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The innate immune response is the first line of defense against foreign pathogens. The recognition of
virus-associated molecular patterns, including double- and single-stranded RNA, by pattern recognition
receptors initiates a cascade of signaling reactions. These result in the transcriptional upregulation and
secretion of proinflammatory cytokines that induce an antiviral state. Many viruses have evolved mechanisms
to antagonize these responses in order to help them establish a productive infection. We have previously shown
that West Nile virus (WNV) is able to inhibit Toll-like receptor 3 (TLR3)-mediated activation of interferon
(IFN) regulatory factor 3 (IRF3) (F. Scholle and P. W. Mason, Virology 342:77-87, 2005). In the present study,
the WNV nonstructural (NS) proteins were analyzed individually for their ability to antagonize signal trans-
duction mediated by TLR3. We report that expression of WNV NS1 inhibits TLR3-induced transcriptional
activation of the IFN-f3 promoter and of an NF-kB-responsive promoter. This inhibition was due to a failure
of the TLR3 ligand poly(I:C) to induce nuclear translocation of IRF3 and NF-kB. Furthermore, NS1 expression
also inhibited TLR3-dependent production of interleukin-6 and the establishment of an antiviral state. The
function of NS1 in flavivirus infection is not well understood. NS1 is required for viral RNA replication and is
also secreted from mammalian cells but not from insect cells. Here, we identify a previously unrecognized role

for NS1 in the modulation of signaling pathways of the innate immune response to WNV infection.

Since its introduction into the United States in 1999, West
Nile virus (WNV) has spread across North America and into
Canada, South America, and the Caribbean. In 2006, a total of
4,261 human cases of WNV disease were reported to the CDC,
making WNV the leading cause of arboviral encephalitis in the
United States (6). Although most human infections are sub-
clinical, some develop into a neuroinvasive disease such as
West Nile meningitis, West Nile encephalitis, and West Nile
poliomyelitis (55). Those populations most susceptible to neu-
roinvasive disease include the elderly, children, and the immu-
nocompromised. Currently, there is no effective treatment or
vaccine available for WNV.

WNV is a member of the Flaviviridae family and the genus
Flavivirus. Tt is a mosquito-borne single-stranded RNA (ssRNA)
virus with a genome of positive polarity that exists in an enzo-
otic transmission cycle between mosquitoes and birds. Humans
and horses are dead-end hosts that can suffer significant mor-
bidity and mortality after infection. The WNV genome is ap-
proximately 11 kilobases in length, 5’ capped, and contains an
open reading frame that is translated as a single polyprotein
(35). Co- and posttranslational processing by viral and cellular
proteases results in three structural proteins, C, M, and E, and
seven nonstructural (NS) proteins, NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5. NS2A has been reported to inhibit
JAK-STAT signaling from the alpha/beta interferon (IFN-o/B)
receptor (39-41), and mutations in NS2A acquired during se-
lection of replicon harboring cells lead to reduced genome
replication, attenuation, and enhanced ability to establish a
persistent infection (50, 51). In addition NS2A has been shown
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to play a role in virus assembly (28, 38). NS2B is a cofactor to
NS3, the viral serine protease, and NS5 is the RNA-dependent
RNA polymerase and methyl transferase (35). The function(s)
of NS4A and NS4B is largely not understood although NS4B
has been implicated in inhibition of IFN signaling (44, 45). NS1
is required for viral RNA replication and can be trans-comple-
mented (26, 36, 37, 58). Within infected cells NS1 is known to
be translocated into the lumen of the endoplasmic reticulum,
can be secreted from mammalian but not mosquito cells, and
is also found cell surface associated (5, 41, 42). NS1 is secreted
to high levels during flavivirus infection, resulting in produc-
tion of NS1-specific antibodies (24, 27, 31, 42).

To induce a productive infection, a virus or invading patho-
gen must avoid detection and eradication by the immune
system, including the innate immune response. The innate
immune system provides a rapid response aimed at inhibiting
the progression of infection. Components of the innate im-
mune system include activation of natural killer cells, macro-
phages, the complement system, and production of proinflam-
matory cytokines through recognition of pathogen-associated
molecular patterns (PAMPs), including double-stranded RNA
(dsRNA) or ssRNA, by pattern recognition receptors (PRRs)
(59). PRR stimulation results in a cascade of signaling reac-
tions that lead to transcriptional upregulation and secretion of
type I IFN and proinflammatory cytokines, resulting in estab-
lishment of an antiviral state.

The PRRs that recognize virally derived RNA PAMPs in-
clude Toll-like receptor 7/8 (TLR7/8) (ssRNA [10]), TLR3
(dsRNA [2]), and the RNA helicases, retinoic-acid-inducible
gene I (RIG-I) (5" triphosphate containing RNA [23]) and
melanoma differentiation-associated gene 5 (mda-5) (dsRNA
[17]). TLR3 is a transmembrane receptor located on the cell
surface in fibroblasts and within endocytic vesicles in myeloid
dendritic cells and other cell types (16, 43, 46, 47) Its ectodo-
main consists of a leucine-rich repeat motif that is responsible
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TABLE 1. Cell lines used in this study

Cell line Source Characteristic(s)

HeLa C Cervical carcinoma IFN-cured derivative of HeLa
1.1.1

HeLa 1.1.1 Cervical carcinoma Harbors WNV replicon

Hela 2.1 Cervical carcinoma Harbors WNV replicon; different
clone from Hela 1.1.1

