',\' frontiers

in Immunology

ORIGINAL RESEARCH
published: 03 July 2017
doi: 10.3389/fimmu.2017.00779

OPEN ACCESS

Edited by:

Uday Kishore,

Brunel University London,
United Kingdom

Reviewed by:

Alan G. Goodman,

Washington State University,
United States

Philippe Georgel,

University of Strasbourg, France
Béatrice Nal,

Brunel University London,
United Kingdom

*Correspondence:
Meilin Jin
jml8328@126.com

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 16 February 2017
Accepted: 19 June 2017
Published: 03 July 2017

Citation:

Qian W, Wei X, Guo K, Li Y, Lin X,
Zou Z, Zhou H and Jin M (2017) The
C-Terminal Effector Domain of
Non-Structural Protein 1 of Influenza
A Virus Blocks IFN-p Production

by Targeting TNF Receptor-
Associated Factor 3.

Front. Immunol. 8:779.

doi: 10.3389/fimmu.2017.00779

Check for
updates

The C-Terminal Effector Domain of
Non-Structural Protein 1 of Influenza
A Virus Blocks IFN-f Production by
Targeting TNF Receptor-Associated
Factor 3

Wei Qian'?, Xiaogin Wei'>*, Kelei Guo'?, Yongtao Li%, Xian Lin"?, Zhong Zou'?,
Hongbo Zhou'? and Meilin Jin™%*

'State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Wuhan, China, 2 Department of
Preventive Veterinary Medicine, College of Animal Science & Medicine, Huazhong Agricultural University, Wuhan, China,

3 College of Agricultural and Animal Husbandry, Tibet University, Linzhi, China, *College of Animal Husbandry & Veterinary
Science, Henan Agricultural University, Zhengzhou, China, °Key Laboratory of Development of Veterinary Diagnostic
Products, Ministry of Agriculture, College of Veterinary Medicine, Huazhong Agricultural University, Wuhan, China

Influenza A virus non-structural protein 1 (NS1) antagonizes interferon response through
diverse strategies, particularly by inhibiting the activation of interferon regulatory factor
3 (IRF3) and IFN-p transcription. However, the underlying mechanisms used by the NS
C-terminal effector domain (ED) to inhibit the activation of IFN-p pathway are not well
understood. In this study, we used influenza virus subtype of Ho5N1 to demonstrate
that the NS1 C-terminal ED but not the N-terminal RNA-binding domain, binds TNF
receptor-associated factor 3 (TRAF3). This results in an attenuation of the type | IFN
signaling pathway. We found that the NS1 C-terminal ED (named NS1/126-225) inhibits
the active caspase activation and recruitment domain-containing form of RIG-| [RIG-
I(N)]-induced IFN-B reporter activity, the phosphorylation of IRF3, and the induction of
IFN-B. Further analysis showed that NS1/126-225 binds to TRAF3 through the TRAF
domain, subsequently decreasing TRAF3 K63-linked ubiquitination. NS1/126-225 bind-
ing also disrupted the formation of the mitochondrial antiviral signaling (MAVS)-TRAF3
complex, increasing the recruitment of IKKe to MAVS; ultimately shutting down the
RIG-I(N)-mediated signal transduction and cellular antiviral responses. This attenuation
of cellular antiviral responses leads to evasion of the innate immune response. Taken
together, our findings offer an important insight into the interplay between the influenza
virus and host innate immunity.

Keywords: influenza virus, non-structural protein 1, IFN-p, TNF receptor-associated factor 3, immune evasion

INTRODUCTION

Retinoic acid-inducible gene I (RIG-I) is an RNA helicase that acts as a major host sensor for virus
infections in the cytoplasm (1, 2). Influenza A virus (IAV) infection of cells is detected by RIG-I,
which recognizes and binds to the 5'-ppp of the double-stranded RNA structure found within
the panhandle of the IAV genome (3, 4). Next, upon binding of viral RNA, RIG-I is activated and
undergoes a conformational change mediated by ATPase/Helicase activity, resulting in the exposure
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of caspase activation and recruitment domains (CARD). As the
cascade continues, different residues in RIG-I are ubiquitinated
by the E3 ligases TRIM25 (5) and RIPLET (6), resulting in
RIG-I oligomerization. Subsequently, RIG-I interacts with the
adaptor protein mitochondrial antiviral signaling (MAVYS)
via their CARD-CARD association, which in turn results in
MAVS oligomerization. Through TNF receptor-associated fac-
tor 3 (TRAF3) or TRAF®, this leads to activation of the kinase
complexes containing TBK1 or IKKe and IKKo/p/y. Through
several final phosphorylation steps, these kinases ultimately
elicit antiviral and pro-inflammatory responses through inter-
feron regulatory factor 3 (IRF3) and nuclear factor kB (NF-kB),
respectively (7, 8).

Influenza A virus belongs to the orthomyxovirus family,
containing eight negative-sense RNA segments in an enveloped
viral particle encoding 14 or 17 proteins (9). This array of pro-
teins contributes to virulence; including the proteins associated
with viral RNA-dependent RNA polymerase (10) and the non-
structural protein 1 (NS1). NS1 consists of 215-237 amino acids
and comprises two functional domains: an N-terminal RNA-
binding domain (RBD) (AAl to 73) and a C-terminal effector
domain (ED) (AA74-end) (11). The NS1 protein plays a crucial
role in regulating the host antiviral response through various
mechanisms. One important function of the NS1 protein involves
inhibition of IFN production. The mechanism of this inhibition
includes activation of the transcription factors IRF3 (12), NF-xB
(13), and AP-1 (14), thus blocking IFN production. This efficient
inhibitory effect is associated with an RIG-I signaling pathway
through the NS1-RIG-I complex (15-17). Previous studies have
indicated that NS1 is also related to two positive factors of RIG-I,
the E3 ligases TRIM25 (18) and RIPLET (19). The residues E96/
E97 of NS1 mediate their interaction with the coiled-coil domain
of TRIM25, thus blocking both TRIM25 multimerization and
RIG-I CARD domain ubiquitination. This subsequently induces
lower levels of IFN-f (18). NS1 can also interact with RIPLET
preventing the activation of RIG-I, although E96/E97 are not
involved in that inhibition (19). The dsRNA binding ability of
NS1 could also be playing a role in the pre-transcriptional inhi-
bition of the interferon pathway by sequestering the pathogen-
associated molecular patterns (PAMPs) that RIG-I recognizes.
Two residues, R38 and K41, are required for the dsRNA binding
activity of NS1 (20), thus highly impairing its ability to block
interferon production.

In another similar pathway, NS1 has been shown to inhibit
host mRNA synthesis by binding a cellular 3" end-processing
factor, the 30 kDa subunit of the cleavage and polyadenylation
specificity factor (CPSF30), thus attenuating type I interferon
(IFN-o/p) and other interferon stimulated gene (ISG) mRNAs
that are involved in the antiviral response (21). The NS1 proteins
encoded by the seasonal HIN1, H2N2, H3N2, and avian H5N1
viral subtypes strongly bind to CPSF30 (22), whereas PR8, 2009
pandemic HIN1, and novel H7N9 virus do not efficiently bind
CPSF30 (23). It is noteworthy that cells infected with viruses
expressing NS1 proteins in seasonal H3N2 and H2N2 viruses
do not inhibit IRF3 activation. However, activation is blocked
in cells infected with viruses expressing NS1 proteins in some,
but not all, seasonal HIN1 viruses, 2009 pandemic HINI,

and avian H5N1 viruses. TRIM25 was previously reported to
interact with each of these NS1 proteins, whether or not they
block IRF3 activation, indicating that binding of TRIM25 by
the NS1 protein does not necessarily lead to blocking of IRF3
activation (22). Hence, binding of the NS1 protein to dsRNA,
RIG-I, and TRIM25 has not established that these NS1 interac-
tions are responsible for inhibiting the activation of IRF3 and
IFN transcription. In this case, one or more host factors may
participate in the NS1 blocking of IRF3 activation.

In view of several yet undetermined roles of NS1 in the inhi-
bition of interferon, we conducted a study aimed to determine
the importance of the function of the N- and/or C-terminal
domains of the NS1 protein in immune evasion. By using the
luciferase reporter assay, we were able to demonstrate that
the C-terminal ED (AA126 to 225, named NS1/126-225) of the
NS1 protein was sufficient to inhibit the production of IFN-f
driven by RIG-I(N). Mechanistically, NS1/126-225 was found
specifically to interact with TRAF3, to dissociate MAVS-TRAF3
complex, and to decrease K63-linked polyubiquitination of
TRAF3. This was shown to result in reduced IRF3-dependent
production of IFN-f, with subsequent enhancement of virus
replication. These data reveal a novel mechanism for how the
influenza A virus NS1 protein induces inhibition of the host
IFN production and may provide a potential target for antiviral
drug development.

