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Abstract Nonstructural protein 1 (NS1) is a multifunc-

tional protein that is a viral replication enhancer and vir-

ulence factor. In this study, we investigated the effect of the

amino acid substitution G45R on the NS1 of A/Puerto

Rico/8/1934 (H1N1) (G45R/NS1) on viral virulence and

host gene expression in a mouse model and the human lung

cell line A549. The G45R/NS1 virus had increased viru-

lence by inducing an earlier and robust proinflammatory

cytokine response in mice. Mice infected with the G45R/

NS1 virus lost more body weight and had lower survival

rates than mice infected with the wild type (WT/NS1)

virus. Replication of the G45R/NS1 virus was higher than

that of the WT/NS1 virus in vitro, but the replication of

both viruses was similar in mouse lungs. In A549 cells, the

majority of G45R/NS1 protein was localized in the cyto-

plasm whereas the majority of WT/NS1 protein was

localized in the nucleus. Microarray analysis revealed that

A549 cells infected with the G45R/NS1 virus had higher

expression of genes encoding proteins associated with the

innate immune response and cytokine activity than cells

infected with the WT/NS1 virus. These data agree with

cytokine production observed in mouse lungs. Our findings

suggest that G45R on NS1 protein contributes to viral

virulence by increasing the expression of inflammatory

cytokines early in infection.

Introduction

Influenza A virus is an important respiratory virus that can

cause severe illness in humans and other mammalian spe-

cies. The emergence and spread of new strains of influenza

A virus, such as the highly pathogenic avian influenza
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(HPAI) H5N1 virus and the swine-origin pandemic influ-

enza (H1N1) 2009 virus, have led to increased mortality

rates in poultry and humans [10, 17]. Novel virus strains

and genotypes have emerged through gene reassortment

and mutation [11, 12, 16, 18, 25].

Viral proteins such as hemagglutinin (HA), polymerase

basic protein 1-F2, and non-structural protein 1 (NS1) have

been extensively studied for their roles in increasing virus

transmissibility and pathogenicity [12, 18, 36, 43, 64].

Increased virus pathogenicity is associated with a greater

induction of host proinflammatory cytokine responses,

which can lead to severe illness [9]. However, the induc-

tion of proinflammatory cytokine responses can vary by

viral subtype and host species [19, 29].

NS1 interacts with several cellular proteins in infected

cells to increase viral replication and pathogenesis

[4, 27, 58]. The deletion of 15 nucleotides from positions

263 to 277 in NS1 of the H5N1 virus, together with the

D92E NS1 mutation, contributes to increased virulence of

H5N1 viruses in chickens and mice [38]. Moreover, the

D92E shift in NS1 of lethal H5N1 influenza viruses can

induce severe illness in infected pigs as well as increased

production of inflammatory cytokines and chemokines in

the lungs and specific B cells and T cells of mice, thereby

highlighting the importance of NS1 in increasing virus

pathogenesis [35, 57]. NS1 contains 2 conserved nuclear

localization signals, NLS1 and NLS2, on the N terminus

(aa 34 to 38) and C terminus (aa 203 to 237), respectively,

which allow its localization to both the nucleus and the

cytoplasm [22, 39]. In the cytoplasm, the double-stranded

(ds) RNA-binding domain of NS1 sequesters the dsRNA

from retinoic acid–inducible gene I (RIG I) and interferon

(IFN)-inducible dsRNA-activated enzymes such as protein

kinase R (PKR) and 20,50-oligoadenylate synthetase 1

(OAS1), leading to impaired host IFNb production and

antiviral activity [41, 42]. NS1 increases viral mRNA

translation by binding to the host translation initiation

factor eIF4GI, poly(A)-binding protein 1, and the 50

untranslated region of viral mRNA, leading to viral protein

synthesis [3, 7, 56]. In the nucleus, NS1 can inhibit the

export of nuclear mRNA [2, 52, 53]. NS1 likely interacts

with the 30-kDa cleavage and polyadenylation specificity

factor (CPSF30) and poly(A)-binding protein II, which

leads to inhibition of 30 cleavage and polyadenylation and

nuclear export of host pre-mRNA, including pre-mRNA of

antiviral proteins such as IFNb [8, 44, 45, 60].