HeLa pc6 Cervical carcinoma pco-transfected vector control line

Hela G Cervical carcinoma Stably expresses NS1; polyclonal
pool

HeLa D-24 Cervical carcinoma Stably expresses NS1; clone

293/TLR3 Embryonic kidney Stably expresses TLR3

293/TLR3/rep Embryonic kidney 293/TLR3 harboring WNV

replicon

for ligand binding and an intracellular Toll/interleukin 1 (IL-1)
receptor domain responsible for adaptor molecule binding (3,
49). TLR3, through its interactions with the adaptor molecule
TRIF (Toll/IL-1 receptor domain-containing adaptor inducing
IFN), induces activation of the noncanonical IkB kinases
(IKKs) TBK-1 and IKK-¢ leading to phosphorylation (at Ser
396), dimerization, and nuclear translocation of IFN regula-
tory factor 3 (IRF3) (13, 62). TLR3 signaling also activates the
transcription factors NF-kB and AP-1. Detection of their re-
spective PAMPs by RIG-I and mda-5 also leads to activation of
IRF3, NF-kB, and AP-1 through the use the adaptor molecule
IPS-1 (25). Once activated by either pathway, these transcrip-
tion factors can cooperate in the transcriptional activation of
the IFN-B promoter (19, 33, 48, 63). Following translation,
IFN-B is secreted and binds to the IFN-a/p receptor (IFNR) in
an autocrine and paracrine fashion. Activation of the IFNR
induces a signaling cascade that leads to the establishment of
an antiviral state through the transcriptional upregulation of
IFN-stimulated genes (19, 22). In addition to type 1 IFN,
TLR3 also stimulates expression of proinflammatory cytokines
such as RANTES, IL-6, and IL-8 (2).

Many viruses have evolved mechanisms to antagonize these
signaling cascades in order to establish a productive infection.
Several studies have demonstrated interference of flavivirus
NS proteins with signal transduction from the IFNR. These
proteins include NS2A, NS4B, and NS5, depending on the
virus species (4, 20, 34, 41, 45, 53). In addition to interfering
with IFN signaling functions, expression of the WNV NS pro-
teins has also been shown to interfere with TLR3 signaling
(53).

In this study we show that the WNV NS1 protein is respon-
sible for the interference with TLR3 activation of transcription
factors, TLR3-induced gene expression, and TLR3-dependent
establishment of an antiviral state.

MATERIALS AND METHODS

Viruses and cell lines. WNV replicon particles (VRPs) were produced as
previously described (12, 52) and quantitated by titration on HeLa cells, followed
by immunohistochemical detection. Vesicular stomatitis virus (VSV) strain Ha-
zelhurst (Charles River Laboratories) was propagated in Vero cells, and titers
were determined on HeLa cells by plaque assay (see below).

A list of cell lines used in this study and their characteristics are provided in
Table 1. HeLa 1.1.1 and HeLa 2.1 cells, harboring a WNV replicon that expresses
the WNV NS genes 1 to 5 and a neomycin resistance cassette (WNR NS1-
SET2AN) (53) were grown in Dulbecco’s modification of minimal essential
medium (DMEM,; Cellgro) supplemented with 10% HyClone fetal bovine serum
(Cellgro), 1% antibiotics, 20 pg/ml gentamicin, and 400 wg/ml G418 at 37°C.
HeLa C cells are a “cured” derivative of HeLa 1.1.1, established by eliminating
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the WNV replicon through several passages in culture medium containing 200
U/ml IFN-a. HeLa C cells were grown in the same medium as above without
G418. Constitutive TLR3-expressing HEK293 cells (293/TLR3) (InvivoGen)
were grown in the above-described medium with the addition of 10 pg/ml
blasticidin (InvivoGen), and Vero cells were grown in DMEM with 5% fetal
bovine serum, 1% antibiotics, and 20 pg/ml gentamicin. 293TLR3/rep cells were
established by infection of 293/TLR3 cells with WNR NS1-5SET2AN VRPs (51),
which encode neomycin acetyltransferase as a selectable marker. Replicon-har-
boring cells were selected and maintained in medium containing 600 pg/ml of
G418.

Plasmids and generation of cell lines stably expressing NS1. The mammalian
expression vector pcDNAG6 (pc6) (Invitrogen) was used to express cloned cDNAs
of each individual WNV NS protein (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) as well as an NS2B-3 fusion protein expressing the active protease. Briefly,
each coding region was PCR amplified with primers incorporating a 5" BamHI
and a 3’ Xbal restriction site and cloned into the respective restriction sites of
pc6. A C-terminal hemagglutinin (HA) tag was added to facilitate detection, and
all constructs were sequenced to confirm fidelity of amplification.

HeLa C cell lines that stably express NS1 and a pc6 vector control cell line
were created by TransIT-LT1 transfection (Mirus) with each construct, followed
by selection for plasmid maintenance with blasticidin (10 pg/ml). Clonal and
polyclonal populations of NS1-expressing cells were isolated following blasticidin
selection.

Reporter assays. Reporter assays using the luciferase (Luc) reporter gene
under control of the IFN-B promoter (IFN-B pGL3; a gift from J. Hiscott) (32)
or an NF-«B response element (NF-kB-Luc) (Stratagene) have been described
previously (53). Briefly, 100 ng each of either IFN-B pGL3 or NF-«kB-Luc and
pCMV (where CMYV is cytomegalovirus) B-galactosidase (B-Gal) (Invitrogen)
was cotransfected into HeLa C or 293/TLR3 cells, respectively, along with 500 ng
of NS expression construct using the TransIT-LT1 transfection reagent (Mirus).
In experiments where various amounts of NS1 plasmid were transfected, pc6 was
used to keep the overall DNA concentration constant. At 24 h posttransfection,
cells were either left untreated or were treated for 4 h with 20 pg/ml poly(I:C)
(pIC; Calbiochem). Following treatment, cells were lysed in reporter lysis buffer
(Promega) containing 0.1% Triton X-100 and assayed for Luc and B-Gal activ-
ities using a Promega Luc assay system and an ONPG (o-nitrophenyl-3-p-galac-
topyranoside)-based B-Gal assay. B-Gal activity was used to normalize the Luc
data for all experiments. All data are expressed as relative light units/mU of
B-Gal activity.