MATERIALS AND METHODS

Viruses and Cells

The HPAI H5N1 virus strain, A/duck/Hubei/hangmei01/2006
(H5N1; designated H5N1/HM) was isolated from a duck.
Influenza A virus (strain A/Puerto Rico/8/1934 HIN1), A/
PR/8/34, was grown in our laboratories and stored until use.
rNS1-SD30 was constructed as previously described (24).
Influenza virus stocks of HSN1/HM, PR8, and rNS1-SD30 strains
were amplified using 10-day-old embryonic chicken eggs and
then titrated by determining log10 TCID50/ml values in MDCK
cells. All cell experiments with H5N1 virus were performed in
an Animal Biosafety Level 3 laboratory (BSL-3). This study was
carried out in accordance with the recommendations of BSL-3,
Huazhong Agricultural University (HZAU). The protocol was
approved by the BSL-3 of HZAU. The recombinant vesicular sto-
matitis virus (VSV) encoding green fluorescence protein (VSV-
GFP) was a gift from the Harbin Veterinary Research Institute
(Harbin, China). Sendai virus (Sev) was grown in 10-day-old
embryonic chicken eggs and titrated using a hemagglutination
assay as previously described (25).

Human embryonic kidney 293T cells and HeLa cells were
purchased from ATCC (Manassas, VA, USA) and cultured at
37°C with 5% CO; in Roswell Park Memorial Institute-1640
medium (HyClone, China) supplemented with 10% fetal bovine
serum (FBS) (PAN-Biotech, Germany), containing 100 U/ml
penicillin, and 100 mg/ml streptomycin (GNM15140). Human
lung epithelial cells (A549) were propagated in F12 medium
(HyClone, China) with 10% FBS. MDCK cells were obtained
from ATCC and propagated in Dulbeccos Modified Eagle’s
Medium (HyClone, China), maintained with 10% FBS.
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Reagents and Antibodies

Reagents were from the following suppliers: Lipofectamine
2000 (Invitrogen, USA); Poly(I1:C) (Sigma, USA). Commercial
antibodies were from the following suppliers: mouse monoclonal
anti-Flag-tagantibody (Sigma, USA); mouse monoclonal and rab-
bit polyclonal anti-Hemagglutinin (HA)-tag antibodies, mouse
monoclonal anti-gapdh and anti-B-actin antibodies (PMKbio,
China); anti-MYC-tag mouse monoclonal and anti-TRAF3 rabbit
polyclonal antibodies (Proteintech, USA); anti-Influenza A NS1
mouse monoclonal antibody (Santa Cruz Biotechnology, USA);
anti-Influenza A NP (nucleoprotein) rabbit polyclonal antibody
(GeneTex, USA); anti-Influenza A HA rabbit polyclonal antibody
(Sino Biological, China); anti-IRF3 polyclonal and phospho-IRF3
(8396) polyclonal antibodies (EMD Millipore, USA); anti-Lamin
A/C polyclonal antibody (Abclonal, USA); Cy3-conjugated goat
anti-rabbit IgG and fluorescein isothiocyanate (FITC)-conjugated
goatanti-mouse IgG (Invitrogen), and diamidino-2-phenylindole
(DAPI) (100 ng/ml, Invitrogen).

Plasmids

A plasmid encoding H5N1/HM NS1 with an N-terminal
HA tag was amplified from viral cDNA (prepared from total
RNA extracted from A549 cells after HM infection at 6 h) by
reverse transcription-PCR. Plasmids were cloned into the Clal
and Xhol (TaKaRa, China) sites of the PCAGGS-HA (PCA)
vector, and named HA-NS1. Using the same methods, PCA
plasmids encoding PR8 and HON2/W1 NSI were constructed.
PCA plasmids encoding H7N9/SH NS1 were constructed by
synthesizing gene sequences from the Influenza A virus [A/
Shanghai/02/2013(H7N9)] and subcloned into the PCA vector.
PCA expression plasmids encoding truncated NSI fragments,
including HA-NS1/1-73, NS1/1-125, NS1/74-225, and NS1/126-
225, were obtained by PCR amplification of HA-NS1. Plasmids
expressing Flag-tagged RIG-I, the active CARD domain contain-
ing form of RIG-I [RIG-I(N)], MAVS, TBK1, TRAF3, IKKe, and
pUb-HA were kindly provided by Dr. Zheng-fan Jiang (Peking
University). Flag-TRAF®6, luciferase reporter plasmid containing
the IFN-B-promoter (IFN-B-Luc), and Renilla control plasmids
pRL-TK were a gift from Dr. Ping Qian (Huazhong Agricultural
University). The constitutively active IRF3, named IRF3(5D),
was a kind gift from Dr. Yi-ling Lin (National Defense Medical
Center). pUb-k48-HA and pUb-k63-HA were kindly provided
by Dr. Hong-Bing Shu (Wuhan University). Plasmids expressing
Myc-tagged RIG-I(N) were amplified from Flag-RIG-I(N) and
cloned into pCMV-C-Myc vectors. Truncated forms of TRAF3
(AA1 to 346 and 347 to 568) with Flag tag were amplified from
the full-length template and cloned into the p3FLAG-CMV-14
vector (provided by Dr. Zheng-fan Jiang). Plasmids expressing
HA-tagged full-length MAVS was amplified by PCR and cloned
into PCA vectors. All constructs were verified by DNA sequenc-
ing (Sangon Biotech Co., Ltd., Shanghai, China). The PCR prim-
ers used in this study are summarized in Table 1.

Luciferase Reporter Assays

293T cells seeded into 24-well plates were transiently transfected
with plasmids encoding IFN-p-Luc and the internal control
pRL-TK, together with other plasmids, as indicated. Cells were

lysed with 1X passive lysis buffer, made by 1 volume of 5% pas-
sive lysis buffer (Promega) with 4 volumes of distilled water,
followed by analysis of cell lysates for luciferase activity with a
Dual-Luciferase Reporter Assay System kit (Promega) according
to manufacturer’s instructions. All experiments were performed
in triplicate and repeated at least three times. Data shown are
mean =+ SD from one representative experiment.

ELISA for IFN-f

Culture supernatants were collected and centrifuged at 300 g
for 10 min at 4°C to remove cell debris. Then 100 pl of the
cleared medium or the IFN-f standard was used in duplicate
for detection of IFN-B using a human IFN-f ELISA Kit
(Elabscience, E-EL-H0085c), according to the manufacturer’s
instructions.

Immunoblot Analysis and
Co-Immunoprecipitation (Co-IP)

Cellular lysates for detection of IRF3 dimerization by western
blotting were prepared using non-reducing RIPA lysis buffer
with 0.1% SDS containing protease and phosphatase inhibitors
(Servicebio, China). For immunoblot experiments, treated cells
were lysed in lysis buffer (10 mM phosphate pH 7.4, 137 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS)
supplemented with a protease inhibitor and phosphatase inhibi-
tor cocktail. Total or fractionated cellular extracts were resolved
on 10-12% SDS-PAGE. For Co-IP, treated cells were lysed in IP
buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 10% glycerol, and protease/phosphatase inhibitor
cocktail). The cell lysates were then incubated with anti-Flag or
anti-HA antibodies rocking for 8 h at 4°C and the complexes were
captured using Protein A/G PLUS-Agarose (Santa Cruz Biotech).
Cell lysates and the immunoprecipitates were resolved by 10-12%
SDS-PAGE and transferred to pure nitrocellulose membranes
(GE). The membranes were blocked in 1% bovine serum albumin
(BSA) in TBST buffer for 1 h at room temperature and probed
with indicated primary antibodies for 1-2 h at room temperature.
After hybridizing with either goat anti-rabbit or goat anti-mouse
secondary antibodies at a dilution of 1:10,000 in TBST buffer, the
membranes were washed with TBST buffer for four times (10 min
each) before visualized with ECL reagents (Advansta).

Immunofluorescence Assay

HeLa cells were plated onto coverslips in 24-well plates and
transfected with the indicated plasmids. At 24 h post transfec-
tion, cells were washed once with phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde for 15 min. Cells were
permeabilized with 0.1% Triton X-100 for 15 min and blocked
for 1 h at room temperature with 1% BSA in PBS, followed by
incubation with primary antibody for 1 h. After three washes
with PBS containing 0.1% Tween 20, cells were incubated with
FITC or Cy3-conjugated secondary antibodies for 1 h at room
temperature and then incubated with 4’,6-DAPI for 10 min.
Finally, the coverslips were washed extensively and fixed onto
slides. Images were taken under a Zeiss LSM510 Meta confocal
microscope (Carl Zeiss, Zena, Germany).
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TABLE 1 | Primers used in this study.

