F). The data suggest that SOCS3 might be involved in the regulation of a common pathway that drives the transcription of these inflammatory genes. Moreover, IL-6 promoter-driven luciferase reporter gene assay consistently showed a significant decrease in IL-6 promoter activity in cells expressing SOCS3 shRNA, confirming that SOCS3 deficiency is critically associated with the downregulation of IL-6 expression (Figure 4G).

Next, we determined the regulatory role of SOCS3 in the activation of STAT3 and in the expression of the inflammatory cytokines during the IAV infection in vivo. To this end, SOCS3-knockdown TG mice were infected with IAV for different times. As expected, silencing SOCS3 markedly enhanced activation of STAT3 (Figure S4E). Furthermore, IL-6 mRNA and protein levels were determined by RT-PCR, real-time PCR and ELISA, respectively. Similarly, significant reduction in IL-6 mRNA and protein was shown in the lung of TG mice as compared with that of WT control during IAV infection (Figure 4H and Figures S4F,G). Taken together, these results reveal that SOCS3 might play a crucial role not only in suppressing IL-6/STAT3 signaling but also in feedback regulation of IL-6 expression during the viral infection. Thus, the antiviral effect derived from SOCS3 silencing is likely due to the reduced production of inflammatory cytokines and the sustained activation of STAT3, which may establish a favorable microenvironment for innate immunity against IAV infection.

Altering STAT3 Activity Has a Significant Effect on IL-6 Expression Induced by IAV Infection

Since our results presented above exhibited that IL-6-activated STAT3 was inhibited by IAV-induced SOCS3 and knockdown of SOCS3 downregulated IL-6 during the viral infection, we asked whether elevated activity of STAT3 caused by silencing SOCS3 affected IL-6 expression. To address this possibility, we examined the effect of forced STAT3 activation on IL-6 production. Thus, we generated A549 cell lines stably expressing either empty vector control, wild-type STAT3, or two constitutively active mutants of STAT3 (Y640F and D661V). The enhanced phosphorylation of active forms of STAT3 was verified by Western blotting (Figure S5A). Moreover, constitutive activation of these STAT3 proteins was further confirmed in IAV infected cells (Figure 5A). Of interest, overexpression of WT or constitutively active STAT3 markedly reduced mRNA expression of IL-6 (Figure 5B). Similar results were obtained from experiments measuring the IL-6 protein levels in these cells (Figure 5C). The observations are consistent with studies that both mRNA and protein levels of IL-6 enhanced in SOCS3-knockdown cells (45, 46), and suggest that persistent activation of STAT3 may be responsible for the reduced expression of IL-6. Consistently, we observed that inactivation of STAT3 by inhibitor S3I-201 (Figure 5D), or knockdown of STAT3 by shRNA caused a significant increase in IL-6 mRNA levels in WSN infected A549 cells (Figures 5E,F and Figure S5B). Similar results were gained from ELISA measuring the IL-6 protein levels in the WSN-infected STAT3-knockdown cells (Figure 5G). Therefore, these observations imply that suppression of cytokine signaling by IAV-induced SOCS3 may contribute to excessive production of IL-6 in the virus infected host.
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FIGURE 5. Altering STAT3 activity has significant effect on IL-6 expression. (A–C) A549 cells stably expressing STAT3-WT, STAT3-D661V, STAT3-Y640F, and EV control were infected with or without WSN (MOI = 0.5) for 15 h. The phosphorylation of STAT3 in these cells was detected by Western blotting (A), and the mRNA or protein levels of IL-6 in these cells were examined by RT-PCR (B) or ELISA (C). The error bars represent the ±S.D. from the mean,*P < 0.05; **P < 0.01. (D–E) A549 cells were pretreated with DMSO (0.1 %) or S3I-201 (20 μM) for 2 h, and then infected with or without WSN (MOI = 0.5) for 15 h. The phosphorylation of STAT3 in these cells was detected by Western blotting, and shown are representative blots from three independent experiments (D). The mRNA levels of IL-6 were determined by RT-qPCR (E). Plotted are the average levels from three independent experiments. The error bars represent the ±S.D. from the mean, **P < 0.01. (F,G) A549 cells expressing shRNAs targeting either STAT3 or control luciferase (Luc) were infected with or without WSN (MOI = 1) for 15 h. Cell lysates were analyzed by Western blotting with STAT3 antibodies (F), and IL-6 protein levels in these samples were determined by ELISA (G). Data are shown as mean ± S.D.; n = 3; *P < 0.05 (Student's T-test).