Immunofluorescence. HeLa C cells were seeded onto LabTek chamber slides
and transfected with each NS protein expression construct or the pc6 vector
control. At 24 h posttransfection cells were treated with 20 pg/ml pIC for 2.5 h
or left untreated and prepared for indirect immunofluorescence analysis (IFA)
for NF-kB subcellular localization and identification of NS protein expression.
Briefly, cells were washed with phosphate-buffered saline, fixed in 4% parafor-
maldehyde, permeabilized with 0.1% Triton X-100, and blocked (2% bovine
serum albumin, 5% normal horse serum, and 10 mM glycine in phosphate-
buffered saline). The cells were then incubated with a rabbit anti-NF-kB p65
antibody (Santa Cruz) and a mouse anti-HA antibody (Sigma), followed by
incubation with appropriate secondary antibodies (AlexaFluor 568-conjugated
anti-rabbit antibody and AlexaFluor 488-conjugated anti-mouse antibody [Invitro-
gen]). The cells were then analyzed for NF-«kB subcellular localization and HA
expression by immunofluorescence using a Zeiss Axioskop 2 microscope. IFA for
NF-kB translocation in cell lines constitutively expressing NS1 was performed
similarly using a fluorescein isothiocyanate-conjugated anti-rabbit antibody
(Kirkegaard and Perry Laboratories) as a secondary antibody.

Western blot analysis. Subconfluent stable NS1-expressing cells (HeLa G and
D24 cells), pc6-expressing cells, and HeLa 1.1.1 and HeLa C cells were either
treated with 20 pg/ml pIC for 4 h or left untreated. Following treatment, protein
extracts were prepared in cell lysis buffer (300 mM NaCl, 50 mM Tris-HCI, 0.1%
Triton X-100, pH 7.6). Following a 10-min incubation on ice, lysates were
clarified by centrifugation, and protein concentrations were determined using a
detergent-compatible protein assay kit (Bio-Rad). Equal amounts of protein
were electrophoretically separated on 4 to 12% Nu-PAGE gels (Invitrogen) and
electroblotted onto polyvinylidene difluoride membranes (Immobilon-P transfer
membrane; Millipore). Following a blocking step with Tris-buffered saline-0.1%
Tween-20 with 5% dry milk, a phospho-specific IRF3 (Ser 396) antibody (Cell
Signaling) or anti-IRF3 antibody was diluted in Tris-buffered saline-0.1%
Tween-20 with 5% bovine serum albumin and used to blot the membrane,
followed by horseradish peroxidase-conjugated secondary antibodies (KPL).
Bound horseradish peroxidase was visualized with an ECL Plus kit (Amersham
Biosciences). Membranes were stripped and reprobed with a mouse anti-B-actin
antibody (Sigma) as a loading control. NS1 was detected using a WNV-specific
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mouse hyperimmune serum (murine hyperimmune ascitic fluid [MHIAF]) as the
primary antibody.

Real-time RT-PCR assays. Total RNA was extracted using Trizol reagent
(Invitrogen) according to the manufacturer’s specifications. Extracts were DNase
I (Ambion)-treated to remove contaminating genomic DNA, precipitated, and
resuspended in nuclease-free water. Reverse transcription (RT) was carried out
with the ImProm II RT kit (Promega) using random hexamers as primers.
Real-time PCR analysis was carried out using the iQ Sybr Green Supermix kit
(Bio-Rad) and the following primers: for GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), 5'-GGATTTGGTCGTATTGGGCG-3" and 5'-TGGAAGAT
GGTGATGGGATTTC-3'; for IL-6,5'-GAGAAGATTCCAAAGATGTAGCC
G-3' and 5'-ACATTTGCCGAAGAGCCCTC-3'".

Reactions were set up in 96-well PCR plates (Eppendorf). Amplifications were
carried out for 50 cycles, followed by a melt curve analysis of resulting products
to confirm the specificity of the reactions. To construct standard curves, total
RNA was isolated from the cells, and 300- to 600-bp fragments of the gene(s) of
interest were amplified by RT-PCR using the appropriate primer sets. PCR
fragments were gel purified and quantitated, and the copy number was calcu-
lated. Serial 10-fold dilutions were prepared for use as templates to create
standard curves in real-time PCRs. All samples were normalized to GAPDH. To
control for plate-to-plate variation, GAPDH reactions were run for all samples
on the same plate as the respective real-time PCR for the gene of interest. All
data are expressed as the ratio of copy numbers of IL-6 per 10° copies of
GAPDH for samples run in triplicate.

ELISA. IL-6 levels in the supernatant of cells treated with 20 pg/ml pIC for 6 h
or left untreated were determined using an enzyme-linked immunosorbent assay
(ELISA) kit (E-bioscience) according to the manufacturer’s specifications. Each
experimental set was performed in triplicate.

siRNA knockdown. The TLR3-specific small interfering RNA (siRNA) 1 and
2 and controls (siCon, a scrambled siRNA; siGLO, a fluorescently labeled non-
targeting siRNA) were purchased from Dharmacon. A total of 50 nM of siRNA
was transfected using Dharmafect DF-1 reagent according to the manufacturer’s
recommendation. At 48 h posttransfection cells were treated with 10 wg/ml pIC
for 1 h or left untreated. Following treatment, cells were challenged with WNV
VRPs expressing Luc at a multiplicity of infection (MOI) of 0.2. At 24 h postin-
fection cell lysates were made and assayed for Luc expression. The siRNA sense
sequences were as follows: siRNA 1, 5'-GAACUAAAGAUCAUCGAUUUU-
3'; siRNA 2, 5'-GCUAUGUUUGGAAUUAGCAAA-3’; and siCON, 5'-UGG
UUUACAUGUCGACUAA-3'".