Primer name Purpose Sequence of oligonucleotide (5'-3') Accession no.
Non-structural protein 1 (NS1) Full length F ccatcgatATGGATTCCAACACTGTGTCA EU594353
Cloning R ccctcgagTCAAACTTCTGACTCAATTGTTCT
NS1/1-73 Truncated F ccatcgatATGGATTCCAACACTGTGTCA
Cloning R ccctcgagCTAATCCATTATTGCCTGGTC
NS1/74-225 Truncated F ccatcgatAAAACCATCATATTGAAAGCA
Cloning R ccctcgagTCAAACTTCTGACTCAATTGTTCT
NS1/1-125 Truncated F ccatcgatATGGATTCCAACACTGTGTCA
Cloning R ccctcgagCTAAGACTCCTCCTCCAGAATC
NS1/126-225 Truncated F ccatcgatGATGAGGCACTTAAAATGCC
Cloning R ccctcgag TCAAACTTCTGACTCAATTGTTCT
NS1/PR8 Full length F ccatcgatATGGATCCAAACACTGTGTCA NC_002020
Cloning R ccctcgag TCAAACTTCTGACCTAATTGTTC
NS1/W1 Full length F ccatcgatATGGATCCAAACACTGTGTCA DQ465404
Cloning R ccctcgagCTATTTTGGAGAGAGTGGAGG
NS1/SH Full length F ccatcgatATGGATTCCAATACTGTGTCA KF021601
Cloning R ccctcgagCTACTTTGTAGAGAGTGGAGATCTC
TNF receptor-associated factor 3 Truncated F cccaagcettATGGCAGACAGCATGAAGAG NM_145725
(TRAF3)-TD Cloning R cgggatccGGGATCGGGCAGATCCGA
TRAF3ATD Truncated F cccaagettATGGAGTCGAGTAAAAAGATGG
Cloning R ¢cgggatccTTCCTCCCAGTTCTGCCG
Mitochondrial antiviral signaling Full length F 9g9ggtaccATGCCGTTTGCTGAAGACA NM_020746
Cloning R ccctcgagCTAGTGCAGACGCCGCC
IFN-B Quantitative real-time PCR F GACGCCGCATTGACCATCTA NM_002176
(QRT-PCR) R CCTTAGGATTTCCACTCTGACT
B-Actin agRT-PCR F TGGACTTCGAGCAAGAGATGG NM_001101
R GGAAGGAAGGCTGGAAGAGTG
PKR gRT-PCR F AAAGCGAACAAGGAGTAAG NM_002759
R GATGATGCCATCCCGTAG
OASL oRT-PCR F AAGGTAGTCAAGGTGGGCTC NM_003733
R GGACTCTCTGCTCCATCCTC
Mx1 gRT-PCR F ACCACAGAGGCTCTCAGCAT NM_001144925
R CTCAGCTGGTCCTGGATCTC
NP (HM) oRT-PCR F GCGTTCAGCCCACTTTCTCG EU594350
R GGGTTCGTTGCCTTTTCGTC
NP (PR8) gRT-PCR F CCCAGGATGTGCTCTCTGATG KC815515
R TTCGTCCATTCTCACCCCTC

Quantitative Real-time PCR (qQRT-PCR)

Total RNA was isolated from cells using TRIzol reagent
(Invitrogen) following manufacturer’s instructions and cDNA
was prepared by using avian myeloblastosis virus reverse tran-
scriptase (TaKaRa). cDNA was used for quantification of the
indicated mRNA copy number on an ABI ViiA 7 PCR system
(Applied Biosystems, USA) by using SYBR Green Master Mix
(Rox). To detect and validate the specific amplification of PCR
products, dissociation curve analysis of the products was con-
ducted at the end of each PCR. Transcript levels of each gene
were normalized with the expression of p-actin, and the 27*%
method was used to analyze gene expression in the samples (26).
The primers used in qRT-PCR are listed in Table 1.

RNA Interference

Three siRNA oligonucleotides against TRAF3 and the cor-
responding negative control siRNA were obtained from
GenePharma.Sequencesareasfollows:si-1,5-CCACUGGAGAG
AUGAAUAU-3'; si-2, 5-GUUGUGCAGAGCAGUUAAU-3';

and si-3, 5-CUGGUUACUUUGGCUAUAA-3'. Transfection
of siRNA into 293T cells was performed by Lipofectamine 2000
according to manufacturer’s instructions.

In Vitro Ubiquitination Assay

293T cells were seeded into 60-mm dishes and transiently
transfected with the indicated plasmids. Thirty-six hours after
transfection, cells were harvested and the lysates were prepared
in a 1% NP-40 lysis buffer supplemented with a commercially
available 0.1% protease inhibitor cocktail and a 10 mM deubiq-
uitinase inhibitor N-ethylmaleimide (Sigma-Aldrich). Samples
were immunoprecipitated with 1 ug anti-Flag antibodies along
with 30 ul Protein A/G PLUS-Agarose. Polyubiquitination was
detected using anti-HA antibodies.

Influenza A Virus Infection of A549 Cells

A549 cells were transfected with the indicated plasmids for 24 h
at 37°C. Cells were washed twice with F12 medium and then
infected with H5N1/HM or PRS at an indicated MOI (2 or 0.001,
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0.01, and 0.1). After 1 h viral adsorption at 37°C, the inoculum
was replaced with fresh medium and the cells were incubated at
37°C. Cells and supernatants were harvested at the selected time
points for Co-IP experiments or virus titer measures, viral NP
mRNA, and protein analysis.

Statistical Analysis

The results are expressed as means =+ SD. Statistical analyses were
performed on data from triplicate experiments by using two-
tailed Student’s t-test. A P-value of less than 0.05 was considered
significant and a P-value of less than 0.01 was considered highly
significant.

RESULTS

The H5N1 NS1 Protein Inhibits the RIG-
I(N)-Mediated Activation of IFN-p via Its
C-Terminal ED in an RNA Binding-

Independent Manner

With the aim of elucidating the mechanism by which IAV NS1
protein counteracts the host innate immune responses, we gener-
ated four truncated H5N1 NS1 proteins, NS1/1-73, NS1/74-225,
NS1/1-125,and NS1/126-225 (Figure 1A). In order to investigate
the function of wtNS1, and its truncated peptides, we assessed
its effect on IFN-P promoter activity using a luciferase reporter
assay in 293T cells. Our results showed that wtNS1, NS1/74-225,
and NS1/126-225 significantly decreased the IFN-f reporter

activities driven by RIG-I or RIG-I(N). Conversely, NS1/1-73 did
not change the activity of IFN-p reporter, and NS1/1-125 only
slightly increased the activity compared to an empty vector con-
trol (Figure 1B). In addition, we found that wtNS1 and all trun-
cated peptides had inhibitory effects on IFN-f} reporter activities
induced by Sev or rNS1-SD30 virus infection or transfection of
poly(I:C) (Figure 1B). This suggests that NS1 N-terminal RBD
alone is sufficient to inhibit the activation of IFN-f only in the
presence of dsRNA; the C-terminal ED of NSI could inhibit the
activity of IFN-f reporter in all tested conditions. Driven by RIG-
I(N), NS1/126-225 caused a dose-dependent inhibition of IFN-f
promoter activity and IFN-f transcription (Figure 1C). Previous
studies indicated that IAV NS1 sequesters dsRNA and binds
RIG-I at its RBD, subsequently inhibiting the activation of IRF3
and preventing the induction of IFN-f (11, 16). Our findings
reveal that C-terminal ED of NS1 (NS1/126-225) blocked RIG-
I(N)-mediated IFN-f induction in an RNA binding-independent
manner.

NS1/126-225 Blocks RIG-I(N)-Induced
IRF3 Phosphorylation and IFN-f

Production

Transcription factor IRF3 is a key innate immune system compo-
nent that mediates IFN-f induction. Once IRF3 is phosphorylated,
it forms a dimer, translocates into the nucleus from the cytoplasm,
and induces the expression of IFN-f and ISGs through specifi-
cally binding to their promoter regions (27). In order to further
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FIGURE 1 | Inhibition of RIG-I(N)-induced IFN-B activation by the C-terminal effector domain (ED) of HSN1 NS1 protein. (A) Schematic diagram of wtNS1 protein
encoded by avian H5N1 virus with the indicated truncates of the N-terminal RNA-binding domain or the C-terminal ED. (B) 293T cells in 24-well plates were
co-transfected with 400 ng of empty vector, NS1, NS1/1-73, NS1/74-225, NS1/1-125, or NS1-126-225 along with 100 ng of IFN-B-luc and the 5 ng of pRL-TK
using Lipofectamine 2000. Twenty-four hours after transfection, cells were incubated with one of the following: 50 ng of RIG-I, RIG-I(N), an empty vector for 24 h,
poly(l:C) (100 ng) for 16 h, 40 HAU/mI Sey, or 0.01 MOI rNS1-SD30 virus for 16 h, then lysed with lysis buffer. Luciferase activities were detected by the dual-
luciferase assay system. (C) 293T cells were transfected with an empty vector or increasing amounts of plasmid encoding NS1/126-225 (50, 100, 200 ng) along
with RIG-I(N), IFN-B-luc, and pRL-TK. Twenty-four hours after transfection, luciferase activity and transcription of IFN-p were measured. p-actin was used as an
internal control for the gRT-PCR experiments. Western blot analysis of lysates was performed. All experiments were repeated at least three times. Data shown are
mean + SD from one representative experiment. Statistical significance was analyzed with a two-tailed Student’s t-test (*P < 0.05 or *P < 0.01).
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investigate how NS1/126-225 inhibits the signaling that mediates
type I IFN production, we used an IRF3-luciferase reporter plas-
mid, allowing for the measurement of IRF3 activation. As shown
in Figure 2A, IRF3-luciferase reporter activation by RIG-I(N)
was blocked in 293T cells overexpressing NS1/126-225 or wtNS1.
We next addressed whether NS1/126-225 affected the dimeriza-
tion and nuclear localization of endogenous IRF3 mediated by
RIG-I(N). Non-reduced SDS-PAGE and immunoblot analysis of
cell lysates after RIG-I(N) transfection showed that NS1/126-225
or wtNS1 expression produced a considerable reduction in the
activated dimer form of IRF3 (Figure 2B). Similarly, RIG-I(N)-
induced phosphorylation of IRF3 was strongly repressed by
NS1/126-225 or wtNS1 and that phosphorylated IRF3 was largely
distributed in nuclear fractions (Figure 2C). ELISA assays of
IFN- in the medium of cells transfected with plasmids encoding
NS1/126-225 or wtNS1 along with RIG-I(N) showed that both
NS1/126-225 and wtNS1 inhibited the production of IFN-f
(Figure 2D). Together, these data indicate that NS1/126-225

inhibits the expression of type I IFN induced by RIG-I(N) through
blocking the phosphorylation of IRF3.

