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ABSTRACT
Highly pathogenic avian influenza viruses (HPAIVs) frequently receive global attention as threats to public health. The
NS1 protein is a key virulence factor known to impair host antiviral responses. The study herein revealed HPAIV H5N2
NS gene encoded additional protein; a truncated NS1 variant, designated NS3, produced by alternative splicing of
the NS transcript. To examine the function of NS3 during infection, we generated recombinant viruses expressing
either full-length NS1 (RG-AIV-T375G) or NS3 (RG-AIV-NS3). Interestingly, RG-AIV-NS3 virus produced higher titres
than RG-AIV-T375G in multiple mammalian cell lines. However, RG-AIV-T375G exhibited a replication advantage over
RG-AIV-NS3 in chicken DF-1 cells, indicating that host cell identity dictates the effect of NS3 on viral replication. In
mice and mammalian cells, RG-AIV-NS3 infection elicited higher level of cytokines, including IFN-β, MX and TNF-α,
potentially due to its higher replication activity. Based on mini-genome assay, NS3 had pronounced effects on viral
replication machinery. Surprisingly, NS3 retained an interaction with PKR and suppressed PKR activation despite its
lack of amino-acid residues 126-167. The poor replication ability of RG-AIV-T375G was partially restored in cells
deficient in PKR suggesting that full-length NS1 may be insufficient to suppress PKR function. Notably, virulence of
the full-length NS1-expressing RG-AIV-T375G virus was highly attenuated in mice when compared to RG-AIV-NS3. In
summary, our study reveals the existence and function of a previously unidentified H5N2 viral protein, NS3. We
found that NS3 is functionally distinct from NS1 protein, as it enhances viral replication and pathogenicity in
mammalian systems, potentially via suppression of PKR activity.
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Introduction

Many avian influenza viruses (AIVs) can infect a var-
iety of species and may pose severe threats to public
health. For example, the highly pathogenic AIV
(HPAIV) H5N1 was first reported as an infection in
domesticated geese in southern China in 1996, and
since its identification, H5N1 has continually caused
outbreaks in animals and humans across Asia, the
Middle East, North America and Africa [1,2]. Unlike
the HPAIVs, which frequently cause devastating
effects on the poultry industry, low pathogenic AIVs
(LPAIVs) usually causes mild disease or asymptomatic
infections in poultry. In Taiwan, the LPAIV H6N1 was
first isolated in 1972 [3], and it has remained a domi-
nant endemic strain since that time [4]. Nevertheless,
several AIVs of the H5 subtype have emerged in Tai-
wan within the last two decades. The first outbreak of

LPAIV H5N2 in Taiwan was reported in 2003,
followed by a second wave in 2008 and subsequent
occasional detection in chickens [4,5]. Sequence analy-
sis implied that the virus (also called Mexican-like
H5N2) is the result of reassortment events. As such,
the viral genome harbors HA and NA gene segments
that originated from an H5N2 strain first isolated in
Mexico and another six internal genes that were inher-
ited from local enzootic H6N1 viruses [5]. As a result
of its co-circulation with H6N1, the Mexican-like
H5N2 virus evolved into an HPAIV in 2012; this
HPAIV retains the internal gene complex from the
H6N1 virus lineage but has several modifications
from multiple reassortment events [6]. Moreover, in
early 2015, three novel H5-clade 2.3.4.4 HPAIVs
emerged. These emergent H5 viruses included the
Eurasian lineage of H5N2, H5N8 and H5N3, which
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all caused high mortality in geese [7]. Soon after this
episode, another novel HPAIV (H5N6) was detected
in a dead duck, and this strain caused sporadic out-
breaks throughout 2017 [8]. Such continuous evol-
ution and emergence of new subtypes along with
sustained transmission of AIVs in the domestic poul-
try industry creates a need to continuously monitor
the status of H5 epidemics and to better understand
the pathogenic mechanisms of these viruses.

The genome of influenza A virus is composed of
eight RNA segments encoding at least ten major
viral proteins. In order to generate the full set of pro-
teins, two genomic segments (numbers 7 and 8) give
rise to distinct transcripts by alternative splicing [9].
The splicing of segment 8 creates mRNAs that encode
nonstructural (NS) protein 1 (NS1) and NS2. In
addition to the generation of multiple mRNAs by
alternative splicing, the canonical protein and
additional viral proteins may arise from a single
mRNA by effects on translation machinery. For
instance, leaky ribosomal scanning will lead to the
translation of PB1-F2 from an alternative reading
frame (+1 open reading frame) of the PB1 gene,
using a downstream AUG [10]. Moreover, two N-ter-
minus-truncated NS1 proteins were found to be trans-
lated from AUGs located at positions 235 and 241 of
the NS1 open reading frame [11]. Importantly, these
truncated viral proteins can affect the replication of
influenza A viruses in a strain-specific manner.

The NS1 protein is translated from the NS tran-
script without splicing. The protein forms a dimer
and contains two functional domains, including a
double-stranded RNA (dsRNA)-binding domain
(RBD) and an effector domain (ED) respectively
located at the N- and C-terminus of the protein [12].
In terms of function, NS1 is highly pleiotropic and
widely regarded as a key determinant of virulence.
The protein is also essential to viral fitness during
the course of interspecies adaptation, principally due
to its roles in counteracting innate immune response
and in modulating expression machinery activities
[13]. It is well documented that host cell detection of
influenza virus RNA triggers expression of type I
interferon (IFN) and proinflammatory cytokines by
cytosolic RIG-I and endosomal Toll-like receptors
(e.g. TLR3 and TLR7) [14]. However, NS1 restricts
IFN signalling via several mechanisms that involve
the interplay of NS1 with multiple cellular partners.
Both the RBD and ED of NS1 contribute to the sup-
pression of IFN response. The RBD associates with
dsRNA, a potent inducer of type I IFN, and directly
interacts with the second CARD (caspase activation
and recruitment domain) of retinoic acid-inducible
gene I (RIG-I) [15,16]. These actions ultimately lead
to the suppression of IFN expression over the course
of viral infection [17]. Moreover, NS1 impairs IFN-
mediated antiviral responses downregulating IFN

signalling pathways and modulating cellular mRNA
maturation machinery, an effect mediated by intermo-
lecular interactions between the ED region of NS1 and
its cellular targets (e.g. PKR, TRIM25 and CPSF30)
[17–20].

