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Although infections with “natural” West Nile virus (WNV) and the chimeric W956IC WNV infectious clone virus produce com-
parable peak virus yields in type I interferon (IFN) response-deficient BHK cells, W956IC infection produces higher levels of
“unprotected” viral RNA at early times after infection. Analysis of infections with these two viruses in IFN-competent cells
showed that W956IC activated NF-�B, induced higher levels of IFN-�, and produced lower virus yields than WNV strain Eg101.
IPS-1 was required for both increased induction of IFN-� and decreased yields of W956IC. In Eg101-infected cells, phospho-
STAT1/STAT2 nuclear translocation was blocked at all times analyzed, while some phospho-STAT1/STAT2 nuclear transloca-
tion was still detected at 8 h after infection in W956IC-infected mouse embryonic fibroblasts (MEFs), and early viral protein lev-
els were lower in these cells. A set of additional chimeras was made by replacing various W956IC gene regions with the Eg101
equivalents. As reported previously, for three of these chimeras, the low early RNA phenotype of Eg101 was restored in BHK
cells. Analysis of infections with two of these chimeric viruses in MEFs detected lower early viral RNA levels, higher early viral
protein levels, lower early IFN-� levels, and higher virus yields similar to those seen after Eg101 infection. The data suggest that
replicase protein interactions directly or indirectly regulate genome switching between replication and translation at early times
in favor of translation to minimize NF-�� activation and IFN induction by decreasing the amount of unprotected viral RNA, to
produce sufficient viral protein to block canonical type I IFN signaling, and to efficiently remodel cell membranes for exponen-
tial genome amplification.

West Nile virus (WNV) is a positive-sense, single-stranded
RNA, enveloped virus of the family Flaviviridae. The WNV

genomic RNA is about 11 kb in length, has a capped 5= end but no
poly(A) at the 3= end, and encodes one open reading frame (ORF).
The polyprotein precursor produced is posttranslationally pro-
cessed by virus and host cell proteases to yield three structural
proteins, capsid (C), premembrane (prM), and envelope (E), and
seven nonstructural (NS) proteins: glycoprotein NS1, membrane
anchor NS2A, membrane anchor and protease cofactor NS2B,
protease-helicase NS3, membrane anchors NS4A and NS4B, and
methyltransferase–RNA-dependent RNA polymerase (RdRp)
NS5 (1).

The majority of known WNV isolates are classified into two
lineages (2–4). Both lineages contain low- and high-virulence
strains (5–7). Lineage 1 strains cause epidemics in many parts of
the world while lineage 2 strains are endemic to Africa. The lineage
II virus 956D117B3 (4, 8) is a laboratory-passaged descendant of
the WNV prototype strain B956. Archived 956D117B3 RNA and
the 1,496 3= nucleotides (nt) from the lineage 1 strain Eg101 were
used to construct the first infectious clone of WNV, SP6WNEg3=/
Xba (also referred to as W956IC) (8). W956IC virus and the pa-
rental virus 956D117B3 produce similar growth kinetics and peak
titers in both Vero cells and C6/36 cells (8). The full-length
W956IC cDNA is stable in bacteria and has been used to efficiently
rescue virus with engineered mutations (9, 10). Other studies
from our lab have shown that WNV Eg101 and other natural
WNV strain infections do not activate eukaryotic translation ini-
tiation factor 2-alpha kinase 2 (Eif2ak2, also known as PKR) in
BHK cells or mouse embryonic fibroblasts (MEFs), but W956IC

virus infections do (11). W956IC virus infections also induce
stress granule (SG) formation while natural WNV strains do not
(12). These unique characteristics of the W956IC virus were at-
tributed to the ability of W956IC virus infections to produce
higher levels of “unprotected” viral RNA at early times after infec-
tion (12).