Previous studies have shown that a recombinant VSV-GFP
system can be used as a strategy to screen proteins possessing
IFN-antagonizing activity (28). In the present study, we employed
recombinant VSV-GFP to investigate if NS1/126-225 serves as
an antagonist of IFN production. When 293T cells expressed
NS1/126-225, a high level of VSV-GFP replication was present,
consistent with wtNS1 protein (Figure 2E), suggesting that
the inhibitory effect of NS1/126-225 on IFN production is also
present during actual viral infection.

NS1/126-225 Inhibits IFN-p Signaling
Pathway at the Level between MAVS and
TBK1

In order to test the effect of NS1/126-225 on various com-
ponents of the RLR pathway, NS1/126-225 and expression
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FIGURE 2 | NS1/126-225 inhibits the activation of IRF3. (A) 293T cells were transfected with an IRF3 reporter plasmid and pRL-TK in the presence or absence of
RIG-I(N). Cells were cotransfected with plasmids expressing NS1 or NS1/126-225, or an empty vector as a control. Luciferase activity within lysates was determined
24 h posttransfection. (B,C) 293T cells were transfected with an empty vector, NS1, or NS1/126-225 along with or without RIG-I(N) for 24 h. Lysates were then
analyzed for levels of IRF3 dimers by western blotting using non-reduced SDS-PAGE (B), and levels of p-IRF3(S396) and total IRF3 in the cytoplasmic and nuclear
lysates (C). GAPDH and Lamin A/C were used as cytoplasmic and nuclear fraction markers, respectively. (D) A549 cells were transfected with empty vector, NS1,
or NS1/126-225 for 24 h. IFN-p production in response to RIG-I(N) was measured by ELISA. (E) Representative fluorescence micrographs of VSV-GFP in 293T cells
transfected with an empty vector, NS1, or NS1/126-225 along with RIG-I(N) for 24 h followed by infection with VSV-GFP for 12 h. All experiments were performed at
least three times with similar results. **P < 0.01 by Student’s t-test.
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plasmids of RIG-I signaling pathway components, including
RIG-I(N), MAVS, TBK1, IKKe, and the active form of IRF3
[IRF3(5D)], were cotransfected into 293T cells. IFN-p promoter
activity and transcription levels of IFN-f were then detected.
Reporter assay results showed that NS1/126-225 inhibited
the IFN-f activity induced by RIG-I(N) or MAVS, whereas
NS1/126-225 could not suppress IFN-f promoter activation
driven by TBK1, IKKe, or IRF3(5D) (Figure 3A). By contrast,
wtNS1 significantly decreased the RLR adaptor-mediated
IFN-f promoter activity. As expected, NS1/126-225 exhibited

a decrease in the IFN-f mRNA level induced by RIG-I(N) or
MAVS (Figure 3A). In addition, the secretion of IFN-f and
the transcription level of ISGs triggered by TBK1 or IRF3(5D)
in the presence of NS1/126-225 were tested. NS1/126-225
induced nearly a complete loss of the inhibition of IFN-f and
ISGs, including OASL, PKR, and Mx1, whereas wtNS1 strongly
blocked the production of IFN-f and ISGs mRNA expression
(Figures 3B,C). Together, these data indicate that NS1/126-225
significantly inhibits the cellular antiviral response at the level
between MAVS and TBKI.

P < 0.001 (Student’s t-test).
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FIGURE 3 | NS1/126-225 inhibits the IFN-B signaling pathway between the level of MAVS and TBK1. (A) 293T cells plated in 24-well plates were transfected with
IFN-B-Luc, pRL-TK and empty vector, RIG-I(N), MAVS, TBK1, IKKe, or IRF3(5D) expression plasmids along with a control vector, NS1, or NS1/126-225. Luciferase
activity and the transcription of IFN-$ were measured at 24 h after transfection. (B) 293T cells plated in 12-well plates were transfected with an empty vector or a
vector expressing NS1 or NS1/126-225 along with TBK1 or IRF3(5D), then IFN-B, OASL, PKR, and Mx1 mRNA levels were determined by real-time PCR. The
transcript level of each gene was normalized to the expression of p-actin. (C) Production of IFN-f by TBK1 in the presence of NS1/126-225. A549 cells plated in
12-well plates were transfected with an empty vector, NS1, or NS1/126-225 along with TBK1. After 24 h, the amount of IFN-f in the supernatants was measured by
ELISA. Western blot analysis of lysates was performed. The data are presented as mean + SD derived from three repeat experiments. *P < 0.05 or **P < 0.01,
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NS1/126-225 or wtNS1
TRAF3

Interacts with

In the RLR-mediated signaling pathway, TRAF3 serves as a criti-
cal link between the adaptor MAVS and downstream regulatory

kinases that are essential for IRF3

activation (29, 30). Thus, we

hypothesized that TRAF3 is the target of NS1/126-225. Co-IP
experiments revealed that NS1/126-225 interacted selectively
with TRAF3 but not other components (Figures 4A,B). In

another experiment, wtNS1 and

NS1/74-225 also interacted

most potently with TRAF3 (Figure 4C). This association was

confirmed under physiological conditions in an experiment
that detected this interaction by overexpression of Flag-TRAF3
in infected A549 cells, where RIG-I served as a positive control
(Figure 4D). Furthermore, PR8 NS1 also interacted with TRAF3
in infected A549 cells (Figure 4E). To address whether the wtNS1
protein physically interacts with endogenous TRAF3, we per-
formed endogenous IP assays on H5N1/HM or PR8-infected cell
lysates. Our results showed that TRAF3 could be co-precipitated
by the NS1 antibody (Figure 4F). In addition, the NS1 proteins
of the strain A/Shanghai/02/2013(H7N9) and other avian
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FIGURE 4 | Identification of NS1/126-225 or wtNS1 that bind TRAFS3. (A) 293T cells seeded into 60-mm dishes and transfected with a plasmid expressing
HA-NS1/126-225 along with Flag-TRAF3 for 36 h. (B) 293T cells were transfected with HA-NS1/126-225 and different components of the RLR signaling pathway
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HIN?2 strain did not bind TRAF3 (Figure S1 in Supplementary
Material). These results demonstrate that NS1/126-225 or wtNS1
interacts with TRAF3 in a strain-specific manner.

Based on the findings that NS1/126-225 or wtNS1 interacted
with TRAF3, we next asked whether the two molecules co-localize
in cells. Confocal microscopy revealed the co-staining of NS1/
126-225 or wtNS1 and TRAF3 in cells, suggesting the co-locali-
zation of the two proteins (Figure 4G). Normally, expression of
wtNS1 in HeLa cells resulted in a nuclear localization with minor
cytoplasmic staining. TRAF3 overexpression led to a marked
increase in the cytoplasmic localization of wtNS1 or NS1/126-
225. These results indicate that NS1/126-225 or wtNS1 colocalize
with TRAF3 in cells and TRAF3 overexpression led to a marked
increase of NS1/126-225 or wtNS1 cytoplasmic localization.

TRAF3 Is Essential for NS1/126-225

to Downregulate IFN-f

The above data showed that NS1/126-225 blocks IFN-f induc-
tion and interacts with TRAF3. Hence, we used TRAF3 siRNA
to determine whether TRAF3 is essential for the regulatory
function of NS1/126-225 in 293T cells. Knockdown of TRAF3
by siRNA diminished IFN-f promoter activity triggered by
RIG-I(N) (Figures 5A,B). In cells with silenced TRAF3, after
transfection of RIG-I(N), the induction of IFN-f was greatly
reduced and the inhibitory effect of NS1/126-225 was markedly
attenuated. Nevertheless, this inhibitory effect was rescued
successfully with a TRAF3 expression plasmid (Figure 5C).
These data suggest that TRAF3 is necessary for NS1/126-225 to
decrease IFN-p activity.

NS1/126-225 Suppresses TRAF3 K63-

Linked Ubiquitination

It is well-known that TRAF3 is modified with a polyubiquitin
chain to provide a scaffold for complex formation. Thus, in order
to study the effect of NS1/126-225 on TRAF3 ubiquitination,
Co-IP experiments were conducted. Flag-TRAF3, pUb-HA,
and NS1/126-225 along with RIG-I(N) were cotransfected
into 293T cells and the ubiquitination level of TRAF3 was
monitored. Compared to the control, NS1/126-225 reduced the
RIG-I(N)-induced ubiquitination of TRAF3 (Figure 6, left). To
explore the type of TRAF3 ubiquitin chains, Flag-TRAF3 was
transfected into 293T cells with ubiquitin mutants, including the
pUb-K48-HA or pUb-K63-HA expression plasmid. The results
showed that NS1/126-225 could decrease the K63-linked ubiq-
uitination of TRAF3 but not the K48-linked ubiquitination of
TRAF3 (Figure 6, right). In summary, these results demonstrate
that NS1/126-225 suppresses the K63-linked ubiquitination of
TRAF3 that is important for the recruitment of the TBK1-IKKe
kinase complex.