High variation has been noted within the NS
sequences of H5N2 strains that have emerged in Tai-
wan over the last decade. Sporadic mutations span-
ning the NS1 coding region have been identified,
causing sequence similarities between major strains
to be as low as 90.6% [21]. Importantly, substitution
of heterologous NS genes can markedly affect the
infection efficiency of reassortant viruses and the
cytokine expression profiles of infected cells, sup-
porting a crucial role for NS1 in both viral compat-
ibility and host immune responses. Of note, the
HPAIV H5N2 strain (A/goose/Taiwan/01031/2015)
NS1031 gene was found to encode two proteins,
including NS1 and additional protein with smaller
size [21]. Based on its molecular weight, the smaller
product is unlikely to be an N-terminus-truncated
NS1 initiated at an internal AUG codon (position
235 or 241) that was identified in a previous report
[11]. Since the reassortant virus bearing the NS1031
gene is greatly attenuated in mammalian cells [21],
we sought to investigate the identity and character-
istics of the shorter NS1031-encoded protein in the
context of influenza infection. In this study, we
found that the NS1031 virus encodes a variant
NS1 protein, denoted as NS3 based on previous
study on H3N2 virus [28]. NS3 protein is translated
from an alternatively spliced transcript. We then
went on to compare the roles of NS3 with those
of full-length NS1. According to our results, the
NS3 protein appears be functionally non-redundant
with the NS1 protein. Despite its internal deletion,
NS3 enhances viral replication and pathogenicity of
influenza virus in both cell and animal models.
Moreover, it effectively suppresses PKR activity and
confers a growth advantage to influenza virus in
mammalian cells.

Materials and methods

Virus and cells

H1N1 virus strain A/Puerto Rico/8/1934 (PR8) and
reassortant viruses that express, wild type NS gene
from the 1031 strain (A/goose/Taiwan/01031/2015),
or only one of the two NS1 variants were propagated
in 10-day-old embryonated specific-pathogen-free
(SPF) chicken eggs for 48 h at 37°C. Cells used in
this study were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco BRL, Life Technol-
ogies Corporation Carlsbad, CA, USA) supplemented
with 10% foetal bovine serum (FBS, Hyclone, Logan,
UT, USA) and antibiotics.
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Construction of plasmids for reverse genetics

Two reassortant viruses expressing one of the two NS1
variants originated from NS segment (accession num-
ber KU646889.1) of A/goose/Taiwan/01031/2015
avian influenza virus (abbreviated as strain 1031
herein), were generated by reverse genetics. Initially,
the NS segments bearing sequences expressing either
the full length NS1 (T375G) or NS3 were produced
by PCR. DNA expressing only the full length NS1
was obtained by introducing a T-to-G point mutation
at nucleotide 375 via site-directed mutagenesis that
resulted in the replacement of the novel splicing
donor dinucleotide (GU) with GG. While, the DNA
bearing NS3 sequences was reconstituted from
NS1031 gene by overlapping extension PCR. Primers
were available in Supplementary Table 1. To construct
reverse genetic vectors, the resulting PCR product was
then subcloned into reverse genetic vector pDZ kindly
provided by Professor Peter Palese (Icahn School of
Medicine at Mount Sinai, USA) [22], following the
strategies described in our previous report [21].

Rescue of reassortant AIVs

HEK293T cells were transfected with the mixture of
pDZ plasmids containing eight gene segments (seven
gene segments derived from PR8 strain and the NS
encoding one of the NS01031 isoforms) by Lipofecta-
mine 2000 Reagent (Invitrogen, Carlsbad, CA, USA).
After 24-hr incubation, cells were harvested and
inoculated into 10-day-old SPF eggs for viral amplifi-
cation. The progeny viruses in allantoic fluid were
further purified by plaque assay in MDCK cells.
Three single plaques of each reassortant virus were
picked and further propagated in SPF eggs. Sequences
of NS segments were initially confirmed by automated
sequencing (Mission Biotech. Co. Ltd., Taiwan), and
whole genome sequences of the purified viruses were
further validated by next generation sequencing
(Genomics Biotech. Co. Ltd., Taiwan).

Generation of constructs expressing various
NS1 isoforms

Two sets of constructs were generated for expression
of NS1 proteins with fusion of either an FLAG-tag
or eGFP protein at its C-terminus. PCR was used to
amplify the coding region of the four NS1 variants.
Primers were available in Supplementary Table
1. The resulting PCR fragments were subsequently
treated with two restriction enzyme sets, EcoR I/Kpn
I or Bgl II/Not I, for cloning into vector pCMV14
(Sigma-Aldrich) or GFP-pcDNA3.1 [23], which
expresses an FLAG-tag and eGFP fusion protein,
respectively.