SOCS3 and Activated STAT3 Are Involved in Regulating the Function of NFκB

NFκB is an important transcription factor to drive the expression of many immune-related genes. It is also well-known that NFκB is a major transcription factor governing the transcription of IL-6 (12). IAV infection induced NFκB activation, as an obvious decrease in the level of its inhibitor IKBα was detected (Figure 6A). To determine whether silencing SOCS3 expression affected IL-6 production through modulating the function of NFκB, we investigated the effect of SOCS3 disruption on NFκB activity in vitro and in vivo. Indeed, both Western blotting and immunofluorescence staining showed increased IKBα and decreased nuclear p65 form of NFκB in IAV-infected SOCS3-knockdown cell and lung of TG mice as compared to WT host, suggesting that silencing SOCS3 may result in a suppression of NFκB upon viral infection (Figures 6B–D). Furthermore, we explored whether the phosphorylated STAT3 is involved in regulating NFκB activation. To this end, IKBα and nuclear p65 levels were examined in cells expressing either empty vector, WT or forced activated STAT3. We observed that an elevation of IKBα level and a reduction in nuclear p65 were observed in IAV-infected cells overexpressing WT or constitutively active STAT3, implying that persistent activation of STAT3 may impair NFκB activity (Figures 6E,F). The results are in accordance with a previous report that NFκB target gene iNOS was suppressed by STAT3 via a direct interaction between STAT3 and p65 (47). Taken together, our findings suggest that IAV-induced SOCS3 is associated with the upregulation of IL-6 expression likely through activating NFκB. One mechanism for the enhanced NFκB activation in the presence of high levels of SOCS3 might operate through suppressing STAT3 activity.
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FIGURE 6. SOCS3 and activated STAT3 are involved in regulating the function of NFκB. (A) IKB-α levels of A549 cells infected with WSN for indicated times were detected by Western blotting. (B) A549 cells expressing sh-SOCS3 or sh-Luc were infected with or without WSN for 15 h. IKB-α levels were examined by Western blotting. Shown are representative blots from three independent experiments. (C) A549 cells stably expressing sh-SOCS3 or control were infected with or without WSN for 15 h. Immunofluorescence staining was performed using an anti-NFκB p65 antibody to detect translocation of NFκB (red). The nuclei were stained with DAPI (blue). (D) The expression of IKB-α in lung tissues from SOCS3-knockdown TG mice and WT littermates were examined via Western blotting after WSN (5 × 104 PFU) infection at the indicated times. Shown are representative data from three independent experiments. (E,F) A549 cells stably expressing STAT3-D661V, STAT3-Y640F, STAT3-WT or EV control were infected with or without WSN for 15 h. IKB-α levels in these cells were determined by Western blotting (E). Immunofluorescence staining was performed to detect NFκB p65 (red) in cells infected with or without WSN (F). The nuclei were stained with DAPI (blue). Shown are representative results from three independent experiments. Scale bars, 10 μm.



DISCUSSION

The innate immune system is the first line of defense against IAV infection by inducing expression of cytokines and chemokines. However, excessive production of these molecules named as “cytokine storm,” especially in the case of infections with highly pathogenic influenza strains, contributes to disease severity. For example, severe seasonal influenza in ferrets correlates with increased IL-6 induction (48). However, the mechanism underlying aberrant expression and regulation of IL-6 during the viral infection is still poorly understood (49). In this study, we found that IAV infection induced a dramatic upregulation of IL-6, which was likely through enhanced activation of the transcription factor NFκB. In general, the fluctuation of IL-6 is important for the pro-inflammatory function to modulate and switch the innate immune response to adaptive immune response (19, 50). For instance, IL-6 secreted by the local infected cells recruits neutrophils at the early stage of infection, and then IL-6 secreted by neutrophils attracts macrophages and monocytes to the inflamed sites 24 h after the initial infection (6, 19). Besides, blood-borne IL-6 promotes the differentiation of effector T cells, memory T cells and antibody-producing B cells (19, 50, 51). As a feedback, the negative regulator SOCS3 is expressed, which is driven by IL-6-activated transcription factor STAT3. The feedback regulation of IL-6-activated STAT3 signaling by SOCS3 is critically required for the tight control of inflammation (34, 44).

SOCS3 not only is induced by IL-6/STAT3 signaling, but also like IL-6, is an NFκB target gene. Therefore, IAV-induced robust expression of SOCS3 might be a combined result from at least two or more sets of regulations (24, 25). Previous evidence suggests that an abnormally high level of IL-6 can cause severe tissue damages and increase disease severity (50). However, the exact relationship between IL-6 and SOCS3, especially the induction and the functional involvement of SOCS3 in regulating IL-6 production during the viral infection, remains unclear. In this study, we noticed that the early induction of SOCS3 in IAV-infected cells was independent of IL-6, implying that IAV may have evolved to establish a repressive circumstance for IL-6/STAT3 signaling, which is beneficial for the initiation of viral replication. We assumed that the suppression of IL-6/STAT3 signaling by the early production of SOCS3 might lead to elevation of IL-6 in late stage of IAV infection. Indeed, the involvement of SOCS3 in the regulation of IL-6 expression was demonstrated by our in vitro and in vivo experiments showing that depletion of SOCS3 significantly reduced the viral infection-triggered expression of IL-6. These findings suggest that impaired IL-6/STAT3 signaling due to inhibitory effect by high levels of SOCS3 contributes to excessive production of IL-6 during IAV infection.