Hairpins in viral single-stranded RNAs as well as double-
stranded RNA (dsRNA) intermediates formed during viral RNA
replication are sensed by cellular dsRNA sensors which then acti-
vate the first lines of innate defense. The two cytoplasmic RNA
sensors, DEXD/H box helicase retinoic acid-inducible gene l
(RIG-I) (13) and melanoma differentiation-associated gene 5
(MDA5), each contain a helicase domain that binds to viral RNA
and a caspase recruitment domain (CARD) that recruits the
adapter, beta interferon (IFN-�) promoter stimulator 1 (IPS-1)
(14). IPS-1 activates the transcription factors (TFs), nuclear factor
kappa light-chain enhancer of activated B cells (NF-�B), inter-
feron regulatory factor-3 (IRF-3), and IRF-7, which then induce
the expression of various proinflammatory cytokines, apoptosis
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regulatory proteins, type I IFNs, and interferon-stimulated genes
(ISGs) that control virus infections (15, 16). PKR has also been
reported to play a role in both NF-�B and type I IFN signaling in
response to viral infections (17). Our lab previously reported that
although infections in MEFs with WNV Eg101 and other natural
WNV strains induce IFN-� production and phosphorylation of
signal transducer and activator of transcription 1 and 2 (STAT1
and STAT2, respectively), these TFs were not detected in the nu-
clei or on the promoters of four IRF-3-independent ISGs in in-
fected MEFs at any of the times after infection analyzed (18).

In the present study, the effects of the efficient early RNA rep-
lication of W956IC were investigated in type I IFN-competent
MEFs. W956IC infections induced lower yields of virus and higher
levels of IFN-� than infections with Eg101. Both PKR and NF-�B
were activated in W956IC-infected MEFs. IPS-1 was shown to be
required for the production of higher levels of IFN-�, increased
levels of ISG expression, and decreased virus yields in W956IC-
infected MEFs. In contrast to infections with natural strains of
WNV, nuclear translocation of phosphorylated STAT1 and
STAT2 was detected up to 8 h after W956IC infection. Analysis of
infections with W956IC chimeras that had additional Eg101 gene
replacements in IFN-competent MEFs showed that those with
lower early viral RNA levels and higher virus yields similar to
Eg101 also induced lower early levels of IFN-� and higher early
viral protein levels. The data suggest that multiple interactions
between viral replicase complex proteins and possibly also be-
tween viral nonstructural proteins and cell proteins differentially
regulate early viral RNA and protein synthesis levels, most likely
by regulating genome switching between replication and transla-
tion. Lower intracellular viral RNA levels minimize IFN induction
by viral RNA, and higher viral protein levels ensure sufficient viral
protein levels to block IFN signaling.

MATERIALS AND METHODS
Cell lines, viruses, and reagents. Simian virus 40 (SV40)-transformed
C3H/He and C57BL/6 MEF lines as well as BHK-21 WI2 cells were main-
tained as previously described (19). RIG-I�/� (wild type [WT]), RIG-
I�/�, MDA5�/�, and IPS-1�/� MEFs (provided by M. Gale, University of
Washington, Seattle, WA) were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum, 2
mM glutamine, 1 mM sodium pyruvate, 10 mM HEPES, antibiotic-anti-
mycotic solution (Invitrogen), and 1� nonessential amino acids. p65�/�

MEFs and p65-reconstituted p65�/� MEFs (provided by J.-D. Li, Georgia
State University, Atlanta, GA) were maintained in DMEM supplemented
with 5% fetal bovine serum and 10 �g/ml gentamicin. Human lung car-
cinoma A549 cells were purchased from ATCC and maintained in F-12K
nutrient mixture with (1�) Kaighn modification medium supplemented
with 10% fetal calf serum and 1% PenStrep. For the experiments analyz-
ing viral titers, intracellular RNA levels, or cell or viral proteins, cells were
seeded the day before infection so that they reached �100% confluence by
the next day (106 cells/well of a six-well plate for C3H/He and A549 cells
and 5 � 105 cells/well for C57BL/6, RIG-I�/� [WT], RIG-I�/�,
MDA5�/�, and IPS-1�/� MEFs). For confocal microscopy experiments,
half the number of cells was seeded the day before infection to reach 50%
confluence by the next day. Confocal data showed that the majority of the
cells (more than 90%) were infected at 24 h after infection at a multiplicity
of infection (MOI) of 1 (12).