Plaque assay

MDCK cells seeded in 12-well plates were washed with
PBS once and infected with 400 μL/well of viruses that
were serially diluted in the infectious medium
(DMEM with TPCK-treated trypsin (1.0 µg/mL)). At
three hours post infection (hpi), after removal of infec-
tious medium, cells were washed with PBS and then
overlaid with infectious medium containing of 0.6%
agarose. At 48 hpi, cells were fixed by 10% formal-
dehyde and plaques were visualized by crystal violet
stain. The virus titre was estimated and expressed as
the mean plaque-forming units (PFU) per mL.

Growth kinetics of reassortant AIVs

Cells were infected with the reassortant viruses, at a
multiplicity of infection (MOI) of 0.01 for 12, 24, 36,
and 48 hpi. The titres of viral progenies in the culture
medium were measured by standard plaque assay.

Transfection

Transfection was performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. Briefly, cells were seeded
in a 12-well plate one night prior to transfection to
reach approximately 80% confluency. In total, 2 μg
of plasmids were mixed with 4 μL of liposome that
was diluted in 100 μL of DMEM (without FBS or anti-
biotics) at room temperature. After 20-min incu-
bation, the mixture of DNA and liposome was added
dropwise onto cell monolayers and incubated for 1 d
for further analysis.

Western blot analysis

Whole cell lysates were prepared and separated by
sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) followed by electro-transfer
onto nitrocellulose (NC) paper (Bio-Rad). The filter
was blocked in 5% skimmilk for one hr, and then incu-
bated with the primary antibodies at 4°C for overnight.
Subsequently, the filter was rinsed with PBS containing
0.05% Tween 20 (PBS-T) for five times, followed by
incubation with the corresponding secondary antibody
conjugated with horseradish peroxidase (HRP) for 1 hr.
After washing with PBS-T, protein signals were
detected by enhanced chemiluminescence (ECL) and
acquired by ImageQuant LAS 4000 (GE Healthcare,
Uppsala, Sweden). The dilutions of each antibody
were as follows: anti-β-actin (1:1,000; Signalway Anti-
body), anti-FLAG (1:2,500; Signalway Antibody), anti-
β-actin (1:5,000; Jackson), anti-NS1 (1:2,000, GeneTex),
anti-NP (1:1,000; GeneTex), anti-PKR (1:2,000,
Abcam), anti-PKR-p (T446; 1:2,000; Abcam), anti-HA
(1:2,500; Yao-Hong Biotechnology, Taiwan).
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Ratio of NS3/NS1 mRNA and protein

Total cellular RNA was extracted by the Trizol®
method (Invitrogen, Carlsbad, CA, USA). The RT-
qPCR method was used to measure and estimate the
ratio of NS3/NS1 mRNA. For relative quantification,
expression levels of NS3/NS1 mRNA from three inde-
pendent experiment were normalized by 2−△Cq with
full length NS segment. Primers used to analysis spli-
cing ratio were listed in Supplementary Table 2.

Moreover, ratio of NS3/NS1 protein was estimated
by quantification of the signal from western blot
analysis by Image-J software.

Immunofluorescence assay (IFA)

Transiently transfected cells were fixed with 1.875%
formaldehyde for 10 min, followed by permeabiliza-
tion with 0.5% NP-40, and then incubation with
anti-NS1 antibody (sc-130568, Santa Cruz Biotechnol-
ogy) at room temperature for 1 hr. After rinse with
PBS containing 1% FBS, cells were further incubated
with corresponding secondary antibodies conjugated
with Alexa Fluor 488 (Invitrogen, Carlsbad, CA,
USA) for an additional 1 hr at room temperature. Sub-
sequently, cells were stained with DAPI (4′, 6-diami-
dino-2-phenylindole) at a final concentration of
1 µg/mL. Images were acquired by confocal
microscopy (FV1000, Olympus, Tokyo, Japan) with
Olympus FV10-ASW 1.3 viewer software.

Mini-genome reporter assay

Human 293 T cells seeded in 48-well plates were
transfected with constructs expressing viral RNA-
dependent RNA polymerase (RdRp) complex derived
from H1N1 (PR8 strain) or H5N2 (NS1031 strain),
including NP (20 ng), PB1 (20 ng), PB2 (20 ng), PA
(20 ng), and a firefly luciferase expression plasmid
(10 ng) as an internal control for transfection
efficiency, as well as a reporter plasmid, pPol I-Flu-
Rluc (100 ng) [24]. Plasmid pPol I-Flu-Rluc carries a
mini-genome that contains Renilla luciferase and the
initial RNA transcription was driven by human RNA
polymerase I promoter, while the subsequent
expression of Renilla luciferase was controlled by
influenza polymerase complex. At 24 hr post-transfec-
tion, the luminescence in transfected cells was ana-
lysed using a Dual-Glo luciferase assay system
following manufacturer instructions (Promega). Luci-
ferase activity was then acquired by a FLUOstar
OPTIMA microplate reader (BMG Labtech GmbH,
Offenburg, Germany). Relative light units (RLU)
were estimated as the ratio of Renilla to firefly lucifer-
ase luminescence. Relative RdRp activity was calcu-
lated as a percentage of the maximum RLU in each
experiment.

Immunoprecipitation (IP)

Total proteins were harvested from transfected cells
expressing each of the FLAG-tagged NS1 isoforms in
lysis buffer containing proteinase inhibitor cocktail
(Roche Diagnostics GmbH, Mannheim, Germany).
After clarification by centrifugation, one-tenth of the
whole-cell lysates was kept as the input control. The
remaining cell lysates was then reacted with anti-
FLAG M2 affinity gels (Sigma-Aldrich, St. Louis,
MO, USA) at 4°C for overnight. Subsequently, the
gel was washed thoroughly with wash buffer (50 mM
Tris, pH 7.4 and 150 mM NaCl) and target proteins
were then eluted in SDS sample dye. The interaction
profile was revealed by western blot analysis.