Successful reduction of TLR3 mRNA levels was confirmed by semiquantita-
tive RT-PCR using GAPDH primers described above and the following TLR3
primers: Forward, 5'-TCACTTGCTCATTCTCCCTT-3'; Reverse, 5'-GACCTC
TCCATTCCTGGC-3'.

Plaque assays. HeLa cells that stably express NS1 (D24 G cell lines), WNV
replicon (1.1.1), or pc6 vector control were seeded to confluence in 24-well plates
and left untreated or treated with 20 pg/ml pIC for 4 h, followed by infection with
10-fold serial dilutions of virus. VSV infections were performed at 37°C with
agitation every 15 min for 1 h, followed by overlay with 1X DMEM-0.6%
tragacanth gum. At 24 to 36 h postinfection the cells were stained with 5% crystal
violet, and viral titers were determined.

Virus growth curve analysis. For analysis of virus growth kinetics, HeLa G,
HeLa D24, pc6, and 1.1.1 cells were seeded onto 24-well plates to 80% conflu-
ence, left untreated or treated with 20 wg/ml pIC for 3 h, and infected with VSV
at an MOI of 0.01 (HeLa-specific MOI). At the indicated times, cell supernatants
were collected for each condition. VSV titers were determined by plaque assay
on Vero cell monolayer.

RESULTS

Inhibition of TLR3-induced transcription in WNYV replicon-
bearing cells. We have previously demonstrated that pIC stim-
ulation of the IFN-B promoter in HeLa cells is mediated
through TLR3 (53). TLR3-dependent nuclear translocation of
IRF3 and transcriptional activation of the IFN-f promoter and
IRF3 response elements in HeLa cells are inhibited in WNV-
infected and WNV replicon-bearing HeLa cells (53) (Fig. 1A).
TLR3 stimulation also results in activation of NF-kB and sub-
sequent transcriptional upregulation of NF-kB-responsive cy-
tokine promoters. Thus, we were interested in determining
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FIG. 1. Inhibition of IFN-B-promoter and NF-kB activation by
TLR3 in WNYV replicon cells and pIC-induced activation of the IFN-$
promoter and NF-«kB reporter in HeLa WNYV replicon cells (HeLa 2.1)
and IFN-cured replicon cells (HeLa C). (A) Cells were transiently
transfected with IFN-B pGL3 or NF-kB-Luc and pCMV-B-Gal and
then either treated with 20 pg/ml of pIC for 4 h or left untreated. Cell
lysates were analyzed for Luc and B-Gal activities. (B) 293/TLR3 cells
(TLR3) and WNYV replicon-bearing 293/TLR3 cells (TLR3/rep) were
assayed for pIC-induced transcriptional activation of an NF-«B re-
sponse element. Cells were transfected with NF-kB Luc and pCMV-
B-Gal, and 24 h posttransfection the cells were treated with 20 pg/ml
pIC for 4 h or left untreated. Cell lysates were analyzed for Luc and
B-Gal activities. Data are expressed as Luc activity normalized to
-Gal activity from duplicate samples. Error bars represent the stan-
dard deviations. RLU, relative light units.

whether WNV RNA replication and protein expression would
also negatively affect NF-«kB activation.

Reporter assays were performed to monitor NF-kB-depen-
dent transcriptional stimulation following TLR3 engagement.
HeLa C cells and HeLa WNV replicon-bearing cells (HeLa
2.1) were transfected with NF-kB-Luc and pCMV-B-Gal for
normalization of transfection efficiency. In the absence of pIC
stimulation, each cell line displayed low levels of Luc activity.
pIC treatment induced a strong NF-kB response in HeLa C
cells but not in replicon-bearing HeLa 2.1 cells (Fig. 1A).
The same results were obtained with 293/TLR3 and 293/
TLR3 cells containing a constitutively replicating WNV rep-
licon (293TLR3/rep) (Fig. 1B).

WNV NS1 inhibits TLR3-induced transcription. The data
above, obtained with WNV replicons with deletions of the
structural protein coding region, argue that either WNV RNA
replication or expression of the WNV NS proteins is respon-
sible for TLR3 inhibition. Flavivirus NS proteins have been
shown to inhibit signal transduction from the IFN-o/B receptor
(4, 20, 34, 41, 44, 53). Thus, we hypothesized that one or more
NS proteins could be responsible for inhibition of TLR3 signal
transduction as well. Expression constructs for each of the
individual WNV NS proteins, as well as for the fusion protein
encoding the active protease, NS2B-3, were established. Ex-
pression of individual NS proteins was assayed after transient
transfection into HeLa cells. NS2B and NS4A were detected in
IFAs in individual cells without problems (see Fig. 3) but were
expressed at levels too low to be detected by Western blotting.
In contrast, all other NS proteins were readily detected by
Western analysis (data not shown).

To identify the individual NS protein(s) that might interfere
with TLR3 signaling, reporter assays using the IFN-f promoter
in HeLa C cells cotransfected with individual NS expression
constructs were performed. TLR3 engagement induced strong
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FIG. 2. WNV NS1 inhibits the pIC-induced transcriptional activa-
tion of the IFN-B promoter and NF-«kB response element. (A) HeLa
C cells were transfected with individual expression constructs for NS
proteins together with the IFN-8 pGL3 reporter construct and pCMV-
B-Gal. At 24 h posttransfection cells were treated with 20 pug/ml pIC
for 4 h or left untreated. Cell lysates were assayed for Luc and 3-Gal
activities. (B) NS expression constructs were transfected into 293/
TLR3 cells along with NF-kB-Luc and pCMV B-Gal. Cells were
treated with pIC as above, and Luc and B-Gal activities were deter-
mined. (C) HeLa C cells were transfected (Trans) with 500 ng of NS1
expression plasmid or the same amount of empty vector (pc6) or
infected at an MOI of 1 with VRPs. Cell lysates were prepared 24 h
after transfection or infection, and levels of NS1 expression were
analyzed by Western blotting using a WNV-specific MHIAF. A non-
specific band close to the molecular weight of NS1 (denoted by an
asterisk) is seen in pc6-transfected vector control cells. As a loading
control the blot was stripped and reprobed for B-actin. (D) Various
amounts of NS1 expression plasmid were transfected into HeLa C cells
along with the IFN-B pGL3 reporter and B-Gal expression plasmids.
Following mock or pIC treatment, cells were harvested and assayed for
Luc and B-Gal activity. Data are expressed as Luc activity relative to
B-Gal activity from duplicate samples. Error bars represent the stan-
dard deviations. RLU, relative light units.