IPS-1 levels in C3H/He MEFs were reduced by transfection with IPS-
1-specific mouse small interfering RNA (siRNA) (On-TargetPlus SMART
pool D430028G21RIK; Thermo Scientific Dharmacon) using HiPerFect
transfection reagent (Qiagen) according to the manufacturer’s protocol.
Control cells were transfected with nontargeting siRNA (Santa Cruz Bio-

technology, Santa Cruz, CA). After drug selection, cells were cloned using
cloning rings, and individual cell lines were amplified.

Stock pools of the WNV Eg101 were prepared by infecting BHK cells at
an MOI of 0.1 and harvesting culture fluid 32 h after infection. Clarified
culture fluid (�108 PFU/ml) was aliquoted and stored at �80°C. Pools of
WNV W956IC were produced by transfecting BHK monolayers with 1 �g
of in vitro-transcribed viral RNA and then harvesting culture fluid 72 h
after transfection. Clarified culture fluid (�107 PFU/ml) was aliquoted
and stored at �80°C. A series of chimeric infectious clones containing
various WNV Eg101 gene regions inserted into the backbone of W956IC
were constructed as described previously (12), and pools of each chimeric
virus were made as described above for the W956IC virus. Virus infectivity
titers were assessed by plaque assay on BHK monolayers as previously
described (20).

Real-time qRT-PCR. Total cellular RNA was extracted from infected
and control cells using TriReagent (Molecular Research Center) ac-
cording to the manufacturer’s protocol. Real-time quantitative reverse
transcription-PCR (qRT-PCR) analysis of mouse gene expression was
performed with the following Assays-on-Demand 20� primers and
TaqMan 6-carboxyfluorescein (FAM)-labeled probe mixes from Ap-
plied Biosystems: Mm 00439546_s1 (Ifnb1), Mn00836412 (Oas1a),
Mm00516788_m1 (Irf7), and Mm00515191_m1 (Irf1). Intracellular
mRNA levels were quantified using an Applied Biosystems 7500 sequence
detection system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was used as an endogenous control and detected using TaqMan
mouse GAPDH Control Reagents primers and probe (Applied Biosys-
tems). One-step RT-PCR was performed for each target mRNA and for
the endogenous control in a singleplex format using 200 ng of RNA and a
TaqMan one-step RT-PCR master mix reagent kit (Applied Biosystems).
Viral RNAs were detected using previously described TaqMan probes for
the NS1 region of the Eg101 and W956IC sequences (9, 12, 19). Mock-
infected control samples were collected for each of the time points and
analyzed for Ifnb1, Oas1a, Irf1, and Irf7 mRNA expression levels. The
expression levels of each of these genes were not found to differ apprecia-
bly between the mock samples taken at different times. Therefore, only a
single representative mock value was used as the calibrator for estimating
the fold change in expression of each gene as described below. Each ex-
periment was repeated at least two times in triplicate. Triplicate threshold
cycle (CT) values were analyzed with Microsoft Excel using the compara-
tive CT (��CT) method of the SDS Applied Biosystems software, which
also applied statistical analysis to the data (TINV test in Microsoft Excel).
The signals obtained for inducible cellular mRNAs or for viral RNAs were
normalized to the GAPDH mRNA signal, and the fold change relative to
the uninfected calibrator sample or for the level of viral RNA present at 1
h after infection was calculated and expressed in relative quantification
(RQ) units. Error bars represent the standard errors of the means (SE) and
indicate the calculated minimum (RQMin) and maximum (RQMax) of the
mRNA expression levels based on an RQMin/Max of the 95% confidence
level. Differences in expression levels between two samples were consid-
ered statistically significant (P value of 	 0.05) when the error bars did not
overlap.