NS1/126-225 Interacts with the TRAF
Domain of TRAF3 and Impairs the
Formation of MAVS-TRAF3 Complex

TNF receptor-associated factor 3 consists of four structural and
functional domains; a RING domain, a Zinc-fingers domain,
an Isoleucine Zipper domain, and a TRAF domain. To map the
TRAF3 domains involved in NS1/126-225 binding, we gener-
ated the following TRAF3 deletion mutants: Flag-TRAF3-ATD,
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FIGURE 5 | TRAF3 is necessary for NS1/126-225 to downregulate IFN-B. (A) 293T cells were transfected with three TRAF3 siRNAs (60 pmol) for 36 h. Cell lysates
were detected using an anti-TRAF3 antibody. (B) Three TRAF3 siRNAs or a negative control siRNA was transfected for 24 h with IFN-p-luc and pRL-TK along with
RIG-I(N) in 293T cells. Luciferase reporter assay was performed to examine the activation of IFN-p in cells. (C) 293T cells were transfected with negative control
siRNA or TRAF3 siRNA (si-3) for 24 h, then transfected with IFN--luc and pRL-TK, along with the vector, NS1/126-225, or NS1 together with or without RIG-I(N) or
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FIGURE 6 | NS1/126-225 inhibits TRAF3 K63-linked ubiquitination.

293T cells were transfected with Flag-TRAF3, RIG-I(N), pUb-HA, together
with or without HA-NS1/126-225, or with ubiquitin mutants pUb-K48-HA and
pUb-K63-HA. Thirty-six hours later, cells were subjected to anti-Flag
immunoprecipitation and immunoblotting with anti-HA to monitor the
ubiquitination of TRAFS.

expressing AA1 to 346 and containing the RING domain, the
Zinc-fingers domain, the Isoleucine Zipper domain, and Flag-
TRAF3-TD, expressing AA347 to 568 and containing the TRAF
domain (Figure 7A). Co-IP assays showed that the TRAF domain
of TRAF3 was found to be the crucial region responsible for the
association of TRAF3 with NS1/126-225 (Figure 7B) as well as
with wtNS1 (data not shown).

Previously, it has been reported that the TIM domain of MAVS
interacts with amino acid residues Y440 and Q442 within the
TRAF domain of TRAF3 (31). To examine whether NS1/126-225
affected IFN signaling at the level of MAVS-TRAF3 interaction,
MAVS-TRAF3 association was determined in the presence of
NS1/126-225. Expression of MAVS led to an interaction with
TRAF3 and was increased by RIG-I(N) transfection. However,
NS1/126-225 and wtNS1 markedly disrupted this interaction by
4.6- and 8.5-fold, respectively (Figure 7C). In H5N1/HM infec-
tion of A549 cells, the MAVS-TRAF3 complex was decreased by
3.3-fold compared to the control (Figure 7D).

As reported previously, IKKe is recruited to the C-terminal
region of MAVS following Sev or VSV infection, mediated by
Lys63-linked polyubiquitination of MAVS at Lys500, resulting
in the inhibition of downstream IFN signaling (31, 32). Therefore,
it was necessary to test whether wtNS1 or NS1/126-225 affect
this process to accomplish its negative regulatory role in IFN-f
production after Sev infection. The interaction of MAVS and

IKKe was readily detected by Co-IP, while Sev infection resulted
in a significant decrease in the MAVS-IKKe interaction.
Interestingly, the interaction of MAVS and IKKe was remark-
ably increased when cotransfected with NS1/126-225 or wtNS1
(Figure 7E), indicating that NS1/126-225 or NS1 promotes the
recruitment of IKKe to MAVS. Furthermore, we measured the
secretion of IFN-f in cell supernatants. Results showed that
NS1/126-225 or NS1 inhibited the production of IFN-f medi-
ated by MAVS-TRAF3 or MAVS-IKKe (Figure 7F), implying
that NS1/126-225 functions in downregulating IFN expression.
Taken together, these results indicate that the association of the
MAVS-TRAF3 complex is disrupted by NS1/126-225, which, in
turn, blocks IFN-f production.

NS1/126-225 Increases Virus Replication
in AlV-Infected A549 Cells

To determine whether the replication of IAV is enhanced by the
NS1/126-225 protein, A549 cells were transfected with NS1/126-
225, or an empty vector, then infected with different titers of
H5N1/HM or PR8 virus. Upon infection with H5N1/HM or
PR8 virus, NS1/126-225 could facilitate transcription of NP of
both viruses (Figure 8A), resulting in an increase in NP and
HA proteins observed in the NS1/126-225 group (Figure 8B).
This was confirmed by the titers of HS5N1/HM or PR8 virus,
which significantly increased by 40- and 31-fold, respectively,
in NS1/126-225 overexpressing cells compared with control
cells (Figure 8C). These results demonstrate that NS1/126-225
enhances the capacity of IAV to replicate in cells.

DISCUSSION

PRRs of host cells recognize a PAMP and subsequently initiate
a series of signaling cascades. The final step is activation of
IRF3 and NF-«B, thus inducing the transcription of IFN-f} (33).
Given the cascade of responses triggered by the host in response
to infection, influenza viruses adapted different strategies to
escape the IFN response. This survival tactic has proven suc-
cessful in order for virus proliferation and infection. Both PB2
and PB1-F2 limit IFN production by associating with MAVS
(10, 34, 35). Other structural proteins, such as PB1, PA, NP, and
even the genomic RNA itself, also contribute to impairing RIG-
I-mediated antiviral responses (36). Moreover, HA (HA1) was
recently shown to drive the degradation of the IFN receptor
chain IFNARI, thereby suppressing IFN-triggered JAK/STAT
signaling (37). The most effective weapon influenza A viruses
have at their disposal is NS1 protein.

The NS1 protein acts as an antiviral antagonist protein capable
of limiting IFN production. RIG-I recognizes and binds dsRNA
structures with 5’-triphosphates upon infection to initiate the
host antiviral response. During the course of viral infection,
the NSI protein of IAV inhibits host IFN responses either by
sequestering viral dSRNA or by binding to RIG-I and TRIM25 or
RIPLET proteins required for RIG-I activation and IFN signaling
pathways (11, 16, 18, 19). In this study, we found that the NS1
C-terminal ED (AA126 to 225) of H5N1 virus inhibits the activa-
tion of IFN-f pathway. To achieve a negative regulatory function
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with a two-tailed student’s t-test (P < 0.05 or **P < 0.01).
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FIGURE 7 | NS1/126-225 disrupts the formation of MAVS-TRAF3 complex. (A) Schematic diagram of the TRAF3 protein and the following deletion mutants:
Flag-TRAF3-ATD (AAT1 to 346) and Flag-TRAF3-TD (AA347 to 568). (B) Co-IP and western blotting of 293T cells transfected with HA-tagged NS1/126-225 along
with a vector expressing the indicated Flag-tagged TRAF3 truncations or full-length TRAF3. An empty vector was used as a negative control. (C) 293T cells were
transfected with Flag-TRAF3 and HA-MAVS together with either HA-NS1/126-225 or HA-NS1 and Myc-RIG-I(N) for 36 h. (D) 293T cells were transfected with
Flag-TRAF3 and HA-MAVS together with or without Myc-RIG-I(N) for 24 h, then infected with 0.1 MOI HM virus for 12 h. Cell lysates were harvested, then subjected
to immunoprecipitation using an anti-Flag antibody, and analyzed by western blotting. (E) 293T cells were transfected with HA-NS1/126-225 as well as Flag-IKKe
and HA-MAVS for 24 h. Cell lysates were collected 12 h post-infection with Sev. Co-IP was performed with anti-Flag, and the precipitates were probed with
anti-Flag and anti-HA antibodies. (F) A549 cells in 12-well plates were transfected with NS1/126-225, NS1 or an empty vector along with MAVS and TRAF3,
together with or without RIG-I(N) for 36 h; NS1/126-225 or NS1 cotransfected with MAVS and IKKe for 24 h, then cells were infected with Sev or mock infected for
12 h. IFN-p concentrations in the supernatants were measured by ELISA. All experiments were performed at least three times. Statistical significance was analyzed

in the cellular antiviral response, NS1/126-225 associates with
TRAF3 to remove the Lys63-polyubiquitin chains on TRAF3
and to disrupt the MAVS-TRAF3 complex. NS1/126-225 also
increases the recruitment of IKKe to MAVS, releasing TRAF3
from the mitochondria. This further decreases the level of K63-
linked ubiquitination of TRAF3, impairing IRF3 phosphorylation
and reducing the production of IFN-p (Figure 9).