Quantification of cytokine transcripts with
quantitative real-time RT–PCR (qRT–PCR)

The effect of recombinant AIVs on cytokine
expression was evaluated in various cell types and
also the mouse model. First, cells were infected with
individual viruses at an MOI of 0.1 in three indepen-
dent repeats. At 6 and 12 hpi, total RNA was isolated
from cells by Trizol® (Invitrogen, Carlsbad, CA, USA)
and processed by TURBO DNA-Free kit (Invitrogen).
Moreover, 5 six-week-old BALB/c mice in each group
were intratracheally inoculated with 1 × 105 PFU (in
50 μL) of the reassortant viruses. At 12 and 24 hpi,
lungs of the infected mice were collected and
0.1∼0.2 g of lung was then homogenized by TissueLy-
ser II (QIAGEN, Netherlands). Total RNA of tissue
was extracted by Maxwell RSC simplyRNA Tissue
kit (Promega). The experimental protocol and sample
collection of animals had been approved by the Insti-
tutional Animal Care and Committee of National
Chung Hsing University (IACUC number: 107-148).

Cytokine expression was monitored by one-step
RT-qPCR using gene specific primers (summarized
in Supplementary Table 2). RNA was reverse-tran-
scribed with GoTaq 1-Step RT-qPCR System kit (Pro-
mega) followed by cytokine quantification (CFX
ConnectTM Real-Time PCR Detection System, Bio-
Rad). Expression data from three independent exper-
iment were relativized by 2−△△Cq with endogenous
β-actin standard, and all values were estimated as
fold above mock group. Moreover, viral M RNA seg-
ment was quantified following the method described
in one previous report [25].

Quantification of viral M RNA yield and
cytokine level in infected mice

Serum samples were collected from infected mice at 12
and 24 hpi. Total RNA was extracted by Maxwell RSC
simplyRNA Tissue kit (Promega). Subsequently, RNA
of viral M segment was quantified following the
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method described in one previous report [25]. In
addition, IFN-β concentrations in serum of each
IAV-infected mouse was determined by commercial
ELISA (VeriKineTM Mouse Interferon Beta ELISA
Kit, PBL Assay Science, Piscataway, NJ, USA) follow-
ing the manufacturer’s instruction.

Pathogenicity study in the mouse model

Five-week-old female BALB/c mice (n = 7) were intra-
nasally inoculated with 105 PFU of the reassortant
viruses. Body weights and survival were monitored
daily for two weeks. The experimental protocol was
approved by the Institutional Animal Care and Com-
mittee of National Chung Hsing University (IACUC
number: 107-148).

Statistical analysis

The growth kinetics between groups was compara-
tively analysed by Two-way ANOVA, and the data
were displayed as mean ± standard deviation. Differ-
ences of cytokine expression level among groups
were evaluated by SAS (SAS Institute, Cary, North
Carolina, USA) using the unpaired student t-test.
The ratio of NS3/NS1 mRNA and protein was ana-
lysed by One-way ANOVA. The statistical analysis
in pathogenicity study was performed using method
of Kaplan Meier with a Log-rank test. All data were
analysed using GraphPad Prism 5 software (GraphPad
Software, San Diego, California, USA). P-values less
than 0.05 were considered statistically significant.

Results

Identification of NS3 protein encoded from
hpaiv H5N2

First, we sought to identify the NS1 variant in the
H5N2 1031 strain. As shown in Figure 1(A), three
NS fragments could be amplified by RT–PCR from
the RNA of 1031 strain-infected cells. Sequence ana-
lyses on each fragment revealed a previously uniden-
tified NS transcript bearing an internal deletion
spanning from nucleotide (nt) 374–502 in the NS1
coding region (Figure 1(B), indicated by arrowhead).
Of note, the conserved splicing dinucleotide (GT-
AG) of the intron was present at the termini of the
deleted region, suggesting that the novel NS transcript
(designated NS3) resulted from an alternative splicing
event on NS1 RNA. This assumption was confirmed
by eliminating the splicing donor dinucleotide; T375
was substituted with G (a silent mutation). As
expected, the mutant NS1031(T375G) expressed only
full-length NS1; meanwhile, the construct bearing
NS3 sequences encoded a protein with a size repre-
senting the smaller NS1 variant (Figure 1(C)).

Moreover, the T375G-encoded full-length NS1 and
NS3 proteins were expressed at high levels and distrib-
uted throughout the majority of positive-staining cells
(59% full-length and 77% NS3). Of note, in cells with
lower expression levels, full-length NS1 was mainly
localized in the cytoplasm (38% of positive cells),
while NS3 was generally localized to the nucleus
(21% of positive cells) (Figure 1(D)).

NS3 and t375g direct the growth preference of
influenza virus in different host cells

To assess the function of the NS3, two recombinant
influenza viruses were generated by a reverse genetic
technique. RG-AIV-T375G was made to express full-
length NS1 (T375G), while RG-AIV-NS3 expressed
NS3. We first compared the growth kinetics and viral
protein expression of these reassortant viruses with
another virus bearing the wild-type NS1031 gene
(RG-AIV-WT; expresses both full-length NS1 and
NS3). The three viruses all yielded plaques with similar
sizes (Figure 2(A)) and expressed the expected NS pro-
teins (Figure 2(B)). Interestingly, the internal deletion
of 43 amino acids in the NS protein (encoded by the
RG-AIV-NS3 virus) had significantly higher yields in
mammalian cells (MDCK, A549 and M1 cells) com-
pared to both RG-AIV-WT and RG-AIV-T375G
(Figure 2(C)). In contrast, the yield of RG-AIV-
T375G was significantly higher than the other two
viruses in chicken DF-1 cells, suggesting that the NS1
variants differentially influenced the infection efficien-
cies in different host cell contexts (Figure 2(C)).