Northern blot hybridization. Electrophoresis, transfer, and hybrid-
ization of total cellular RNA (5 �g/lane) were performed as described
previously (19). The probe used to detect full-length viral RNA corre-
sponded to the 3=-terminal 800 nt of the WNV genome. The sequence of
this region was identical in all the virus genomes used in this study.

Confocal microscopy. MEFs grown to 50 to 70% confluence on
15-mm glass coverslips in wells of a 24-well plate were infected with WNV
at an MOI of 5. The cells were fixed by incubation with 4% paraformal-
dehyde in PBS for 10 min and then permeabilized by ice-cold methanol
for 10 min. Coverslips were washed with phosphate-buffered saline (PBS)
and then blocked overnight with 5% horse serum (Invitrogen, Carlsbad,
CA) in PBS. Coverslips were incubated with rabbit anti-NF-�B p65 anti-
body (Santa Cruz Biotechnology) diluted 1:200 in the blocking buffer,
with anti-dsRNA J2 antibodies (English and Scientific Consulting, Hun-
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gary) diluted 1:500 in the blocking buffer, or with rabbit anti-STAT2
antibody (generously provided by C. Schindler, Columbia University,
New York, NY) diluted 1:200 for 1 h at room temperature and then
washed three times with PBS. Coverslips were then incubated with sec-
ondary Alexa Fluor antibodies (Santa Cruz Biotechnology) diluted 1:400
in blocking buffer. In some experiments, 0.5 �g/ml of Hoechst 33342 dye
(Invitrogen) was also added. The coverslips were washed with PBS and
mounted on glass slides with Prolong Gold Antifade reagent (Invitrogen).
Cells were visualized with a 63� oil immersion objective on an LSM 700
laser confocal microscope (Zeiss, Oberkochen, Germany) using LSM 5
(version 4.2) software (Carl Zeiss Inc.). All of the images compared were
obtained using the same instrument settings.

Western blotting. Western blot analysis was carried out as previously
described (19). Briefly, the confluent monolayers of cells were either mock
infected or infected with Eg101 or W956IC at an MOI of 1. At various
times after infection, cell lysates were prepared, and proteins were sepa-
rated by SDS-PAGE, transferred, and assayed by Western blotting using
specific antibodies. Mock-infected samples collected at each time point
were also analyzed with each of the antibodies tested. However, since no
appreciable change was observed in the intensities of the bands of the
mock samples harvested at different times, only one representative mock-
infected sample (M) was shown in the figures to save space. The mem-
branes were incubated with a polyclonal primary antibody specific for
IRF-3, PKR, actin (Santa Cruz Biotechnology), phospho-IRF-3 (Ser396),
phospho-STAT1 (Tyr701), phospho-I�B-alpha (Ser32), phospho-c-Jun
(Ser73), STAT1, I�B-alpha (Cell Signaling), WNV NS3, or phospho-PKR
(Thr451) (Millipore).

IFN-� protein ELISA. A commercial capture enzyme-linked immu-
nosorbent assay (ELISA) was used according to the manufacturer’s in-
structions (PBL Biomedical Laboratories) to measure levels of secreted
IFN-� protein in cell supernatants.