transcriptional activation of the IFN-B promoter in all cells
except those cells transfected with the NS1 expression con-
struct (Fig. 2A). NS1 expression strongly inhibited IFN-B pro-
moter-driven Luc expression in response to TLR3 engagement
compared to cells transfected with the empty vector control.
Similar results were obtained when NF-kB-dependent reporter
activity was assayed in 293/TLR3 cells transfected with the
individual NS protein expression constructs (Fig. 2B). Due to
the low level of expression of NS2B and NS4A, reporter assays
with those two constructs are not shown.

To rule out the possibility that the effects on TLR3 signaling
observed in NS1-expressing cells are not due to protein over-
expression, NS1 expression levels in transiently transfected
cells were compared to cells infected with VRPs at an MOI of
1 (Fig. 2C). These results illustrate that NS1 is expressed to
significantly lower levels in transient transfection than in VRP
infection. Our transfection efficiency in HeLa cells was rou-
tinely between 60 to 70%.

To determine whether TLR3 inhibition was dependent on
the level of NS1 expression, a dose response experiment was
performed. As little as 50 ng of transfected NS1 construct was
able to inhibit IFN-B promoter activation after pIC treatment,
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with a maximum inhibition reached at 200 ng of NS1 expres-
sion plasmid under our assay conditions (Fig. 2D).

The reporter assays do not address a role for NS2B and
NS4A in TLR3 inhibition. However, reporter activation was
not significantly inhibited in cells transfected with the NS2B-3
fusion construct from which NS2B is expressed as a cofactor
for NS3, and other experiments, discussed below, indicate that
NS4A expressed by itself is not involved in inhibition of TLR3
signaling (see Fig. 3).

All NS proteins, with exception of the NS2B-3 fusion pro-
tein, were expressed individually and contain epitope tags at
the C terminus. Interestingly, even at the highest amounts of
NSI1 plasmid transfected, we did not observe TLR3 inhibition
to the degree found in replicon-bearing cells. We do not have
a definite explanation for this observation at this time, but we
cannot rule out the possibility that NS proteins other than NS1
could contribute to TLR3 inhibition when expressed in their
natural context as part of the viral polyprotein. Alternatively,
the presence of the epitope tag might interfere with some of
their functions. Despite these caveats, NS1 has been reported
to function in viral replication when expressed in #rans and can
also function in this context when tagged with a C-terminal
epitope (26, 58). Our experiments demonstrate that NS1 ex-
pressed by itself can inhibit TLR3 signal transduction. Thus,
the subsequent experiments focus on NS1.

WNV NS1 blocks the TLR3-induced nuclear translocation
of NF-kB. Based on the observed inhibition of NF-kB-depen-
dent transcription in WNYV replicon-bearing cells and NS1-
expressing cells (Fig. 1 and 2), we investigated whether TLR3-
induced nuclear translocation of NF-kB was affected in NS
protein-expressing cells. In untreated vector control trans-
fected cells, NF-kB localized predominantly to the cytoplasm.
Stimulation with pIC induced nuclear translocation of NF-«kB
in approximately 90% of the cells (Fig. 3A). Next, HeLa C
cells, transfected with each individual NS expression construct,
were treated with pIC (Fig. 3B) or left untreated (data not
shown). NS protein expression and NF-kB subcellular local-
ization were analyzed by immunofluorescence. As indicated
above, all NS proteins could be detected by IFA including
NS2B and NS4A. None of the NS proteins induced NF-«B
translocation in the absence of pIC stimulation (data not
shown). Upon treatment with pIC, nuclear translocation of
NF-«kB was evident in almost all NS protein-expressing cells
except for those cells transfected with the NS1 expression plas-
mid. NS1-expressing cells showed a cytoplasmic NF-kB stain-
ing pattern regardless of pIC stimulation. The immunofluores-
cence data also demonstrate that NS2B and NS4A expression
does not interfere with TLR3-induced NF-«B translocation.

HeLa cells that express NS1 constitutively are deficient in
TLR3 signaling. For subsequent investigations into the biolog-
ical significance of NS1-mediated TLR3 inhibition, HeLa cell
lines that constitutively express NS1 were established. Several
NS1-expressing polyclonal and clonal populations were iso-
lated. NS1 expression levels in stable cell lines were signifi-
cantly lower than observed in replicon-bearing cells (Fig. 4A).
To verify TLR3 inhibition in these cell lines, we monitored
activation of NF-kB and IRF3. Inhibition of NF-«B transloca-
tion was assayed by immunofluorescence (Fig. 4B). Vector
control and NS1-expressing cells (pc6 and D24, respectively)
were either treated with pIC or left untreated. In all untreated
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FIG. 3. WNV NS1 inhibits the TLR3-induced nuclear translocation of NF-kB. (A) HeLa C cells were transfected with the empty vector pco
and either left untreated or treated with 20 pg/ml pIC for 2.5 h. NF-«kB was detected by immunofluorescence. (B) HeLa C cells were transfected
with NS protein expression constructs. At 24 h posttransfection cells were challenged with 20 pg/ml pIC for 2.5 h. Cells were dually stained for
NF-kB subcellular localization using an NF-«kB-specific antibody and NS protein expression using an HA epitope-specific antibody. Red indicates
NF-kB, and green indicates NS expression. All NF-«kB pictures were taken under identical conditions using the same exposure settings. For NS
proteins, exposure times had to be adjusted slightly to account for variation of levels of expression between the different constructs.