We also monitored the levels of viral proteins,
including NP and NS1 in the infected cells. As early
as 6 hpi, expression of the NS1 variants was readily
observed in DF1 cells (Figure 3(A)). However, in mam-
malian cells infected with RG-AIV-NS3 virus, the NP
levels were significantly higher than those in corre-
sponding cell lines infected with either of the other
two viruses at 12 hpi (Figure 3(B), upper panel).
Among the three mammalian cell types, M1 cells had
significantly higher NS3 levels after infection with
RG-AIV-NS3 compared to RG-AIV-WT (Figure 3(B)
lower panel). Of note, NS3 expression was apparently
lower than NS1 expression in RG-AIV-WT-infected
M1 cells (Figure 3(A)); hence we calculated the ratios
of these two variants in other contexts. Interestingly,
the ratio of NS3/NS1 protein levels was significantly
lower in M1 cells than in the other two mammalian
cell types (Figure 3(C), upper panel); yet, the ratios of
NS3/NS1 mRNA level showed no differences among
the three cell types (Figure 3(C), lower panel).

NS3 enhances viral genome replication

The aforementioned results revealed a trend in
which NS1 variant expression patterns (Figure 3
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(B)) correspond with viral yield in all three ana-
lyzed mammalian cell lines (Figure 2(C)). In
addition to counteracting innate immune response,
NS1 is known to influence viral RNA dependent
RNA polymerase (RdRp) complex activity [21].
Thus, we further investigated whether the efficient
replication of RG-AIV-NS3 virus might involve
NS3 effects on viral RdRp activity. The genetic
backbone of the RG-AIV-NS3 virus was based on
H1N1 (strain PR8), so we monitored the activity
of PR8-derived RdRp by means of a mini-genome
assay. As shown in Figure 4(A), the PR8 NS1
protein strongly enhanced RdRp activity. Similarly,
in the presence of NS3, the reporter activity driven
by the RdRp complex of PR8 virus was significantly
increased, while neither wild-type NS1 nor full-
length NS1 (T375G) influenced viral genome repor-
ter activity. Nevertheless, none of the NS1 variants
could enhance RdRp complex activity when
derived from the H5N2 virus (A/goose/Taiwan/
01031/2015), the parental virus of the NS1031 gene
(Figure 4(B)).

NS3 interacts with and suppresses activation of
PKR

Since the molecular function of NS3 was still
unknown, we investigated whether the deletion of
residues 126–168 affects the known effect of NS1 on
suppressing PKR activation. Cells were made to tran-
siently express both proteins (i.e. WT), or only full-
length NS1 (T375G) or NS3, and PKR activity was
monitored according to its phosphorylation level. Sur-
prisingly, NS3 significantly suppressed the activation
of PKR, while T375G or WT only mildly influenced
PKR activation status (Figure 5(A,B)). It is well docu-
mented that NS1 suppresses PKR activity via a direct
intermolecular interaction, so we performed immuno-
precipitation (IP) to test the interaction level. Despite
the internal deletion, NS3 alone pulled down PKR to a
greater extent than WT or T375G (Figure 5(C,D)).

Intriguingly, full-length protein T375G appeared to
only weakly interact with PKR and had a minor if any
effect on PKR activation. To further explore the rel-
evance of this finding, the three viruses were used to

Figure 1. Identification of NS3. NS transcripts were amplified by RT–PCR from cells infected with RG-AIV-WT virus (A). The identity
of an unexpected transcript (indicated by arrowhead) was revealed by automated sequencing. Alignment analysis indicated that
the additional transcript, denoted as NS3, was a spliced version of NS1. NS3 contained sequences corresponding to NS1 with a
deletion between the splicing dinucleotides 374GU-AG502. The expression of NS1 isoforms from NS1031 was validated (B–C). The
expression profiles and cellular distributions of proteins expressed from wild-type NS1031 (WT), a construct with a substitution of
splicing donor site (T375G), and the NS3 construct (deletion of NS1 residues 375-502) in transiently transfected cells were exam-
ined by western blot analysis (B) and fluorescence microscopy (C).
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Figure 2. Growth kinetics of reassortant viruses expressing various isoforms of NS1031. Recombinant AIVs bearing the NS seg-
ments derived from NS1031. Constructs were made for expressing wild-type NS1 (WT), only full-length NS1 (T375G), or NS3
(NS1 with internal deletion). Infection with these three reassortant viruses produced plaques of similar sizes (A) and the expected
NS1 profile (B) in MDCK cells. Growth kinetics of the three reassortant viruses in four cell lines: human A549, canine MDCK, mouse
M1 cells, and chicken DF1 cells. The titres of viral progenies were measured from the four cell lines (infected with 0.01 MOI of the
indicated virus) after 12, 24, 36 and 48 h. The viral yields of each variant were plotted relative to wild-type virus (C).