Our initial studies demonstrated that the G45R mutation

on PR8 NS1 facilitates viral replication independent of its

dsRNA-binding affinity and type I IFN induction [28]. In this

report, we sought to further understand the role of G45R/NS1

in viral replication and virulence in a mouse model and in the

human lung adenocarcinoma cell line A549.

Materials and methods

Cell lines

Human lung adenocarcinoma epithelial cells A549 were

maintained in Kaighn’s Modification of Ham’s F-12

Medium (ATCC) supplemented with 5 % fetal bovine

serum (Invitrogen), L-glutamine (Invitrogen), and peni-

cillin/streptomycin (Invitrogen). Cells were incubated in a

humidified atmosphere of 5 % CO2 at 37 �C.

Reverse genetics–derived viruses

Viruses possessing HA and neuraminidase (NA) genes

from X31, A/Hong Kong/1/1968 (H3N2), in an A/Puerto

Rico/8/1934 (H1N1) (PR8) background with PR8 wild-

type NS1 (WT/NS1) or G45R mutation NS1 (G45R/NS1)

were generated by the 8-plasmid reverse genetics system in

293T and MDCK cells [23]. Briefly, 8 plasmids, 0.5 lg
each, were incubated with 200 lL of the X-tremeGENE 9

transfection reagent (Roche) for 15 min before being

gently overlaid onto the 293T-MDCK cell mixture.

Transfected cells were cultured in Opti-MEM I reduced

serum (Invitrogen) containing 1 lg/mL TPCK-treated

trypsin (Sigma) and incubated at 37 �C with 5 % CO2.

Viruses were rescued from the supernatant of transfected

cells and inoculated in the allantoic cavity of 9-day-old

specific pathogen-free embryonated chicken eggs for virus

amplification. Virus presence was determined by the

hemagglutination assay, as previously described [32] and

titrated by plaque assay.

Infection of mice

To determine virus pathogenicity in the mouse model,

three groups of five 6-week-old female BALB/c mice (The

Jackson Laboratory) were used. Mice were anesthetized

with isoflurane, and each mouse was intranasally inocu-

lated with 30 lL of 104 plaque forming units (PFUs)/mL of

each virus in PBS or mock-infected. Mice were monitored

and weighed for up to 8 days post infection (dpi). Mice that

lost more than 30 % of their initial body weight were

euthanized by using CO2 according to institution protocol.

The mouse study was conducted in a standard biosecurity

level 2 (BSL2). All mouse experiments were conducted in

accordance with the guidelines of the institutional animal

care and use committee.

To determine virus titer as well as cytokines and

chemokines levels in the lungs, 3 mice from each group

were sacrificed for lung collection on 1, 2, 4, 6, and 8 dpi.

Lungs were collected and homogenized in MEM (Invitro-

gen) containing 0.3 % BSA (Sigma-Aldrich), L-glutamine,
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and penicillin/streptomycin (Invitrogen) and frozen at –

80 �C until used. After thawing, homogenized lungs were

centrifuged at 4000 rpm at 4 �C for 15 min and the

supernatant was collected. Viruses were titrated in MDCK

cells and the TCID50/mL was calculated by the Reed and

Muench method [55].

Quantification of cytokines and chemokines

in the lung

Levels of cytokines and chemokines in the supernatant

from homogenized lung of infected mice were deter-

mined by using the MILLIPLEX MAP mouse cytokine/

chemokine magnetic bead panel (Millipore) as per the

manufacturer’s protocol. Cytokine and chemokine levels

were determined from 3 individual mice per group on 1,

2, and 4 dpi. Lungs were collected and homogenized in

MEM containing 0.3 % BSA (Sigma-Aldrich), L-glu-

tamine, and penicillin/streptomycin (Invitrogen) and

frozen at -80 �C until used. After thawing, homoge-

nized lungs were centrifuged at 4000 rpm at 4 �C for

15 min, the supernatant was collected, and the assay was

performed by using Luminex 100�/200� assays

(Millipore).