RESULTS
Analysis of Eg101 and W956IC WNV replication in rodent and
human cells. Initial comparisons of the growth characteristics of
chimeric W956IC virus with that of parental 956D117B3 virus in
both Vero cells and C6/36 cells showed that these two viruses
produced similar peak titers (8). Vero cells have a deletion in the
IFN-� locus (21, 22), and the mosquito C6/36 cell genome does
not encode IFN genes. A previous study from our lab showed that
WNV Eg101 and W956IC infections also produced similar peak
titers in BHK cells (12). BHK cells do not produce or respond to
type I IFN (23, 24). To determine whether W956IC and Eg101
infections produce similar virus yields in cells with a competent
type I IFN response, C3H/He and C57BL/6 MEF cell lines were
infected at an MOI of 1. W956IC yields at 48 and 72 h from
C3H/He MEFs were 100 times lower (Fig. 1B), and W956IC yields
from C57BL/6 MEFs were about 10-fold lower (Fig. 1C) than
those of Eg101. Consistent with previous data (12), Eg101 and
W956IC infections in BHK cells produced similar virus yields at
20 and 28 h after infection, but W956IC-infected BHK cells pro-
duced 100 times more virus at 12 h and slightly less virus at 42 h
than Eg101 (Fig. 1A). To determine whether the differential re-
sponse was unique to IFN-competent mouse cells, human A549
cells were infected with either W956IC or Eg101 at an MOI of 1.
The results showed that W956IC yields were significantly lower
(by 1.5 to 3 logs) than those of Eg101 at 16, 36, and 48 h after
infection (Fig. 1D).

Comparison of the cellular IFN response to Eg101 and
W956IC WNV infections. Previous studies of the innate response
to WNV in MEFs showed that both an Eg101 infection in C3H/He
MEFs (19) and an NY2000 infection in C57BL/6 MEFs (25) effi-
ciently induced IFN-� mRNA expression. The type I IFN response

can be activated through the sensing of viral dsRNA by cytoplas-
mic RNA sensors, and W956IC infections were previously re-
ported to produce higher levels of unprotected intracellular RNA
at early times after infection in BHK cells (12). To determine
whether Eg101 and W956IC virus infections induced IFN-�
mRNA with similar kinetics and to similar levels in MEFs,
C3H/He MEFs were infected with Eg101 or W956IC at an MOI of
1, and IFN-� mRNA levels were assessed by real-time qRT-PCR at
3, 6, 8, 12, and 24 h after infection. IFN-� mRNA expression was
upregulated 10-fold in W956IC-infected cells but less than 2-fold
in Eg101-infected cells at 3 h after infection. At all subsequent
times examined, the levels of IFN-� mRNA in W956IC-infected
cells were higher than those in Eg101-infected cells (Fig. 2A). The
levels of IFN-� protein secreted from C3H/He and C57BL/6 MEFs
infected with Eg101 or W956IC were next measured by ELISA.
The IFN-� levels produced by W956IC-infected C3H/He (Fig.
2B) and C57BL/6 (Fig. 2C) MEFs were higher than those pro-
duced by Eg101-infected MEFs of the same type. Also, the levels of
IFN-� induced by a W956IC infection in C3H/He MEFs were
higher than those induced in C57BL/6 MEFs, consistent with the
lower virus yields produced by the W956IC-infected C3H/He cells
(Fig. 1).

WNV Eg101 was isolated from a human in Egypt in 1951 and
has been used extensively to study flavivirus replication and flavi-
virus-host interactions (1). Since its appearance in New York in
1999, WNV has spread rapidly across the North American conti-
nent. The prototype 1999 U.S. isolate, WNV NY99-flamingo382-
99 (NY99), and its close relative WNV TX02, isolated in Texas in
2002, have recently become the most frequently used WNV strains
for studies of virus replication and the host immune response
(26). A phylogenetic analysis of the complete coding sequences of

FIG 1 Comparison of WNV Eg101 and W956IC virus production in rodent
and human cells. Confluent monolayers of BHK cells (A), C3H/He MEFs (B),
C57BL/6 MEFs (C), or A549 cells (D) were infected with Eg101 or W956IC
virus at an MOI of 1. Culture fluids were collected at the indicated times after
infection, and viral titers were determined by plaque assay on BHK cells. The
values shown are averages of duplicate titrations of samples from two indepen-
dent experiments. Bars represent 
 standard deviations.
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Eg101 and NY99 showed 99.6% amino acid identity (14 amino
acid [aa] differences in a total of 3,433) and classified these two
strains in the same subclade of lineage 1 (26). To determine
whether the amino acid differences between these two WNV
strains affected the amount of IFN-� secreted by infected MEFs,
IFN-� production by Eg101- and NY99-infected C3H/He MEFs
was compared. NY99- and Eg101-infected MEFs produced simi-
lar levels of extracellular IFN-� at 12, 24, and 36 h after infection
(Fig. 2B). These results indicate that the amino acid differences
between Eg101 and NY99 do not affect the efficiency of the induc-
tion of a type I IFN response in MEFs.