cells, NF-kB was localized to the cytoplasm. In vector control
cells, pIC readily induced the nuclear translocation of NF-kB.
This was in sharp contrast to the cytoplasmic staining pattern
observed in D-24 cells following pIC treatment (Fig. 4B).
IRF3 activation was investigated by analyzing the phosphor-
ylation of IRF3 in response to TLR3 engagement in NSI1-
expressing cell lines, WNV replicon-bearing cells, and vector
control cells. Following a mock or pIC treatment, cell lysates
derived from NS1-expressing HeLa cell lines (polyclonal pool,
G; clonal isolate, D24), vector control cells (pc6), and WNV
replicon cells (1.1.1) were analyzed by Western blotting using
an antibody specific for phospho-IRF3 (Ser 396). Phospho-

IRF3 was not detected in lysates from unstimulated cells across
the panel of cell lines tested. In pIC-stimulated cells, phospho-
IRF3 was detected in lysates from HeLLa C and HeLa pc6 cells
(Fig. 4C). In contrast, pIC did not induce phosphorylation of
IRF3 in replicon-bearing HeLa cells and the NS1-expressing
clonal cell line D24. The NS1-expressing HeLa pool G showed
only very minimal IRF3 phosphorylation. In agreement with
these results, inhibition of IRF3 nuclear translocation in re-
sponse to pIC was also observed in D24, G, and 1.1.1 cells
(data not shown). In summary, NS1-expressing HeLa cell lines
showed the same phenotypes of TLR3 inhibition with regard to
transcription factor activation previously detected with tran-
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FIG. 4. Inhibition of transcription factor activation in cell lines
constitutively expressing NS1. (A) NSI1 expression levels in NS1-ex-
pressing cell lines. Cell lysates from NS1-expressing cell lines were
compared to 1.1.1 replicon cells in terms of NSI1 expression levels.
HeLa G is a polyclonal NS1-expressing population, and D24 is an
individual NS1-expressing clone. HeLa 1.1.1 cells are WNV replicon-
bearing cells, and pc6 is a vector control cell line. Fifteen micrograms
of total protein per lane was loaded for pc6, G, and D24 cells, and 0.2,
1, and 5 g was loaded for 1.1.1 lysates. The WNV MHIAF used as
primary antibody cross-reacts with a nonspecific cellular protein with a
molecular weight very similar to the glycosylated higher-molecular-
weight form of NS1 and partially obscures its detection. (B) NF-«kB
nuclear translocation in NS1-expressing cell lines. NS1-expressing
D-24 and vector control cells were treated for 2 h with 20 wg/ml pIC or
left untreated (Unt). Cells were then stained to detect NF-kB subcel-
lular localization. (C) Phosphorylation of IRF3 in response to TLR3
stimulation in NS1-expressing cell lines. Following 4 h of pIC treat-
ment, cell lysates were analyzed for phospho-IRF3 (Ser 396) by im-
munoblotting (top panel). The middle panel shows the levels of total
IRF3, and the bottom panel shows levels of B-actin as a loading
control.

siently NS1 transfected cells and replicon-bearing or WNV-
infected cells (53) (Fig. 1).

NS1 inhibits TLR3-mediated production of IL-6. To inves-
tigate whether NS1 had an inhibitory effect on endogenous
gene induction by TLR3, we examined cytokine production in
HeLa cells in response to pIC treatment. In contrast to the
reporter assay data, when IFN-$ production in response to pIC
was investigated by bioassay and real-time RT-PCR, IFN-B
transcript levels were only slightly elevated, and levels of se-
creted IFN-B were below the limit of detection (results not
shown) (see Discussion). We therefore monitored upregula-
tion of IL-6 as an example of a cytokine that has been shown
to be induced by several different viruses in a TLR3-dependent
manner (18, 29, 61). Induction of IL-6 following pIC treatment
was readily observed at both the mRNA and the protein level
(Fig. 5). Compared to vector control cells, induction of IL-6
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FIG. 5. WNV NS1 inhibits TLR3-induced transcriptional activa-
tion and secretion of IL-6. (A) IL-6 mRNA levels were determined by
real-time RT-PCR from isolated RNA in the indicated cell lines fol-
lowing a mock or 6-h treatment with 20 wg/ml pIC. Results are dis-
played as the copy number of IL-6 transcripts per 10° copies of
GAPDH. (B) IL-6 protein levels were determined by ELISA from the
culture supernatants recovered from cells treated as in panel A. RT-
PCR data are from a representative experiment run in duplicate, and
ELISA data are a representative experiment run in triplicate. Error
bars represent standard deviations.
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mRNA and protein levels after pIC stimulation were greatly
reduced in D24 and HeLa 1.1.1 replicon cells. The polyclonal
pool HeLa G showed intermediate reduction in IL-6 expres-
sion. These results confirm that expression of NSI is able to
interfere with TLR3-mediated induction of endogenous genes
as well as reporter genes.

WNV NS1 inhibits establishment of a TLR3-induced anti-
viral state. Preliminary studies on HeLa cells demonstrated
that pIC treatment efficiently induces an antiviral state in these
cells. To confirm that this pIC-induced antiviral effect was
indeed mediated by TLR3, TLR3 expression was suppressed
using two different TLR3-specific siRNAs targeting distinct
regions of the TLR3 mRNA. As a control, a scrambled non-
specific siRNA was utilized (siCON). pIC-treated or non-
treated siRNA-transfected cells were subsequently infected
with Luc-expressing WNV VRPs, and Luc activity was deter-
mined as a measure of replication. In control siRNA-trans-
fected cells (siGLO, siCON, and no siRNA), pIC treatment
almost completely eliminated VRP infection. However, cells
transfected with either TLR3-specific siRNA (1 or 2), pIC only
slightly reduced the infectivity of VRPs (Fig. 6A). Semiquan-
titative RT-PCR was used to confirm reduction of TLR3
mRNA levels in cells transfected with TLR3 targeting siRNAs
(Fig. 6B). These results confirm that signaling through TLR3 is
required for a pIC-induced antiviral state in this cell type.