Confocal microscopy studies

A459 cells were seeded on glass coverslips in 6-well plates

and incubated overnight at 37 �C in 5 % CO2. A549 cells

were infected with WT/NS1 and G45R/NS1 viruses at a

multiplicity of infection (MOI) of 2. At the indicated time

point, cells were washed with 19 PBS and fixed with 4 %

paraformaldehyde (Electron Microscopy Science) in PBS

for 20 min at 4 �C. Cells were then washed thrice with 19

PBS for 5 min each. For immunostaining, fixed cells were

permeabilized in a blocking buffer containing 19 PBS,

5 % BSA, and 0.3 % Triton X-100 for 60 min. After

incubation, cells were incubated with anti-influenza A virus

NS1 (Thermo Scientific) primary antibody at a dilution of

1:500 in the antibody dilution buffer containing 19 PBS,

1 % BSA, and 0.3 % Triton X-100 for 1 h at room tem-

perature. After 3 washes with 19 PBS for 5 min each, cells

were incubated with goat anti-rabbit IgG conjugated to

Alexa Fluor 488 (Molecular Probes) in the dark for 1 h.

Coverslips were mounted with ProLong� Gold Antifade

Mountant with DAPI (Invitrogen). Cells were imaged with

a 609 objective on a Nikon C2 confocal microscope

(Nikon). Representative images were processed in NIS-

elements viewer 4.2 (http://www.nikon-instruments.jp/eng/

service/download/software/imgsfw/index.aspx) and Image

J software (http://imagej.nih.gov/ij/).

Microarray analysis

A549 cells were grown in 6-well plates and infected with

WT/NS1 or G45R/NS1 viruses (MOI of 2) in 3 biological

replicates. At 8 hours post infection (hpi), the infected cells

were lysed with TRIzol� reagent (Invitrogen), total cellular

RNA was isolated by using Direct-zolTM RNA MiniPrep

(Zymo Research) as per manufacturer’s instructions, and

RNA concentration and purity were quantified by a Spec-

tromax� Plus spectrophotometer (Molecular Devices). RNA

quality and integrity were assessed by lab-on-a-chip analysis

by using the Agilent 2100 BioAnalyzer (Agilent Technolo-

gies). The human gene 2.0 ST array (Affymetrix) was per-

formed by the Hartwell Center for Bioinformatics and

Biotechnology, St. Jude Children’s Research Hospital. Data

from the Affymetrix Gene Chip array was analyzed by using

the Gene ChipOperating System Software and converted into

expression data. The data was summarized and quality con-

trolled by Robust Multi-Array average (RMA) and principle

component analysis (PCA), respectively. Each gene probe set

was tested for the effect of infection of WT and mutant

viruses by 1 way ANOVA model using Partek Genomics

Suite 6.6. Differentially expressed genes were those that had a

C0.5 log ratio in expression between mock and infected cells

(P\ 0.01). Upregulated and downregulated genes were

considered if there was a 2-fold or higher change in expres-

sion (P\ 0.01). [Note that the selected downregulated genes

could not be cut off at a 2-fold or higher difference according

to their lower expression compared with upregulated genes;

thus, those genes were filtered at a 1-fold or higher compared

with mock-infected cells.] Gene ontology analysis (available

at http://david.abcc.ncifcrf.gov/) was used to characterize

biological functions of corresponding genes that had the most

significant differential expressions, as previously described

[24]. The average expression levels (represented by the z-

score) of global and selected genes from each pathway were

included for hierarchical clustering analysis by the

unweighted pair group method with arithmetic mean to

visualize differential gene expression between cells infected

with WT/NS1 and G45R/NS1 viruses by using the Spotfire�

Decision Site software 9.1.2 (Tibco).

Quantitative real-time PCR

Total RNA was isolated from A549 cells infected with

WT/NS1 and G45R/NS1 viruses by using the TRIzol

reagent (Invitrogen) as per manufacturer’s instructions.

One microgram of total RNA was reverse transcribed by

using a high-capacity cDNA reverse transcription kit

(Applied Biosystems). Quantitative real-time PCR (qRT-

PCR) was performed by using the 7500 Fast Real-Time

PCR System (Applied Biosystems). In a 15-lL reaction
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volume, 0.4 mM each of forward and reverse primers

specific for each gene and an equal amount of cDNA were

mixed with the SYBR� Select Master Mix (Applied

Biosystems) as per the manufacturer’s instructions. The

qRT-PCR cycles were conducted under the following

conditions: enzyme activation at 95 �C for 2 min, followed

by 40 cycles of denaturation at 95 �C for 3 sec and

annealing and extension at 60 �C for 30 sec. For each

sample, 3 biological replicates and 2 technical repeats were

performed. The housekeeping gene b-actin was used as an

internal control. Normalized data from each sample in

relation to that of mock-infected cells were compared by

the threshold cycle (DDCT) method [37].