Figure 3. Expression levels of NS1 variants in infected mammalian and avian cells. Levels of accumulated viral proteins, including
NP, NS1 and NS3, in mammalian (A549, and M1) and avian DF1 cells were determined by immunoblot analysis after infection with
the indicated viruses for 6 and 12 h (A). The level of viral protein expressed by RG-AIV-WT was arbitrary set as 1, and the relative
expression levels of viral proteins were plotted for different viruses at 12 hpi (B). The ratio of NS3/NS1 protein (C) and RNA (D) were
determined from different cell types infected by indicated viruses. *p < 0.05.
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Figure 4. Impacts of NS1 variants on viral genome activity. (A) The effect of NS1 isoforms on viral RNA dependent RNA polymerase
(RdRp) activity was evaluated by mini-genome reporter assay. HEK293T cells were co-transfected with one of the NS1 plasmids
(PR8, WT NS1031, NS3 or T375G) along with constructs expressing the viral RdRp complex (PA, PB1, PB2 and NP proteins); the
RdRp complex expression construct was based on either PR8 (A), or NS1031 virus (B). In addition to these two plasmids, a reporter
plasmid pPol I-Flu-Rluc and internal control plasmid expressing firefly luciferase were also transfected. At 24 h post-transfection,
luciferase activities (top panel) and NS1 expression (bottom panel) of the whole cell lysate were respectively measured with the
Dual-Glo luciferase assay and western blot analysis. The Renilla luciferase expression level was initially normalized with firefly luci-
ferase activity in the same group. Then, the relative expression level was obtained by comparison with the EV control, which was
arbitrarily set as 1. The experiment was conducted in triplicate. *p < 0.05.

Figure 5. Effects of NS1 variants on protein kinase R (PKR) activation and interaction. NS1 modulates PKR activation. HEK293T
cells were transfected with empty vector (EV), or plasmid expressing an NS1 protein variant (WT, T375G or NS3), followed by
stimulation of PKR activation by the transfection of 150 ng/ml poly I:C for 4 hr. The phosphorylation level of PKR was mon-
itored by Western blot analysis (A), and PKR activation level relative to EV was estimated and plotted (B). NS1 variants interact
with PKR. HEK293T cells were transfected with plasmids expressing hemagglutinin (HA)-tagged PKR together with either EV or
one of the constructs expressing an NS1 isoform. After transfection, FLAG-IP and immunoblotting were performed (C). The
level of PKR-NS1 interaction relative to WT NS1031 was estimated and plotted (D). Replication efficiency of reassortant
RG-AIVs in A549 cells deficient in PKR function was determined (E). Human A549 cells without (WT) or with knockout
(KO) of PKR function were infected with reassortant RG-AIVs expressing WT NS1, NS3, or T375G for 12, 36 and 48 hpi.
The titres of virus progenies were determined by the standard plaque assay. The titre of each virus in PKR-WT cells was
set as 1, and the relative viral yields in infected PKR-KO cells were then calculated. All experiments were conducted in tri-
plicate. *p < 0.05, **p < 0.01.
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infect A549 cells with knockout of PKR expression
[26]. The viral titre of RG-AIV-T375G was signifi-
cantly increased in infected PKR-KO cells compared
to wild-type A549 cells at 36 hpi; however, the yields
of RG-AIV-WT or RG-AIV-NS3 were similar in
both cell types (Figure 5(E)). Of note, the same was
also true at the later time point of 48 hpi.

NS3 stimulates cytokine response and promotes
pathogenicity in mammalian models

NS1 is regarded as a major determinant of influenza
virulence, so we wanted to compare the effects of full-
length NS1 and NS3 on the pathogenicity of influenza
virus. To do so, we initially monitored the cytokine
response after viral infection in vitro and in vivo. Infec-
tion of the RG-AIV-NS3 virus in both A549 and DF1
cells stimulated a higher level of interferon-β (IFN-β)
and TNF-α than the other two viruses. This effect
seemed to be dependent on the host cell, as a higher
level of IFN-β was detected in M1 cells infected by
RG-AIV-T375G virus (Figure 6). Notably, expression
of Mx, the IFN stimulated gene (ISG), was increased
by about 2-fold in DF1 cells infected with RG-AIV-
NS3, as compared with the other two viruses.

Consistent with the findings in vitro, RG-AIV-NS3
elicited a robust cytokine response in mice (Figure 7).

At 12 hpi, mice infected with RG-AIV-NS3 had sig-
nificantly higher mRNA and protein levels of IFN-β
than those infected with the other two viruses (Figure
7(A,B)). Moreover, RG-AIV-NS3 stimulated higher
TNF-α expression in mice than RG-AIV-WT (Figure
7(C)). It appeared that high cytokine expression was
correlated with viral replication efficiency, since sig-
nificantly higher M gene transcript levels were
detected in mice infected by RG-AIV-NS3 compared
to the other viruses. In contrast to these early differ-
ences, the distinct pattern of RG-AIV-NS3 response
was not apparent at 24 hpi.

Ultimately, the survival rates of mice infected with
the three viruses were evaluated. As shown in Figure 8
(A), each virus caused continuous weight loss in mice
up to 9 days post-infection (dpi), while mice that sur-
vived RG-AIV-T375G infection began to regain
weight from 10 dpi onward. Notably, none of the
mice receiving RG-AIV-WT or RG-AIV-NS3 survived
to 10 dpi (Figure 8(B)). The survival rate of mice
infected by RG-AIV-T375G virus was significantly
higher than the survival rates of mice infected with
RG-AIV-WT or RG-AIV-NS3 (Figure 8(C)). More-
over, the mean survival time of mice infected by
RG-AIV-T375G virus was 12.3 days, which was longer
than the mean survival times after RG-AIV-WT
(5 days) or RG-AIV-NS3 (5.3 days) infection. Along

Figure 6. Expression profiles of cytokines in mammalian or avian cells infected with reassortant AIVs. Human A549 (A), murine M1
(B), and chicken DF1 (C) cells were infected with reassortant AIVs at MOI of 0.1. Total RNA was extracted at 6 hpi. The expression
levels of cytokines, including IFN-β, MX and TNF-α were detected by qRT–PCR. The expression level of each cytokine was initially
normalized to that of mock infection. All experiments were conducted in triplicate. *p < 0.05 comparing the particular virus with
others.
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with the cytokine expression and M gene expression
results, these findings suggest that influenza virus
expressing only full length NS1 is highly attenuated
in the mouse model.