Interestingly, our study has shown that the ED of NS1 protein
possesses the ability to suppress IFN response in the absence
of RNA. Typically, the RBD of NS1 mediates the inhibition of
IEN synthesis, and the ED of NS1 induces the inhibition of gene
expression, together with its known interactors (11). In this
study, we have found that the NS1 C-terminal ED (NS1/74-225

and NS1/126-225), but not the RBD (NS1/1-73 and NS1/1-125)
block IFN-p reporter activity induced by RIG-I(N). Expression
of NS1/126-225 resulted in the inhibition of IRF3 activation,
indicating that the NSI1 protein blocks IFN-f activation through
an RNA-independent manner. It was demonstrated in previous
studies that influenza A viruses TX/98 and A/Viet Nam/1203/04
expressing C-terminally truncated NS1 proteins of 73, 99, or
126 amino acids were attenuated. The resultant reduced growth
correlated with a high level of IFN-a/f induced by these mutant
viruses (28, 38). In addition, in both influenza B and C viruses,
the C-terminal domains of the NSI proteins were found to pos-
sess IFN antagonist activity (39, 40). More importantly, the N
terminus-truncated NS1 proteins encoded by PR8, which was
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FIGURE 8 | NS1/126-225 increases virus replication in IAV-infected A549 cells. (A) A549 cells were transfected with HA-NS1/126-225 or an empty vector and
infected with HM or PR8 virus at the indicated MOls (0.001, 0.01, and 0.1) at 24 h posttransfection. Total RNA was extracted to examine the mRNA levels of NP
transcripts by gPCR at the indicated time points (12 and 24 h). p-actin was used as an internal control for normalization, and the relative expression is represented

as fold induction relative to the expression level in control cells (set to 1). (B) Western blotting was performed to detect protein levels of NP and HA. (C) Culture
supernatants from cells infected with HM or PR8 (0.1 MOI) were collected, and viral titers was measured by TCIDso. Results shown are representative of three
independent experiments. The data are presented as the means + SD derived from three repeat experiments. *P < 0.05 or **P < 0.01, ***P < 0.001 (Student’s t-test).

translated from internal AUGs at positions 235 and 241 of the
NS1 open reading frame,
IRF3 and IFN-f transcription (41). This observation is supported

were found to inhibit the activation of

by our findings that the influenza A virus NS1 ED plays an
important role in the ability of the NSI protein to inhibit IFN-f
pathway.
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To elucidate the mechanism of how the NS1 ED inhibits
IEN-B activation, we speculated that the NS1 ED contacts its
counterparts in RIG-I signaling leading to inhibition. For this
purpose, we examined a step within the signaling pathway
that NS1/126-225 targets and found that NS1/126-225 acted
downstream of MAVS and upstream of TBK1. The Co-IP assays
showed unexpectedly that NS1/126-225 binds to TRAF3, which
interacts with MAVS forming a platform for RNA virus signal-
ing. We also tested the binding of TRAF3 to the full-length NS1
protein and found that this interaction exists, and co-localized
in the cytoplasm. The NS1/126-225 protein mainly localized in
the cytoplasm. TRAF3 expression led to a marked increase in the
NS1/126-225 cytoplasmic localization, suggesting that NS1/126-
225 inhibits the activation of the IFN-p pathway. Although all
types of influenza virus NS1 proteins interact with TRIM25, only
part of NSI prevents IRF3 activation, indicating that TRIM25 is
not required for the inhibition of IRF3 activation. In this study,
we did not observe the interaction between NS1/126-225 and
RIG-I, consistent with the results described in a previous pub-
lication (41). Consequently, RIG-I seems to be non-essential for
the optimal inhibition of IFN production in IAV-infected cells.
However, our study demonstrated that the influenza A virus NS1

ED targets TRAF3, subsequently inhibits IFN production, imply-
ing that TRAF3 is a key factor involved for IAV to escape host
innate immune responses.

The MAVS-TRAF3 complex is a focal point of RLR-directed
signaling response (42, 43). TRAF3 localizes to the endoplasmic
reticulum (ER) and needs to be recruited to mitochondrial
MAVS in order to activate TBK1 complexes (44). Many viral
proteins, accessory and non-structural proteins in particular,
hijack TRAF3 or the TRAF3 complex to mediate immune eva-
sion. SARS coronavirus M protein or Open Reading Frame-9b
prevents the formation of TRAF3-TANK-TBK1/IKKe complex
or MAVS-TRAF3/TRAF6 signalosome to evade host innate
immunity (45, 46). SARS-CoV papain-like protease interacts
with and disrupts STING-TRAF3-TBK1 complex, it also inhibits
the TLR7-mediated innate immunity through removing Lys63-
linked ubiquitin chains of TRAF3 and TRAF6 (47, 48). Herpes
simplex virus 1 ubiquitin-specific protease UL36 deubiquitinates
TRAF3 then counteracts the IFN-p pathway (49). Over the past
10 years, there have been major advances in understanding how
influenza A viruses successfully escape the surveillance of the
immune system. The current report furthers this research reveal-
ing the surprising finding that NS1/126-225 acts by targeting
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TRAF3; specifically, NS1/126-225 targets the TRAF domain of
TRAF3. TRAF3 links the upstream IFN signaling responses of
MAVS to TBKI relying on the TRAF domain. This report also
shows that a specific interaction between TRAF3 and MAVS
was observed when TRAF3 and MAVS were co-expressed in
293T cells. However, the interaction between TRAF3 and MAVS
was disrupted in the presence of NS1/126-225. Interestingly, the
interaction between MAVS and IKKe was markedly increased
in NS1/126-225-expressing cells. It has been previously demon-
strated that, after Sev infection, K63-linked polyubiquitination
at Lys500 of MAVS recruits IKKe to the mitochondria, function-
ally causes release of TRAF3 from MAVS initiating the signal
to shutdown the IFN response (31). The MAVS-IKKe complex
was enhanced when NS1/126-225 was present, indicating that
NS1/126-225 can utilize this process to shut down further acti-
vation of IFN pathway. Taken together, these data indicate that
NS1/126-225 impedes the interactions between components
of MAVS-TRAF3 complex, preventing the phosphorylation of
IRF3, where it would activate the IFN-f response.

Ubiquitination has emerged as a key posttranslational modi-
fication that controls induction and shutdown of the interferon
response. TRAF3, serving as a crucial functional link, is modi-
fied with a polyubiquitin chain providing a scaffold for complex
formation, and, not surprisingly, many viruses encode proteins
that inhibit ubiquitination processes to overcome host innate
responses. Previous studies showed that nairoviruses and arteri-
viruses encode for ovarian tumor domain-containing proteases
that hydrolyze ubiquitin chains from host proteins (50, 51). In
this report, we have shown that NS1/126-225 suppresses the K63-
linked ubiquitination of TRAF3. It is likely that NS1/126-225
works through recruiting a deubiquitinase to cleave the TRAF3
ubiquitin chain since it has been shown that NS1/126-225 does not
belong to any known deubiquitinase family. For example, DUBA,
a member of the Otubain (OTUB) family, has been shown to
deubiquitinate TRAF3 and negatively regulate TLR3- and RIG-1/
MDA5-mediated IFN induction (52). It was also shown that two
OTUB deubiquitinating enzyme family members, OTUB1 and
OTUB2, can deubiquitinate TRAF3 and TRAF6, leading to the
inhibition of virus-induced IFN-B expression and cellular anti-
viral responses (53). Therefore, whether these proteins, or other
DUB proteins, are involved in this regulation, and the detailed
regulatory mechanism of TRAF3 activity triggered by NS1/126-
225 remains to be discovered.

Interestingly, strain-specific targeting of TRAF3 was demon-
strated by specific interaction of NS1 proteins encoded by PR8
or avian H5N1 but not novel H7N9 or avian HON?2 viruses. This
difference may be associated with strain-specific sequence varia-
tions. The NS1 protein most often occurs as a 230 residue peptide,
including NS1 of seasonal HIN1 virus and avian H5N1 virus

REFERENCES

1. Yoneyama M, Onomoto K, Jogi M, Akaboshi T, Fujita T. Viral RNA detection
by RIG-I-like receptors. Curr Opin Immunol (2015) 32:48-53. doi:10.1016/j.
€0i.2014.12.012

2. Yoo JS, Kato H, Fujita T. Sensing viral invasion by RIG-I like receptors. Curr
Opin Microbiol (2014) 20:131-8. doi:10.1016/j.mib.2014.05.011

(80-84 residues have been deleted since 2000), which were used
in this study. However, premature stop codons or, alternatively,
suppression of the genuine stop codon (codon 231) resulted in
length variations at NS1’s C-terminus. Abdelwhab et al. analyzed
NSI protein sequences of all AIV subtypes in birds from 1902
to 2015 to study the prevalence and distribution of carboxyl ter-
minal end truncation (ACTE). They found that NS217 proteins
lacking amino acids 218-230 were the most prevalent form (88%).
This truncation is prevalent in LPAIV of non-H5/H7 subtypes;
particularly HIN2, H10, and H6 viruses that are known to be
widespread and mostly (semi)endemic in land-based poultry
(54). Similar truncations have also been observed in swine influ-
enza viruses, which harbor a C-terminally truncated NS1 and
have also been found in human HINI1 viruses that have been in
public circulation since the 2009 pandemic (55). Hence, whether
the interaction of NS1 and TRAF3 are associated with the ACTE
requires further investigation.

In summary, the present study demonstrated that TRAF3 is a
target of the C-terminal ED (AA126 to 225) of H5N1 NS1 pro-
tein, revealing a novel function of the NS1 protein in modulating
host innate immunity and possibly facilitating IAV infection.
The physiological significance of the NS1 ED in IAV replica-
tion and its pathological role in flu diseases warrant further
investigation to probe the potential value of this molecule as a
therapeutic and/or disease prevention target.

AUTHOR CONTRIBUTIONS

M] and WQ conceived and designed the experiments. WQ,
XW, KG, YL, XL, ZZ, and HZ performed the experiments and
analyzed data. WQ and M]J wrote the manuscript. All authors
reviewed, revised, and approved the final manuscript.

ACKNOWLEDGMENTS

Authors highly appreciate Dr. Zheng-fan Jiang, Dr. Hong-Bing
Shu, Dr. Ping Qian, and Dr. Yi-ling Lin for providing plasmids
described in Section “Materials and Methods”

FUNDING

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

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal frontiersin.org/article/10.3389/fimmu.2017.00779/
full#supplementary-material.