Results

G45R on NS1 increases viral virulence in BALB/c

mice

Our initial studies indicated that G45R on PR8 NS1

enhances viral replication in vitro [28]. Here, we investi-

gated whether G45R affects viral virulence and replication

in vivo, using X31 viruses containing HA and NA genes

from A/Hong Kong/1/1968 (H3N2) in an A/Puerto Rico/8/

1934 (H1N1) (PR8) background. We used this backbone

because of the intrinsic virulence of the PR8 virus in mice.

Mice infected with the G45R/NS1 virus lost an average of

10.52 ± 2.9 % (mean ± standard error of mean) of their

body weight from 2 dpi, whereas mice infected with the

WT/NS1 virus lost an average of less than 2.24 ± 0.62 %

of their body weight (Fig. 1a). Only 40 % of mice infected

with the G45R/NS1 virus survived, whereas 100 % of mice

infected with the WT/NS1 virus survived (Fig. 1b). There

were no significant differences in peak viral titers in the

lungs of mice infected with WT/NS1 or G45R/NS1 virus;

however, the G45R/NS1 virus was detected until 8 dpi

whereas the WT/NS1virus was undetectable at 8 dpi

(Fig. 1d), indicating that the G45R/NS1 virus had a more

delayed clearance than the WT/NS1 virus.

Cytokines and chemokines levels in the lung revealed

that the G45R/NS1 virus induced an early inflammatory

response, because the levels of proinflammatory cytokines

and chemokines (TNF-a, IP-10, IL-17, RANTES and KC),

anti-inflammatory cytokine IL10, and G-CSF that appeared

on 1 dpi were higher than those in mice infected with the

WT/NS1 virus (Fig. 2).

G45R alters the localization of the PR8 NS1 protein

in infected cells

NS1 plays roles in both the nucleus and cytoplasm by

interacting with cellular proteins and interfering with their

activities to inhibit the host immune response and enhance

viral replication. However, the subcellular localization of

NS1 is strain and host specific [16, 30]. We determined

whether G45R changes the subcellular localization of NS1.

In A549 cells inoculated at an MOI of 2, the G45R/NS1

protein accumulated mostly in the cytoplasm whereas the

WT/NS1 protein localized mostly in the nucleus (Fig. 3).

These differences in localization occurred early in infection

(4 to 8 hpi) but not at later time points (20 hpi; Fig 3). The

expression of G45R/NS1 was higher than that of WT/NS1.

NS1 staining was clearly visible at 4 hpi in cells infected

with the G45R/NS1 virus, but only weak reactivity was

observed in cells infected with the WT/NS1 virus. Staining

became clearly visible in cells infected with the WT/NS1

virus from 8 hpi. This result is consistent with our previous

finding that replication of the G45R/NS1 virus is higher

than that of the WT/NS1 virus at early time points after

infection [28].

G45R/NS1 alters host gene expression in A549 cells

As G45R/NS1 increased viral virulence in mice and pro-

moted cytoplasmic localization in A459 cells, we hypoth-

esized that G45R/NS1 changes the host response to virus

infection. Global gene expression levels from infected cells

were analyzed in parallel with those relative to mock-in-

fected cells. One-way ANOVA (P\ 0.05) was used to

analyze statistical differences in gene expression levels in

the host response among the 3 groups. The transcriptional

profiles of genes induced by the WT and G45R/NS1

viruses were different (Fig. 4). The G45R/NS1 virus

induced gene upregulation or downregulation to a greater

extent than did the WT/NS1 virus, relative to mock-in-

fected cells (Figs. 5a and 6a). The higher gene expression

of the host response to the G45R/NS1 virus may be due to

higher virus replication (Fig. S1), which is consistent with

our previous report that titers for the G45R/NS1 virus and

NS1 mRNA expression in infected cells were higher than

those for the WT/NS1 virus early in infection [28].