To investigate the ability of NS1 to inhibit this antiviral
effect, titrations of VSV were performed on pIC-treated or
untreated monolayers of HeLa pc6, G, D24, and 1.1.1 cells.
Plaque assays demonstrated that the VSV infectious titer on
pIC-treated HeLa pc6 cells was reduced by approximately 1.5
logs, while HeLa 1.1.1 cells and D24 were resistant to the
antiviral action of pIC. The polyclonal population HelLa G
showed intermediate sensitivity to pIC, resulting in a slight
decrease of VSV infectivity after pIC treatment (Fig. 7A).
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FIG. 6. pIC induces a TLR3-dependent antiviral effect in HeLa
cells. (A) HeLa C cells were transfected with two different TLR3-
specific siRNAs (1 and 2) and three different controls (siGLO, siCON,
or no siRNA [no si]) (see Materials and Methods). Following a 1-h
treatment with 10 wg/ml pIC or mock treatment, cells were infected
with WNV VRPs expressing Luc at an MOI of 0.2. At 24 h postinfec-
tion cell lysates were assayed for Luc expression. The representative
experiment shown was conducted in duplicate. Error bars represent
standard deviations. (B) TLR3 and GAPDH levels in siRNA-trans-
fected cells were analyzed by semiquantitative RT-PCR using specific
primers for both TLR3 and GAPDH. RLU, relative light units.

VSV plaque size on pIC-treated monolayers of the various cell
lines corresponded with the infectivity data. HeLa pc6 cells
demonstrated both a reduction in plaque number as well as a
significant decrease in plaque size while plaque sizes were only
slightly reduced in pIC-treated D24 and 1.1.1 cells. HeLa G
showed an intermediate phenotype (Fig. 7B).
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To more carefully investigate the effect of TLR3 signaling on
viral growth, multistep growth curves of VSV on D24, G, HeLa
1.1.1, and pc6 control cells were determined over a time course
of 24 h (Fig. 7C). In the absence of pIC treatment, VSV growth
kinetics and virus production were nearly identical on all four
cell lines. pIC pretreatment severely inhibited VSV production
in pco6 cells (ca. 4 logs) compared to only a 2-log decrease in
D24 cells (Fig. 7C). As in the previous experiments, HeLa G
cells showed an intermediate phenotype, and the HeLa 1.1.1
line was nonresponsive to pIC treatment.

DISCUSSION

The ability of many viruses to successfully induce a produc-
tive infection involves evasion or modulation of host antiviral
responses. Our previous work reported that both WNV-in-
fected and WNV replicon-bearing cells are deficient in TLR3-
induced IFN-B promoter activation and activation of IRF3 in
HeLa cells (53). In the present study we identified the WNV
NS1 protein as responsible for TLR3 inhibition. Using our
approach of separately expressing individual NS proteins, we
did not observe TLR3 inhibition with any of the other NS
protein expression constructs tested. As alluded to above, this
approach does not completely rule out possible contributions
of other NS proteins when they are expressed in their natural
context as part of the viral polyprotein, and we did observe a
low level of residual stimulation in cells transfected with NS1
alone (Fig. 2D).

Compared to all of our constitutively NS1-expressing cell
lines, HeLa 1.1.1 replicon cells consistently exhibited stronger
TLR3 inhibition. Western blot analysis demonstrated that
HeLa 1.1.1 cells express approximately 20 times as much NS1
as either HeLa D-24 or HeLa G. These findings are in line with
our observations that TLR3 inhibition is dependent on the
level of NS1 expression (Fig. 2D).
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FIG. 7. Expression of WNV NS1 inhibits the TLR3-induced antiviral effect. (A) HeLa pc6, D24, G, and 1.1.1 cells were pretreated with 20
pg/ml pIC for 4 h or left untreated. Cells were subsequently infected with serial 10-fold dilutions of VSV. At 24 h postinfection plaques were
visualized by crystal violet staining, and VSV infectious titers were determined. (B) VSV plaque size and morphology in an experiment conducted
as described above. Cells were untreated (—) or treated with pIC (+) as described above. Pictures shown are from wells infected with a 10° dilution
of VSV. (C) Multistep growth curve of VSV on the indicated cell lines. Cells were left untreated or pretreated with pIC for 4 h followed by infection
with VSV at an MOI of 0.01. Supernatants were harvested every 4 h, and virus production was determined by plaque assay on Vero cells. Values
indicate VSV PFU/ml of supernatant. Error bars indicate the standard deviations. Closed symbols denote virus recovered from untreated cells.
Open symbols denote virus recovered from pIC-treated cells. Squares, HeLa pc6; triangles, HeLa 1.1.1; diamonds, HeLa D24; circles, HeLa G.
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NS1 inhibited TLR3-stimulated IFN-B promoter and NF-
kB-dependent promoter activation in reporter assays, nuclear
translocation of NF-kB and IRF3, expression of IL-6, and
establishment of an antiviral state. Interestingly, we noted a
marked discrepancy between activation of the IFN-8 promoter
in reporter assays and activation of the endogenous IFN-
promoter in HeLa cells. We were not able to observe signifi-
cant secretion of type I IFN by bioassay in culture supernatants
of pIC-treated HeLa cells (data not shown). However, in co-
culture experiments HeLa cells were able to protect non-
TLR3-expressing cells (Huh7) from VRP infection after pIC
treatment (results not shown). It is therefore possible that low
levels of type I IFN are produced by HeLa cells in response to
TLR3 engagement and are able to act in a para-and/or auto-
crine fashion to establish an antiviral state. Alternatively, other
TLR3-induced genes might be responsible for conferring an
antiviral state independent of type I IFN. The identification of
the exact mechanism of establishment of an antiviral state in
HeLa cells by TLR3 is beyond the scope of this investigation
and will be pursued separately.