As a means of analyzing whether IFN-� contributes to the re-
duction in virus yield in W956IC-infected MEFs, C3H/He MEFs
were infected with Eg101 or W956IC at an MOI of 5 (the higher
MOI was used to increase the levels of IFN-� as well as virus
produced) and then incubated with an IFN-� neutralizing anti-
body starting immediately after the 1-h virus attachment period,
and virus yields were assessed at 24 and 48 h after infection. Virus
yields from Eg101-infected MEFs were similar in cultures with or
without anti-IFN treatment. However, W956IC virus yields in-
creased at both times analyzed in cultures treated with IFN-� an-

tibody (Fig. 2D). The results indicate that IFN-� plays a role in
reducing W956IC but not Eg101 virus production in MEFs.

Phosphorylation of Tyr701 on STAT1, a result of activation of
the cellular JAK-STAT signaling pathway by extracellular IFN
binding to its receptor, was next assessed by Western blotting in
C3H/He MEFs infected with Eg101 or W956IC. Higher levels of
STAT1 protein as well as phosphorylation were observed in
W956IC-infected cells at every time tested (Fig. 2E), indicating
that W956IC virus infections induce a more rapid and robust type
I IFN signaling response in MEFs than Eg101 virus infections.

Differences in the ability of flaviviruses to counteract the type I
IFN response between human and mouse cells have previously
been reported (27–29). Phosphorylation of STAT1 and STAT2
proteins was previously shown to be blocked in human cells in-
fected with natural strains of WNV (30–32), but STAT1 and
STAT2 phosphorylation were not inhibited in the mouse cells
(Fig. 2E) (18). Phosphorylation of STAT1 on Tyr701 was there-
fore next compared in A549 human cells infected with Eg101 or
W956IC at an MOI of 1. As expected, no STAT1 phosphorylation
was observed in the Eg101-infected A549 cell samples (Fig. 2F).
Higher levels of STAT1 protein were detected starting at early

FIG 2 Analysis of induction of IFN-� by WNV Eg101 and W956IC infections. (A) C3H/He MEFs were mock infected or infected with WNV Eg101 or W956IC
at an MOI of 1. Replicate cultures were processed to extract total cell RNA or protein at the indicated times after infection. Ifnb1 mRNA levels detected by
real-time qRT-PCR were normalized to the levels of GAPDH in the same sample and are shown as the fold change compared to the level of the Ifnb1 mRNA in
mock-infected cells. Samples from each qRT-PCR experiment were assayed in triplicate. Error bars represent the standard errors (SE) of the means. Represen-
tative data from one of three independent experiments are shown. M, mock infection. The levels of IFN-� protein in culture fluids harvested from WNV-infected
C3H/He (B) or C57BL/6 (C) MEFs were determined by ELISA. Data points are averages from two or more independent experiments performed in duplicate. Bars
represent 
 standard deviations. Asterisks indicate statistically significant differences (*, P 	 0.05). (D) C3H/He MEFs were infected with WNV Eg101 or
W956IC at an MOI of 5 for 1 h, and then the cultures were incubated with or without neutralizing antibody (Ab) (1,000 neutralizing units/ml) (PBL Interferon
Source) against IFN-� for the duration of the infection. Virus titers in culture fluids were determined at 24 and 48 h after infection by plaque assay on BHK cells.
The values shown are averages of duplicate titrations from two experiments. Bars represent 
 standard deviations. NT, not treated. NS3 and phosphorylated
STAT1 (pSTAT1) or total STAT1 in C3H/He (E) or A549 (F) cell lysates were detected by Western blotting with specific antibodies. Actin was used as the loading
control. The blots shown are representative of results obtained from three independent experiments. Changes in mRNA expression levels for the ISGs Oas1a (G),
Irf7 (H), and Irf1 (I) in infected C3H/He-infected MEFs were assessed by real-time qRT-PCR as described in panel A.
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times in W956IC-infected human cells, indicating that W956IC
virus infections induce a more rapid and robust type I IFN signal-
ing response than Eg101 virus infections in human cells. Also,
weak phospho-STAT1 bands were observed in W956IC-infected
A549 cells at 6, 16, and 24 h after infection (Fig. 2F), indicating
that phosphorylation of STAT1 is not completely blocked in
W956IC-infected A549 cells.