The differentially expressed genes were filtered to select

for genes whose expression changed by 2 fold or more,

relative to the mock-infected group (P\ 0.01). These

genes were further analyzed by using DAVID (available at

http://david.abcc.ncifcrf.gov/) [24] to characterize the bio-

logical functions associated with those genes. The extent of

upregulation of genes related to cytokine activity and IFN

induction was higher in cells infected with the G45R/NS1

virus than those infected with the WT/NS1 virus (Fig. 5b).

These findings indicate that the G45R/NS1 virus can

induce a stronger host immune response than the WT/NS1

virus early in infection. Furthermore, the extent of down-

regulation of genes associated with positive regulation of

apoptosis and serine-threonine protein kinases activity was
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Fig. 1 Survival rate and viral titers in lungs of infected mice. Mice

were infected with 104 plaque-forming units of viruses possessing HA

and NA from A/Hong Kong/1/1968 (H3N2) in the PR8 background

encoding PR8 wild-type (WT/NS1) or G45R mutation NS1 genes

(G45R/NS1). Body weight loss (a) and survival rate (b) were

monitored every day. Lung samples were collected on the indicated

days. (c) Viral titers in the lungs were determined in MDCK cells and

reported as TCID50/g. Error bar indicates the standard error of the

mean (P\ 0.05). (d) The virus titers similar to Fig 1c with a

magnified scale on the Y axis to demonstrate the viral titers at 6 and 8

dpi

Fig. 2 Cytokine and chemokine levels in infected mice. Mice were

infected with 104 plaque-forming units of viruses possessing HA and

NA from A/Hong Kong/1/1968 (H3N2) in the PR8 background of

encoding PR8 wild-type (WT/NS1) or G45R mutation NS1 genes

(G45R/NS1). Levels of cytokines and chemokines in the clear

supernatant from homogenized lungs were measured by using the

MILLIPLEX MAP mouse cytokine/chemokine magnetic bead panel.

Error bars indicate the standard error of the mean (***P\ 0.001)
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higher in cells infected with the G45R/NS1virus than those

infected with the WT/NS1 virus (Fig. 6).

Quantitative RT-PCR was performed to determine

expression levels of selected genes in the aforementioned

pathways. Expression levels of genes related to induction

of innate immune response and proinflammatory cytokines

and chemokines, such as IFNa/b, IFN-induced protein with
tetratricopeptide repeats 1 and 5, IFN-induced protein 44,

chemokine (C-X-C motif) ligand (CXCL) 10 and 11,

chemokine (C-C motif) ligand (CCL) 5, IL28A, and IL29

were significantly higher in cells infected with the G45R/

NS1 virus than cells infected with the WT/NS1 virus

(Fig. 5c). In contrast, the expression levels of genes

involved in the apoptosis pathway and protein kinase

function, such as homeodomain interacting protein kinase 2

(HIPK2), triple functional domain (TRIO), protein kinase

C, alpha (PRKCA), and interleukin-1 receptor-associated

kinase 1(IRAK1), were significantly lower in cells infected

with the G45R/NS1 virus than those infected with the WT/

NS1 virus (Fig. 6c).

Discussion

The NS1 of influenza A virus can increase viral replication

and pathogenicity through various mechanisms, including

inhibition of apoptosis and host innate immune response as

well as induction of proinflammatory cytokines

[1, 15, 35, 38, 57]. However, these functions vary by viral

subtypes and host cell species [4, 39]. We have demon-

strated that the non-conservative amino acid mutation,

G45R on PR8 NS1 increases virus replication independent

of the type I IFN system and induces the activation of type

I IFN signaling at an early stage of infection [28]. We

therefore hypothesized that G45R may be a determinant of

viral virulence and replication in vivo.

In the current study, BALB/c mice infected with the

G45R/NS1 virus had rapid and robust expression of

CXCL5, CXCL10, CXCL11, IFNa/b, TNF-a, IL-17,

RANTES, IP-10, MKC, IL28, IL29 and G-CSF, as early as

1 dpi. These cytokines and chemokines are associated with

fever, sepsis, and autoimmunity [49]. Hypercytokinemia is

associated with HPAI H5N1 virus [35] and pandemic

H1N1 2009 virus [54, 62] infection. Glu-92 on NS1 of

HPAI H5N1 viruses is essential for increasing

pathogenicity by increasing the expression of proinflam-

matory cytokines IL1-a, IL1-b, and IL6 [35]. Compared

with the PR8 virus, the pandemic H1N1 2009 virus also

induces higher expression of IL-6, TNF-a, IL-10, and

CCL5 in supernatants from macrophage cultures [54].