Interference with TLR3 signaling by NS1 and WNV repli-
cons was not only observed in HeLa cells but also in TLR3-
expressing HEK293 cells and in WNV replicon-bearing mouse
embryo fibroblasts (F. Gilfoy and P. Mason, personal commu-
nication). Our findings are in direct contrast to a previous
report describing no interference of WNV infection with TLR3
signal transduction in several different cell lines (14). Some of
these discrepancies might be attributed to the use of different
cell lines in that study. However, TLR3-expressing HEK293
cells were used both in the former study and in our experi-
ments. It is possible that amounts of NS1 insufficient to inhibit
TLR3 were expressed in the former study since the pIC chal-
lenges of infected cells were conducted anywhere from 3 to 6 h
postinfection (14). We previously described TLR3 inhibition in
WNV-infected cells at 10 to 12 h postinfection (53) and dem-
onstrate in the present study that the degree of TLR3 inhibi-
tion is dependent on the expression level of NS1.

The role of TLR3 in the control of virus infections is some-
what controversial. In vitro studies have demonstrated that
flaviviruses can be recognized by several different PRRs, in-
cluding RIG-I, mda-5, and protein kinase R (7, 14, 15, 16a).
Flaviviruses have also been reported to activate the ssRNA
PRR TLR7 in plasmacytoid dendritic cells (56, 60). Interest-
ingly, flaviviruses do not seem to engage TLR3 during infection
in cell culture systems, as described by Fredericksen et al. (14)
and according to our own unpublished observations. Most of
these studies were performed using common cell lines that
respond to TLR3 ligands. It is reasonable to speculate that
TLR3 engagement might be different in vivo in the context of
specific cell-cell interactions. As an example, a role for TLR3
in cross-priming by TLR3-expressing CD8* dendritic cells in
the activation of cytotoxic T lymphocytes has been described
(54), and several studies clearly demonstrate an involvement of
TLR3 in the innate response to virus infection in vivo.

While Edelmann et al. described no differences in the patho-
genesis of several viruses in TLR3-deficient mice compared to
wild-type animals (11), several other studies, conducted with a
variety of viruses, demonstrate that TLR3 can have either
protective or detrimental influences on viral pathogenesis. In
most cases, TLR3-deficient mice displayed reduced production
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of proinflammatory cytokines in response to virus infection
including tumor necrosis factor alpha, IL-6, or monocyte che-
motactic protein 1 (18, 21, 29, 61). However, the outcome in
terms of pathogenesis can be quite distinct, depending on the
virus. Influenza A virus infection in TLR3-deficient mice yields
higher virus titers and reduced cytokine responses, yet these
mice have a survival advantage (29). Similarly, TLR3 signaling
in WNV-infected mice leads to increased permeability of the
blood-brain barrier and increased WNV invasion into the cen-
tral nervous system, whereas TLR3-deficient mice showed de-
creased central nervous system invasion (61). In both cases
these results were attributed to TLR3-dependent production
of proinflammatory cytokines, which cause detrimental effects
when they are produced at high levels. In both influenza A
virus and WNV infection, higher levels of virus production
could be detected in the absence of functional TLR3. In con-
trast, encephalomyocarditis virus infection in TLR3-deficient
mice led to decreased cytokine production accompanied by
higher viral loads and increased mortality. Interestingly, levels
of IFN-B were not decreased in encephalomyocarditis virus-
infected TLR3-deficient animals (21). It is evident from these
examples that the role of TLR3 in viral infection can vary with
the virus species and the cell type(s) infected.

NS1 is a glycoprotein that is required for flavivirus replica-
tion (37) and is also secreted to high levels during flavivirus
infection in vivo (24, 27, 31, 42). Two recent studies have
addressed a potential role of NS1 in immunomodulation. NS1
was shown to interfere with activation of complement factor H
in vitro (8), and cell surface-associated NS1 was found to
mediate phagocytosis of WNV-infected cells and thus might
play a role in clearance of virally infected cells (9). The mech-
anism of NS1-mediated inhibition of TLR3 is currently under
investigation. Both TLR3 and NS1 associate with membranes
of the endoplasmic reticulum for maturation and targeting to
their respective destination(s). It is possible that direct inter-
actions of NS1 and TLR3 are responsible for TLR3 inhibition,
or, alternatively, NS1 could interfere with downstream signal-
ing such as recruitment of the adaptor protein TRIF or acti-
vation of TBK-1. Dengue NS1 protein can be endocytosed by
several different cell types (1), and an intriguing alternative is
that secreted NS1 might inhibit TLR3 signaling after being
endocytosed by target cells, possibly by interfering with TLR3
signaling in the endosome. This hypothesis is currently under
investigation.

Several viruses have evolved independent mechanisms to
interfere with TLR3. The hepatitis C virus NS3/4A protease
interferes with TLR3-dependent IRF3 activation by cleaving
the TLR3 adaptor molecule TRIF (30), and vaccinia virus
interferes with TLR3 through expression of its AR46 protein
(57). Our results add another example to this list and delineate
a potentially different mechanism of targeting TLR3. The fact
that several different viruses and, in particular, two small RNA
viruses containing genomes with limited coding capacity have
evolved ways to interfere with this innate immune signaling
pathway strongly argues for an interplay between TLR3 and
the virus. These interactions are bound to have important
implications for the biology of these viruses while their signif-
icance might not be fully understood at present.
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