3. Pichlmair A, Schulz O, Tan CP, Naslund TI, Liljestrom P, Weber E
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

4. Rehwinkel J, Tan CP, Goubau D, Schulz O, Pichlmair A, Bier K, et al. RIG-I
detects viral genomic RNA during negative-strand RNA virus infection. Cell
(2010) 140(3):397-408. doi:10.1016/j.cell.2010.01.020

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 779


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00779/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00779/full#supplementary-material
https://doi.org/10.1016/j.coi.2014.12.012
https://doi.org/10.1016/j.coi.2014.12.012
https://doi.org/10.1016/j.mib.2014.05.011
https://doi.org/10.1126/science.1132998
https://doi.org/10.1126/science.1132998
https://doi.org/10.1016/j.cell.2010.01.020

Qian et al.

NS1 Inhibits IFN-p through TRAF3

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gack MU, Shin YC, Joo CH, Urano T, Liang C, Sun L, et al. TRIM25 RING-
finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity.
Nature (2007) 446(7138):916-20. doi:10.1038/nature05732

Oshiumi H, Matsumoto M, Hatakeyama S, Seya T. Riplet/RNF135, a RING
finger protein, ubiquitinates RIG-I to promote interferon-beta induction
during the early phase of viral infection. ] Biol Chem (2009) 284(2):807-17.
doi:10.1074/jbc.M804259200

Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in pathogen recognition.
Int Immunol (2009) 21(4):317-37. doi:10.1093/intimm/dxp017

Chiang JJ, Davis ME, Gack MU. Regulation of RIG-I-like receptor signaling
by host and viral proteins. Cytokine Growth Factor Rev (2014) 25(5):491-505.
doi:10.1016/j.cytogfr.2014.06.005

Vasin AV, Temkina OA, Egorov V'V, Klotchenko SA, Plotnikova MA, Kiselev OI.
Molecular mechanisms enhancing the proteome of influenza A viruses:
an overview of recently discovered proteins. Virus Res (2014) 185:53-63.
doi:10.1016/j.virusres.2014.03.015

Graef KM, Vreede FT, Lau YE, 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/
JVI1.00879-10

Hale BG, Randall RE, Ortin J, Jackson D. The multifunctional NS1 protein
of influenza A viruses. ] Gen Virol (2008) 89(Pt 10):2359-76. doi:10.1099/
vir.0.2008/004606-0

Talon J, Horvath CM, Polley R, Basler CF, Muster T, Palese P, et al. Activation
of interferon regulatory factor 3 is inhibited by the influenza A virus NS1
protein. J Virol (2000) 74(17):7989-96. doi:10.1128/JV1.74.17.7989-7996.2000
Wang X, Li M, Zheng H, Muster T, Palese P, Beg AA, et al. Influenza
A virus NS1 protein prevents activation of NF-kappaB and induction
of alpha/beta interferon. ] Virol (2000) 74(24):11566-73. doi:10.1128/
JV1.74.24.11566-11573.2000

Ludwig S, Wang X, Ehrhardt C, Zheng H, Donelan N, Planz O, et al. The
influenza A virus NSI1 protein inhibits activation of Jun N-terminal kinase
and AP-1 transcription factors. J Virol (2002) 76(21):11166-71. doi:10.1128/
JV1.76.21.11166-11171.2002

Guo Z, Chen LM, Zeng H, Gomez JA, Plowden J, Fujita T, et al. NS1 protein
of influenza A virus inhibits the function of intracytoplasmic pathogen
sensor, RIG-I. Am ] Respir Cell Mol Biol (2007) 36(3):263-9. doi:10.1165/
rcmb.2006-0283RC

Mibayashi M, Martinez-Sobrido L, Loo YM, Cardenas WB, Gale M Jr, Garcia-
Sastre A. Inhibition of retinoic acid-inducible gene I-mediated induction
of beta interferon by the NSI protein of influenza A virus. J Virol (2007)
81(2):514-24. doi:10.1128/JV1.01265-06

Opitz B, Rejaibi A, Dauber B, Eckhard ], Vinzing M, Schmeck B, et al.
IFNbeta induction by influenza A virus is mediated by RIG-I which is
regulated by the viral NS1 protein. Cell Microbiol (2007) 9(4):930-8.
doi:10.1111/j.1462-5822.2006.00841.x

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-1. Cell Host Microbe (2009) 5(5):439-49.
doi:10.1016/j.chom.2009.04.006

RajsbaumR, Albrecht RA, Wang MK, Maharaj NP, Versteeg GA, Nistal-VillanE,
et al. Species-specific inhibition of RIG-I ubiquitination and IFN induction
by the influenza A virus NS1 protein. PLoS Pathog (2012) 8(11):e1003059.
doi:10.1371/journal.ppat.1003059

Wang W, Riedel K, Lynch P, Chien CY, Montelione GT, Krug RM. RNA bind-
ing by the novel helical domain of the influenza virus NS1 protein requires its
dimer structure and a small number of specific basic amino acids. RNA (1999)
5(2):195-205. doi:10.1017/S1355838299981621

Nemeroft 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/
$1097-2765(00)80099-4

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

Ayllon ], Domingues P, Rajsbaum R, Miorin L, Schmolke M, Hale BG,
et al. A single amino acid substitution in the novel H7N9 influenza A

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

virus NSI protein increases CPSF30 binding and virulence. J Virol (2014)
88(20):12146-51. doi:10.1128/JV1.01567-14

Zhou H, Zhu ], Tu ], Zou W, Hu Y, Yu Z, et al. Effect on virulence and pathoge-
nicity of H5N1 influenza A virus through truncations of NS1 eIF4GI binding
domain. ] Infect Dis (2010) 202(9):1338-46. doi:10.1086/656536

Kochs G, Garcia-Sastre A, Martinez-Sobrido L. Multiple anti-interferon
actions of the influenza A virus NSI1 protein. J Virol (2007) 81(13):7011-21.
doi:10.1128/JV1.02581-06

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001)
25(4):402-8. doi:10.1006/meth.2001.1262

Loo YM, Gale M Jr. Immune signaling by RIG-I-like receptors. Immunity
(2011) 34(5):680-92. doi:10.1016/j.immuni.2011.05.003

Solorzano A, Webby RJ, Lager KM, Janke BH, Garcia-Sastre A, Richt JA.
Mutations in the NS1 protein of swine influenza virus impair anti-interferon
activity and confer attenuation in pigs. J Virol (2005) 79(12):7535-43.
doi:10.1128/JV1.79.12.7535-7543.2005

Oganesyan G, Saha SK, Guo B, He JQ, Shahangian A, Zarnegar B, et al. Critical
role of TRAF3 in the Toll-like receptor-dependent and -independent antiviral
response. Nature (2006) 439(7073):208-11. doi:10.1038/nature04374

Bowie AG. TRAF3: uncovering the real but restricted role in human. Immunity
(2010) 33(3):293-5. doi:10.1016/j.immuni.2010.09.008

Paz S, Vilasco M, Werden S, Arguello M, Joseph-Pillai D, Zhao T, et al.
A functional C-terminal TRAF3-binding site in MAVS participates in pos-
itive and negative regulation of the IFN antiviral response. Cell Res (2011)
21(6):895-910. doi:10.1038/cr.2011.2

Paz S, Vilasco M, Arguello M, Sun Q, Lacoste ], Nguyen TL, et al. Ubiquitin-
regulated recruitment of IkappaB kinase epsilon to the MAVS interferon
signaling adapter. Mol Cell Biol (2009) 29(12):3401-12. doi:10.1128/
MCB.00880-08

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

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

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 decreas-
ing mitochondrial membrane potential. J Virol (2012) 86(16):8359-66.
doi:10.1128/JV1.01122-12

Weber-Gerlach M, Weber E. To conquer the host, influenza virus is packing it in:
interferon-antagonistic strategies beyond NS1. J Virol (2016) 90(19):8389-94.
doi:10.1128/JV1.00041-16

Xia C, Vijayan M, Pritzl CJ, Fuchs SY, McDermott AB, Hahm B. Hemagglutinin
of influenza A virus antagonizes type I interferon (IFN) responses by
inducing degradation of type I IFN receptor 1. J Virol (2016) 90(5):2403-17.
doi:10.1128/JV1.02749-15

Steel ], Lowen AC, Pena L, Angel M, Solorzano A, Albrecht R, et al. Live
attenuated influenza viruses containing NS1 truncations as vaccine candidates
against H5N1 highly pathogenic avian influenza. J Virol (2009) 83(4):1742-53.
doi:10.1128/JVI1.01920-08

Donelan NR, Dauber B, Wang X, Basler CE, Wolff T, Garcia-Sastre A. The
N- and C-terminal domains of the NS1 protein of influenza B virus can
independently inhibit IRF-3 and beta interferon promoter activation. J Virol
(2004) 78(21):11574-82. doi:10.1128/JV1.78.21.11574-11582.2004

Pachler K, Vlasak R. Influenza C virus NS1 protein counteracts RIG-I-
mediated IFN signalling. Virol ] (2011) 8:48. doi:10.1186/1743-422X-8-48
Kuo RL, Li LH, Lin SJ, Li ZH, Chen GW, Chang CK, et al. Role of N termi-
nus-truncated NS1 proteins of influenza A virus in inhibiting IRF3 activation.
] Virol (2016) 90(9):4696-705. doi:10.1128/JV1.02843-15