Consistent with these results, in our study the upregulation

of proinflammatory cytokine expression and IFN response

preceded the severe illness and loss in body weight in mice

infected with the G45R/NS1 virus, suggesting that the

G45R/NS1 mutation contributes to increased viral viru-

lence in vivo.

Fig. 3 Intracellular localization

of NS1 protein in infected A549

cells. The viruses encoding HA

and NA from A/Hong Kong/1/

1968 (H3N2) in the PR8

background encoding (a) PR8

wild-type (WT/NS1) or

(b) G45R mutation NS1 (G45R/

NS1) genes were used to infect

A549 cells at an MOI of 2. At

the indicated time points,

infected cells were fixed and

stained with rabbit anti-NS1

polyclonal antibody and goat

anti-rabbit IgG conjugated to

Alexa Fluor 488. The signals

were observed by using a

confocal microscope. Scale bar

10 lm. (c) Quantified signals in

the nucleus and cytoplasm are

shown. Error bars indicate the

standard error of the mean

(***P\ 0.001)
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The NLS1 of NS1 is located on the dsRNA-binding

domain (amino acids 34 to 41) [39], and the interaction

between NLS1 and cellular importin a induces nuclear

import of the protein. The nuclear localization of NS1 is an

essential mechanism to block host IFN induction. For

example, binding of NS1 to CPSF30 in the nucleus sup-

presses posttranscriptional processing of the entire cellular

pre-mRNA, including antiviral IFN, which in turn facili-

tates viral replication [8, 44, 60]. However, the localization

of NS1 in different intracellular compartments leads to

different functions that affect viral pathogenicity [16, 39].

We demonstrated that the majority of the WT/NS1 protein

was localized in the nucleus of A549 cells, which is in

agreement with the results of a previous study [58],

whereas G45R/NS1 increased cytoplasmic localization

early in infection (Fig. 3). Increased cytoplasmic local-

ization of NS1 of the mouse-adapted influenza A virus can

play a role in influenza A virus pathogenicity and repli-

cation and is associated with host-specific adaptive evolu-

tion [16]. In the cytoplasm, NS1 counteracts host cell

mechanisms by interfering with the activation of RIG-I,

OAS1, and PKR [33, 40, 41] and promoting viral mRNA

translation [56]. The abundance of the G45R/NS1 protein

in this compartment might increase the cytoplasmic func-

tions of NS1, which could increase viral replication or

virulence.

Microarray analysis revealed that the level of differen-

tial gene expression was higher in cells infected with the

G45R/NS1 virus than those infected with the WT/NS1

virus (Fig. 4). Upregulated genes were mostly involved in

pathways related to the innate immune response and

induction of pro-inflammatory cytokines and cytokines

(e.g., IFNa/b, CXCL5, CXCL10, CXCL11) and IFN-in-

ducible genes and ISGs early in infection. Influenza A virus

infection activated Type I IFN induction and inflammatory

response through various pathogen sensors including RIG-I

in the cytoplasm and toll-like receptors (TLR) in the

endosome and on the cell surface [14, 31, 46]. RIG-I is one

of the cytoplasmic pathogen sensors that recognizes viral

RNA, particularly 5’-ppp single stranded RNA, and viral

double stranded RNA (replicative intermediates) and trig-

gers type I IFN induction [50, 61]. Although G45R NS1and

WT viruses induced RIG-I mediated IFNb-promoter

activity at similar levels in transfected 293T cells [28], the

increased G45R/NS1 virus replication and the accumula-

tion of viral RNA in G45R/NS1 infected cells may up-

regulate the expression of immune stimulated genes

through the RIG-I pathway (Fig. 5b and S1). This could

lead to the robust production of proinflammatory cytokines

and chemokines and high virulence in G45R/NS1 virus

infected mice.