We further discovered that the low expression of IL-6 caused by the deficiency of SOCS3 could effectively inhibit the IAV replication in vivo and in vitro. Our in vivo anti-IAV effect of SOCS3 deficiency is in accordance with a previous study which showed that expression of SOCS3 was downregulated by injected recombinant IL-7 in mice infected with lymphocytic chorimeningitis virus (LCMV) variant clone 13, and downregulation of SOCS3 enhanced cytokine signaling and thereby the LCMV was efficiently eliminated (9). Similar results have been also found in patients with chronic hepatitis C viral genotype 1, in whom the overexpression of SOCS3 in liver tissue is associated with a poorer treatment outcome (29), as well as in IAV-infected SOCS3-knockout mouse embryonic fibroblasts (MEFs), in which progeny virus titers are significantly reduced compared to control (25). Recently, another IAV-induced SOCS family member SOCS1 has been found to consistently impair viral clearance and exacerbate lung injury during IAV infection (52). Furthermore, the antiviral function of IL-7 is related to the activated IL-6/STAT3 signaling and increased amount of active T cells (9). In this study, we speculate that enhanced STAT3 activity and relatively low level of IL-6 might be important signals to recruit an appropriate amount of immune cells, which not only can clear the virus effectively but also avoid serious lung damage caused by the excessive IL-6 storm. As such, the IAV-induced robust expression of SOCS3 causes a feedback increase in IL-6 expression, impairs viral clearance and promotes the lung injury in vivo. However, the precise mechanism by which the deficiency of SOCS3, enhanced activation of STAT3 and decreased expression of IL-6 influence host antiviral immunity remains unclear. Although the absence of SOCS3 has been shown to increase the IL-6-induced IFN-like program and to sustain the phosphorylation of STAT1 in the IFNs response (20, 25, 27, 28, 53), little is known about the roles of phosphorylated STAT3 and SOCS3 in regulating antiviral ISGs expression. It has been shown that IL-6-activated STAT3 induces significant upregulation of IFITM3 in T cells (7). IFITM3 is a critical antiviral protein in innate immune response to prevent the viral cytosolic entry from the endosome (54–56). Therefore, a possible mechanism underlying the effect of silencing SOCS3 on antiviral response might be through the STAT3-mediated expression of IFITM3 or other ISGs in cells. Further investigation is needed to address this issue.

In addition, an interesting finding here is that the loss of SOCS3 strongly reduced NFκB activity and IL-6 levels in vitro and in vivo. Our results are, to some extent, in contrast to a previous report that overexpression of SOCS3 reduces NFκB activity (24). Possibly, a different MOI of A/Scotland/20/74 (H3N2) virus and a different cell line for the infection used in the other research (24) might cause the discrepancy, since the antiviral responses are associated with viral titers and host cell type specific. However, our results are consistent with other studies that forced expression of SOCS3 can activate RelA-dependent NFκB and transcription of IL-6 in macrophages and muscle cells (57–59). In this study, we found that SOCS3 deficiency inhibited the replication of IAV. Likely, the low viral propagation in SOCS3 knockdown cells is a feedback signal to reduce the high activity of NFκB and thereby impair the transcription of IL-6 to appropriate levels to avoid inflammation-associated damages. Nevertheless, the mechanism underlying this process is still unknown, and more efforts are required to tackle this question. On the other hand, a possible mechanism for the reduced IL-6 expression in SOCS3-knockdown host may be associated with the elevated pSTAT3 that crosstalks and inhibits the transcriptional activity of NFκB, and thereby suppresses transcription of IL-6, whose promoter contains both NFκB and STAT3 binding sites (60, 61). It has been observed that pancreatitis-associated protein I (PAP I), an inducible anti-inflammatory protein, blocks NFκB through activating phosphorylation and nuclear translocation of STAT3 in pancreatic acinar cells, resulting in decreased expression of IL-6 and TNFα (62). Notably, several experiments have demonstrated the crosstalk between NFκB and STAT3 in the nucleus, including direct interaction between NFκB-p65 and pSTAT3, and p300-involved cooperation or competition at promoters/enhancers of target genes (47, 60, 61, 63, 64). However, in human melanoma cells where STAT3 is persistently activated, the STAT3-NFκB-p300 protein complex can cooperatively activate the expression of many oncogenic/inflammatory genes (61). We assume that the different microenvironments in the various tissues might initiate distinct unknown mechanisms of STAT3-NFκB crosstalk. This will be explored in the future.

In conclusion, here we provide novel evidence that IAV triggered robust expression of SOCS3, a negative regulator of IL-6-STAT3 signaling, in an IL-6-independent manner at the early stage of the virus infection. This was beneficial for IAV infection and propagation by control of IL-6-STAT3 signaling. However, disruption of IL-6-STAT3 signaling by IAV-induced SOCS3 results in an adaptive increase in IL-6 expression by host in response to the viral infection, which may lead to excessive production of IL-6 and promote lung damage. Our findings establish a critical role for the IL-6-STAT3-SOCS3 axis in the pathogenesis of IAV and shed light on the complicated strategies taken by IAV to antagonize the host innate immunity.
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