Hiscott J. Triggering the innate antiviral response through IRF-3 activation.
] Biol Chem (2007) 282(21):15325-9. doi:10.1074/jbc.R700002200

Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT,
et al. IKKepsilon and TBKI1 are essential components of the IRF3 signaling
pathway. Nat Immunol (2003) 4(5):491-6. doi:10.1038/ni921

van Zuylen WJ, Doyon P, Clement JE, Khan KA, D’Ambrosio LM, Do F, et al.
Proteomic profiling of the TRAF3 interactome network reveals a new role for
the ER-to-Golgi transport compartments in innate immunity. PLoS Pathog
(2012) 8(7):e1002747. doi:10.1371/journal.ppat.1002747

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 779


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nature05732
https://doi.org/10.1074/jbc.M804259200
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.1016/j.cytogfr.2014.06.005
https://doi.org/10.1016/j.virusres.2014.03.015
https://doi.org/10.1128/JVI.00879-10
https://doi.org/10.1128/JVI.00879-10
https://doi.org/10.1099/vir.0.2008/004606-0
https://doi.org/10.1099/vir.0.2008/004606-0
https://doi.org/10.1128/JVI.74.17.7989-7996.2000
https://doi.org/10.1128/JVI.74.24.11566-11573.2000
https://doi.org/10.1128/JVI.74.24.11566-11573.2000
https://doi.org/10.1128/JVI.76.21.11166-11171.2002
https://doi.org/10.1128/JVI.76.21.11166-11171.2002
https://doi.org/10.1165/rcmb.2006-0283RC
https://doi.org/10.1165/rcmb.2006-0283RC
https://doi.org/10.1128/JVI.01265-06
https://doi.org/10.1111/j.1462-5822.2006.00841.x
https://doi.org/10.1016/j.chom.2009.04.006
https://doi.org/10.1371/journal.ppat.1003059
https://doi.org/10.1017/S1355838299981621
https://doi.org/10.1016/S1097-2765(00)80099-4
https://doi.org/10.1016/S1097-2765(00)80099-4
https://doi.org/10.1016/j.virol.2010.09.012
https://doi.org/10.1128/JVI.01567-14
https://doi.org/10.1086/656536
https://doi.org/10.1128/JVI.02581-06
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.immuni.2011.05.003
https://doi.org/10.1128/JVI.79.12.7535-7543.2005
https://doi.org/10.1038/nature04374
https://doi.org/10.1016/j.immuni.2010.09.008
https://doi.org/10.1038/cr.2011.2
https://doi.org/10.1128/MCB.00880-08
https://doi.org/10.1128/MCB.00880-08
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1371/journal.ppat.1002067
https://doi.org/10.1128/JVI.01122-12
https://doi.org/10.1128/JVI.00041-16
https://doi.org/10.1128/JVI.02749-15
https://doi.org/10.1128/JVI.01920-08
https://doi.org/10.1128/JVI.78.21.11574-11582.2004
https://doi.org/10.1186/1743-422X-8-48
https://doi.org/10.1128/JVI.02843-15
https://doi.org/10.1074/jbc.R700002200
https://doi.org/10.1038/ni921
https://doi.org/10.1371/journal.ppat.1002747

Qian et al.

NS1 Inhibits IFN-p through TRAF3

45.

46.

47.

48.

49.

50.

51.

52.

Siu KL, Kok KH, Ng MH, Poon VK, Yuen KY, Zheng BJ, et al. Severe acute
respiratory syndrome coronavirus M protein inhibits type I interferon
production by impeding the formation of TRAF3. TANK.TBK1/IKKepsilon
complex. ] Biol Chem (2009) 284(24):16202-9. doi:10.1074/jbc.M109.008227
Shi CS, Qi HY, Boularan C, Huang NN, Abu-Asab M, Shelhamer JH, et al.
SARS-coronavirus open reading frame-9b suppresses innate immunity by tar-
geting mitochondria and the MAVS/TRAF3/TRAF6 signalosome. ] Immunol
(2014) 193(6):3080-9. doi:10.4049/jimmunol.1303196

Chen X, Yang X, Zheng Y, Yang Y, Xing Y, Chen Z. SARS coronavirus
papain-like protease inhibits the type I interferon signaling pathway through
interaction with the STING-TRAF3-TBK1 complex. Protein Cell (2014)
5(5):369-81. doi:10.1007/s13238-014-0026-3

Li SW, Wang CY, Jou Y], Huang SH, Hsiao LH, Wan L, et al. SARS coronavirus
papain-like protease inhibits the TLR7 signaling pathway through removing
Lys63-linked polyubiquitination of TRAF3 and TRAF6. Int ] Mol Sci (2016)
17(5):E678. doi:10.3390/ijms17050678

Wang S, Wang K, Li ], Zheng C. Herpes simplex virus 1 ubiquitin-specific pro-
tease UL36 inhibits beta interferon production by deubiquitinating TRAF3.
J Virol (2013) 87(21):11851-60. doi:10.1128/JV1.01211-13

Rajsbaum R, Garcia-Sastre A. Viral evasion mechanisms of early antiviral
responses involving regulation of ubiquitin pathways. Trends Microbiol (2013)
21(8):421-9. doi:10.1016/j.tim.2013.06.006

Bailey-Elkin BA, van Kasteren PB, Snijder EJ, Kikkert M, Mark BL. Viral OTU
deubiquitinases: a structural and functional comparison. PLoS Pathog (2014)
10(3):€1003894. doi:10.1371/journal.ppat.1003894

Kayagaki N, Phung Q, Chan S, Chaudhari R, Quan C, O’'Rourke KM, et al.
DUBA: a deubiquitinase that regulates type I interferon production. Science
(2007) 318(5856):1628-32. doi:10.1126/science.1145918

53. Li S, Zheng H, Mao AP, Zhong B, Li Y, Liu Y, et al. Regulation of virus-
triggered signaling by OTUB1- and OTUB2-mediated deubiquitination of
TRAF3 and TRAF6. ] Biol Chem (2010) 285(7):4291-7. doi:10.1074/jbc.
M109.074971

Abdelwhab EI-SM, Veits ], Breithaupt A, Gohrbandt S, Ziller M, Teifke JP,
et al. Prevalence of the C-terminal truncations of NS1 in avian influenza A
viruses and effect on virulence and replication of a highly pathogenic H7N1
virus in chickens. Virulence (2016) 7(5):546-57. d0i:10.1080/21505594.2016.
1159367

Marc D. Stop-codon variations in non-structural protein NS1 of avian influ-
enza viruses. Virulence (2016) 7(5):498-501. doi:10.1080/21505594.2016.
1175802

54.

55.

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

The reviewer, BN, and handling editor declared their shared affiliation, and the
handling editor states that the process nevertheless met the standards of a fair and
objective review.

Copyright © 2017 Qian, Wei, Guo, Li, Lin, Zou, Zhou 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 permit-
ted, 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.

Frontiers in Immunology | www.frontiersin.org

16

July 2017 | Volume 8 | Article 779


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1074/jbc.M109.008227
https://doi.org/10.4049/jimmunol.1303196
https://doi.org/10.1007/s13238-014-0026-3
https://doi.org/10.3390/ijms17050678
https://doi.org/10.1128/JVI.01211-13
https://doi.org/10.1016/j.tim.2013.06.006
https://doi.org/10.1371/journal.ppat.1003894
https://doi.org/10.1126/science.1145918
https://doi.org/10.1074/jbc.M109.074971
https://doi.org/10.1074/jbc.M109.074971
https://doi.org/10.1080/21505594.2016.1159367
https://doi.org/10.1080/21505594.2016.1159367
https://doi.org/10.1080/21505594.2016.1175802
https://doi.org/10.1080/21505594.2016.1175802
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The C-Terminal Effector Domain of Non-Structural Protein 1 of Influenza A Virus Blocks IFN-β Production by Targeting TNF Receptor-Associated Factor 3
	Introduction
	Materials and Methods
	Viruses and Cells
	Reagents and Antibodies
	Plasmids
	Luciferase Reporter Assays
	ELISA for IFN-β
	Immunoblot Analysis and Co-Immunoprecipitation (Co-IP)
	Immunofluorescence Assay
	Quantitative Real-time PCR (qRT-PCR)
	RNA Interference
	In Vitro Ubiquitination Assay
	Influenza A Virus Infection of A549 Cells
	Statistical Analysis

	Results
	The H5N1 NS1 Protein Inhibits the RIG-I(N)-Mediated Activation of IFN-β via Its C-Terminal ED in an RNA Binding-Independent Manner
	NS1/126-225 Blocks RIG-I(N)-Induced IRF3 Phosphorylation and IFN-β Production
	NS1/126-225 Inhibits IFN-β Signaling Pathway at the Level between MAVS and TBK1
	NS1/126-225 or wtNS1 Interacts with TRAF3
	TRAF3 Is Essential for NS1/126-225 
to Downregulate IFN-β
	NS1/126-225 Suppresses TRAF3 K63-Linked Ubiquitination
	NS1/126-225 Interacts with the TRAF Domain of TRAF3 and Impairs the Formation of MAVS–TRAF3 Complex
	NS1/126-225 Increases Virus Replication in AIV-Infected A549 Cells

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