Discussion

In the current study, we found that NS1 RNA from
clade 2.3.4.4 H5N2 HPAIV (strain 1031) encodes
two proteins, full-length NS1 and NS3. To examine
the function of NS3, we generated virus bearing

wild-type NS1 (RG-AIV-WT) and two reassortant
viruses, RG-AIV-T375G and RG-AIV-NS3. Using
these tools, we uncovered the comparative functions
of full-length NS1 (herein called T375G) and NS3 in
the context of influenza virus infection. We found
that the two proteins play distinct host-dependent
roles in determining the efficiency of infection.
Expression of T375G conferred a growth advantage
in the chicken cell line, while NS3 expression caused
the virus to replicate more efficiently in three types
of mammalian cells. Moreover, the NS3 protein is

Figure 7. Expression profiles of cytokines and viral RNA in mice infected with reassortant AIVs. Mice (n = 5) were infected with
reassortant AIVs, and blood were collected at 12 and 24 hpi. The expression levels of cytokines, including IFN-β and TNF-α were
detected by qRT–PCR (A, C), or ELISA (B). Moreover, at 24 hpi, blood was collected and mice were sacrificed. IFN-β protein level in
blood was detected by ELISA (B), and viral RNA (M gene) in lung tissue was measured (D). All experiments were conducted in
triplicate. Significant differences between two groups are denoted by different letters.

Figure 8. Survival rates of mice infected with reassortant AIVs. Mice (n = 7) were infected with reassortant AIVs. Infected (WT, NS3,
or T375G virus) and control mice (PBS) were monitored for 14 days post-infection (dpi) for body weight loss (A) and survival rate
(B and C). ***p < 0.005; ns, not significant (p > 0.05).
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not redundant with NS1 in terms of its molecular
action. Our in vitro studies showed that NS3 enhances
viral RdRp activity and suppresses PKR activation to a
greater extent than full-length NS1 alone or both pro-
teins expressed from the wild-type NS1 gene. In the
mouse model, RG-AIV-T375G was highly attenuated,
while RG-AIV-NS3 exhibited similar virulence to RG-
AIV-WT.

Influenza A virus mutates frequently, and NS1 is
especially prone to adaptive mutations [27]. Previous
work has shown that NS1 RNA can yield various pro-
teins by different mechanisms. Here, we show that the
NS1 RNA of H5N2 (strain NS1031) encodes an
additional NS3 protein, which is translated from an
alternatively spliced NS1 transcript. In the NS1 gene
of H5N2, a novel splice donor dinucleotide (GT375)
is constituted in the 125G codon, leading to the
expression of a shortened NS1 isoform with internal
deletion of residues 126–168 from the spliced NS3
transcript (Figure 1 and Supplementary Figure S2).

It is well documented that mutations can give rise
to diverse activities of influenza viral proteins that
are critical for pathogenesis in new host species [28].
In line with this observation, the presence of the
NS3 transcript has been reported in human H3N2,
and it was shown to facilitate adaptation in mice
models [28]. Initially, the D125G mutation in NS1
was thought to be one of two residues responsible
for the increased virulence of human A/Aichi/2/68
(H3N2) virus in BALB/c mice during blind passaging
[28]. Similarly, an independent study demonstrated
that 11 individual substitutions in the NS1 gene were
selected during serial lung-to-lung passaging of
human A/HK/1/1968 (H3N2) in CD-1 mice [29].
Among those mutations, the A374G substitution
(GAT→GGT) causes a D125G missense mutation in
the full-length NS1. In addition, the A374G substi-
tution introduces a novel donor splice site in the NS
gene, which ultimately gives rise to a novel influenza
A viral protein, NS3. As compared with parental
H3N2 virus bearing wild-type NS, strains with the
A374G substitution exhibit enhanced replication and
virulence of mouse-adapted (MA) D125G virus in
the mouse model. Furthermore, the other adaptive
mutations were also individually characterized
[30,31]. In that set of studies, MA D125G virus expres-
sing both NS1 and NS3 had gain-of-function proper-
ties and no apparent loss of function, except for a
lack of binding to CPSF30 (30-kDa cleavage and poly-
adenylation specificity factor) [30].

Similar to these findings regarding human
influenza H3N2, our study revealed that the NS gene
of the H5N2 virus strain 1031 also encodes multiple
proteins. Sequence alignment of the NS1 genes from
several H5N2 strains isolated in Taiwan between
2013 and 2015 revealed that the 1031 strain (but not
other LPAIVs) harbors the T375 nucleotide [21].

Similar to A374G substitution in MA H3N2, T375 in
the H5N2 NS1 gene also comprises a GU splice
donor sequence. Hence, the gene encodes both the
full-length NS1 and NS3, which is translated from
the spliced transcript and carries an internal deletion
(Figure 1(A)). The H5N2 NS3 protein appears to be
exclusively localized in the nucleus and exhibits a
punctate pattern upon staining (Figure 1(C)), which
is consistent with the D125G variant of MA H3N2
virus [31]. As shown in Figure 3, expression of NS3
is relatively lower than that of NS1 in M1 cells infected
by RG-AIV-WT at 12 hpi. However, the lower level of
NS3 is probably not due to inefficient splicing in M1
cells, since the ratio of NS3/NS1 mRNA showed no
differences among the three tested mammalian cell
types (Figure 3(C)). Whether the lower level is due
to a shorter half-life of NS3 in M1 cells will require
further investigation.