Type I IFN signaling induces the expression of numerous ISGs
that mediate the cell antiviral response. However, a previous study
from our lab reported that even though STAT1 and STAT2 were
phosphorylated in WNV-infected MEFs and even though phos-
pho-STAT1/STAT2 translocation to the nucleus was efficiently
blocked, IFN-independent upregulation of the ISGs, Oas1a,
Oas1b, Irf7, and Irf1, was still observed (18). To determine
whether the higher early IFN induction resulted in increased ISG
upregulation, Oas1a, Irf7, and Irf1 mRNA levels were analyzed by
real-time qRT-PCR in C3H/He MEFs infected with Eg101 or
W956IC at 16, 24, and 48 h after infection. Although the expres-
sion of each of these genes increased with time after infection in
cells infected with either virus (Fig. 2G to I), the level of upregu-
lation of each of these genes was significantly higher at 16 h after
infection in W956IC-infected cells, indicating a more rapid and
robust induction of the antiviral state. To determine whether the
higher upregulation of these genes at early times after infection
with W956IC was dependent on the canonical type I IFN pathway,
STAT2 protein nuclear translocation was analyzed by confocal
microscopy in C3H/He cells at 8, 12, and 16 h after infection with
Eg101 or W956IC. Antibody to dsRNA was used to detect repli-
cating viral RNA. dsRNA was detected in W956IC-infected but
not Eg101-infected MEFs at 8 h (Fig. 3). As previously reported,
STAT2 was located in the cytoplasm in cells infected with Eg101 at
8, 12, and 16 h after infection (18). In contrast, some STAT2 was
observed both in the cytoplasm and nucleus in some cells infected
with W956IC at 8 h after infection (Fig. 3, yellow arrows indicate
cells with nuclear and cytoplasmic localization of STAT2 while

white arrows indicate a cell with predominantly cytoplasmic lo-
calization of STAT2) but not at 12 or 16 h after infection. These
results indicate that both Eg101 and W956IC infections are able to
block STAT translocation to the nucleus but that the blockade was
less efficient at early times in W956IC-infected MEFs, allowing
some canonical type I IFN signaling to occur, which led to higher
ISG expression levels (Fig. 2G to I).

Comparison of the extent of activation of transcription fac-
tors required for IFN-� gene induction at early times after in-
fection of MEFs infected with Eg101 or W956IC WNV. Sensing
of viral dsRNA by cytoplasmic RNA sensors, such as RIG-I,
MDA5, and PKR, leads to the activation of the transcription fac-
tors NF-�B, IRF-3, and ATF2/c-Jun that bind cooperatively to the
IFN-� promoter and activate its transcription (16, 33, 34). As
previously reported (11), significant PKR activation, as indicated
by phosphorylation of Thr451, was detected in W956IC-infected
MEFs at all times analyzed (Fig. 4A). Activation of c-Jun, as indi-
cated by phosphorylation of Ser73, was higher in W956IC-in-
fected cells at 6 and 8 h but similar at other times after infection
with either Eg101 or W956IC (Fig. 4A). Phospho-IRF-3 (Ser396)
bands were not detected until 16 h after infection, and no differ-
ence in IRF-3 phosphorylation in response to Eg101 or W956IC
infection was observed (Fig. 4A).