Moreover, G45R/NS1 downregulated the expression of

genes related to serine-threonine protein kinases such as

HIPK2, TRIO, IRAK1, and PRKCA, which play important

roles in inducing apoptosis or the innate immune response.

For example, HIPK2 phosphorylates p53 to induce apop-

totic pathways in cancer cells [13, 51]. However, in virus-

infected cells, HIPK2 function is counteracted by the

multifunctional viral RNA-binding protein US11, which

plays a role in replication of the herpes simplex virus and

regulation of cellular functions [20, 48]. Apoptosis is also a

crucial cellular response to influenza A virus infection [5].

NS1 can regulate apoptosis during viral infection, which

can affect virus pathogenicity and replication cycles [63].

These functions depend on levels of NS1 expression, virus

strain, and infected cell type [26, 65]. Therefore, the

downregulation of genes associated with apoptosis induc-

tion may be an anti-apoptotic activity of G45R/NS1 that is

used to delay cell death in order to extend virus survival

and increase virus replication early in infection [65].

IRAK1, a key mediator of the innate immune system,

plays an important role in the signaling pathways activated

by the Toll-like receptors/IL-1 receptors after recognizing

pathogen-associated molecular patterns such as dsRNA,

ssRNA and dsDNA and is important for rapid initiation of

the innate immune response to pathogens early in infection

Fig. 4 Global gene expression levels in response to virus infection.

The hierarchical clustering of differentially expressed genes from

WT/NS1 and G45R/NS1 and mock-infected cells is presented. The

relative expression level for each group is shown as the Z-score (-SD

to SD) color scale
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[21, 34, 66]. Influenza A virus infection can increase the

production of miRNAs in A549 cells. These miRNAs tar-

get cellular mRNAs associated with antiviral response

pathways such as IRAK1 and MAPK3, suggesting that

influenza A virus can interfere with host immune responses

[6, 59]. Therefore, downregulation of gene expression by

the G45R/NS1 virus may have had a negative effect,

overall, on the immune response early in infection. How-

ever, the underlying mechanisms of this process need fur-

ther investigation.

Analysis of NS1 sequences of influenza A viruses has

revealed that the G45R mutation occurs in pandemic 2009

H1N1 viruses such as A/New York/3307/2009 (accession

number CY041641), A/Russia/74/2009 (accession number

CY053732), and A/Texas/15/2009 (accession number

GQ122093). The G45R mutation on NS1 of A/Texas/15/

2009 (H1N1) isolated from a patient has been proposed to

be related to the increased chemokines and cytokines

produced during virus infections in A549 cells [47].

Previously, we demonstrated that G45R on NS1 func-

tioned independently of the dsRNA-binding affinity to

accelerate influenza virus replication and elevated the

expression of type I IFN at early of infection in A549

cells [28]. In our current study we demonstrate that the

G45R mutation on NS1 enhances virus virulence by

increasing the proinflammatory chemokine and cytokine

response in mice.

Conclusions

Our study shows that G45R on the NS1 protein of influenza

A virus contributes to viral virulence by inducing rapid and

robust proinflammatory cytokine responses. Furthermore,

G45R possibly regulates host cell apoptosis and interferes

with immune signaling pathways to facilitate virus repli-

cation early during infection, as previously described [28].

Taken together, the findings reveal important roles of a

Fig. 5 Differentially upregulated genes and associated biological

pathways. (a) The hierarchical clustering of differentially expressed

genes within the categories of cytokine activity and innate immune

response is presented. The relative expression level for each group is

shown as the Z-score (-SD to SD) color scale. (b) Biological

pathways of upregulated genes expressed in cells infected with the

WT/NS1 or G45R/NS1 viruses, as generated by using DAVID.

(c) Relative mRNA expression levels for the selected genes measured

by qRT-PCR. Three biological replicates and two technical repeats

were performed for each sample. The housekeeping gene b-actin was

used as an internal control. Normalized data of each sample was

analyzed in relation to that of mock-infected cells by the threshold

cycle (DDCT) method. Error bars indicate the standard error of the

mean. *P\ 0.01, **P\ 0.01, ***P\ 0.001, compared to WT, as

determined by the t-test
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non-conserved amino acid, R45, on the NS1 protein in

impeding the host antiviral response at multiple levels,

particularly the immune response, and provide more

insights into its functions to promote pathogenicity.
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