Current understanding of NS3 is mainly based on
characterization of MA D125G H3N2 virus, which
expresses both NS1 and NS3 proteins. Hence, we
wanted to clarify the comparative functions of NS3
and full-length NS1 individually. Surprisingly,
among the three reassortant viruses we generated for
this study, RG-AIV-NS3 had the highest multipli-
cation kinetics in three mammalian cell lines but not
in chicken DF1 cells. In contrast, RG-AIV-T375G
(expressing full-length NS1 only) replicated poorly
in mammalian cells, but it had a growth advantage
in chicken DF1 cells (Figure 2). It is therefore likely
that an influenza virus (e.g. RG-AIV-WT) bearing
an NS gene that expresses both NS1 and NS3 could
transmit swiftly between mammalian and avian
species. Of note, the NS segment of strain 1031 was
quickly replaced by one from other strains in Taiwa-
nese poultry farms. This observation, along with evi-
dence from a previous study [21], leads us to
propose that the NS segment of strain 1031 may not
be compatible with other inner genes (particularly
those encoding the RdRp complex) derived from
other lineages of H5 avian influenza virus. For the cur-
rent study, we attempted to generate a reassortant
virus expressing NS3 or T375G only on the genetic
background of H6N1 avian influenza, as the system
has been readily used for generating AIVs to express
the wild-type NS segment of strain 1031 [21]. How-
ever, we were unfortunately not able to create a stable
version of the virus. Therefore, we postulate that the
coexistence of full-length NS1 protein and NS3
could possibly compensate for incompatibility of
NS3 (or T375G) and inner genes derived from avian
influenza (i.e. H6N1). As shown in Figure 2(C),
despite the efficient production of RG-AIV-NS3 in
mammalian cells, the virus replicated poorly in DF1
cells. Meanwhile, T375G (full-length NS1) had the
highest yield among the three viruses in DF1 cells,
revealing the remarkable influence of NS1 and NS3
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on overall infection efficiency. Since RG-AIV-NS3
could be successfully rescued on the genetic back-
ground of human H1N1 subtype and NS3 protein
had an enhanced effect on H1N1 RdRp activity
(Figure 4(A)), we strongly suspect that reassortment
of the NS segment from the 1031 strain into human
influenza viruses could enhance the fitness and
increase the likelihood of interspecies transmission.
As evidenced in the mouse experiment (Figure 8),
viruses bearing WT NS1031 or NS3 alone is more
virulent than the RG-AIV-T375G that further
strengthens the hypothesis that existence of NS3
increases the overall replication efficiency and also
pathogenicity of influenza in mice.

NS1 is expressed as early as 4 hpi [32,33], and the
protein functions by several mechanisms to confer a
growth advantage to influenza virus at early infection
times. Apart from its well-known dsRNA binding
activities, NS1 also promotes viral genome replication
and hijacks cellular protein translation through
respective interactions with viral RdRp [34] and cellu-
lar factor, eIF4G I [35]. Moreover, NS1 binds to sev-
eral cellular partners via its ED domain to attenuate
the innate immune response [17]. NS3 lacks residues
126–168 located in the ED of NS1 (Supplementary
Figure S2). Intriguingly, NS3 retains the known NS1
function of counteracting PKR activation (Figure 5
(A)), and this action is probably at least partly due
to the strong interaction between NS3 and PKR
(Figure 5(A)). Regions of NS1 contributing to regu-
lation of PKR activity have been extensively studied.
Two independent studies revealed that residues 123–
127 in ED [18], or two arginine residues (35 and 46)
near the N-terminus of NS1 are essential for binding
to and blocking activation of PKR [36]. Sequence
alignment indicated the two arginine residues are con-
served in NS3, whereas residues 126 and 127 are miss-
ing (Supplementary Figure S2). Nevertheless, it seems
deletion of residues 126–127 does not affect the inhibi-
tory effect of NS3 on PKR activation. Of note, the
importance of residues 126–127 on suppression of
PKR inactivation was only documented for H3N2
(Udorn strain) [18], and the effect was not shown
for NS1 of H1N1 (strain PR8) [36]. Similarly, the
effects of the two-N-truncated NS1 isoforms encoded
from Udorn strain and PR8 strain on IRF-3 activation
were inconsistent [11]. It was speculated that the
apparent discrepancy could be simply due to the
different modes of action for NS1 on PKR inhibition,
or it could be due to structural heterogeneity and con-
formational plasticity of NS1 proteins between strains
[37]. In its role as a dsRNA-binding protein, NS1
exerts versatile activities and dynamic interactions. It
can form dimers or oligomers with various cellular
counterparts via ED-ED “helix-helix” interactions.
One might expect that the sequence variations
among the NS1 homologues could reflect different

secondary and tertiary structures that would present
distinct available functional spaces and interfaces for
the formation of higher-order structures with PKR.
Hence, the structure of each NS1-interactor complex
could be unique and should be interpreted at a
strain-specific level.

In conclusion, this study reveals that the NS seg-
ment from the HPAIV H5N2 strain 1031 encodes
both NS1 and NS3 proteins. The data herein not
only define the expression mechanism of NS3 but
also clarify the function of NS3 using in vitro and in
vivo models. Despite the internal deletion of residues
126-168, NS3 exhibits conservation of essential NS1
functions, especially the suppression of PKR activation
and enhancement of viral RdRp. Moreover, the mouse
model experiments confirm that NS3 is a key virulence
determinant, with T375G protein rendering the virus
remarkably attenuated. Since the full length NS1 and
NS3 proteins differentially influence viral growth in
avian and mammalian cells, reassortant viruses har-
boring G374 and T375 within the NS segment likely
possess a high potential for interspecies transmission.
Special attention should be paid to this sequence sig-
nature when monitoring novel and emerging viral
species or antigenic variants.
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