NF-�B is sequestered in the cytoplasm as an inactive complex
that contains the inhibitory subunit I�B�. Phosphorylation of
I�B� at Ser32 results in degradation of this protein. Increased
phosphorylation of I�B� at Ser32 and smaller amounts of total
I�B� were observed in W956IC-infected cell extracts than in
Eg101 extracts. As another means of analyzing NF-�B activation, a
luciferase reporter driven by a promoter containing tandem re-
peats of the NF-�B binding site was transiently transfected into
C3H/He MEFs, and luciferase activity was analyzed after infection
with Eg101 or W956IC at an MOI of 1. At 16 h after infection, the
luciferase activity in W956IC-infected cells was significantly
higher than that in Eg101-infected cells, while at 24 h, only a

FIG 3 Analysis of STAT2 nuclear localization. Laser scanning confocal microscopy analyses were performed of STAT2 localization in C3H/He MEFs infected
with WNV Eg101 or W956IC at an MOI of 5 for the indicated times or incubated with 1,000 U/ml of IFN-� for 30 min (upper right panel set). Nuclei were stained
with Hoechst 33258 dye (blue), STAT2 was detected with anti-STAT2 antibody (green), and infected cells were detected with anti-dsRNA antibody (red). Yellow
arrows indicate nuclei that contain STAT2; white arrows indicate a cell with predominantly cytoplasmic STAT2. The results shown are representative of two
independent experiments.
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slightly higher level was observed in W956IC-infected cells (Fig.
4B). To test whether NF-�B activation is actively blocked by viral
products, luciferase activity was analyzed in cells infected with
Eg101 or W956IC for 16 h and then treated with tumor necrosis
factor alpha (TNF-�; a known NF-�B inducer) for 3 h. Luciferase
activity increased slightly in W956IC-infected, TNF-�-treated
cells and increased to a greater extent in Eg101-infected, TNF-�-
treated cells (Fig. 4C), suggesting that further NF-�B activation
could be induced in virus-infected cells. However, the level of
activation induced by TNF-� was lower in infected cells than in
mock-infected cells, suggesting the possibility that WNV infection
may also suppress or not activate a part of the NF-�B pathway
activated by TNF-�.

Phosphorylation of I�B� leads to its ubiquitination and sub-
sequent degradation by the proteosome. The loss of I�B� exposes
the nuclear localization signal of the RelA/p65 subunit of the
NF-�B complex, which results in the translocation of this subunit
to the nucleus (35). Nuclear translocation of RelA/p65 was as-
sayed in MEFs infected with Eg101 or W956IC by confocal mi-
croscopy. p65 was predominantly cytoplasmic in Eg101-infected
cells at 14 and 16 h after infection, and only at 24 h was nuclear p65
detected in some cells (Fig. 5A). In contrast, efficient nuclear lo-
calization of p65 was detected in W956IC-infected cells at 14, 16,
and 24 h after infection (Fig. 5B and C), confirming that a W956IC
infection activates NF-�B more rapidly and efficiently than an
Eg101 infection.

Analysis of the role of NF-�B in IFN induction in MEFs in-
fected with Eg101 or W956IC WNV. To determine whether
NF-�B is involved in IFN-� production in W956IC- or Eg101-
infected cells, p65�/� and control p65�/� MEF cells reconstituted
with p65 were infected with Eg101 or W956IC (MOI of 1), and
IFN-� mRNA expression was assessed by real-time qRT-PCR at 8,
12, 16, 20, and 24 h after infection. Low and similar upregulation

of IFN-� mRNA expression was observed in Eg101-infected
p65�/� and p65-reconstituted MEFs (Fig. 5D), suggesting that
NF-�B does not play a major role in mediating IFN-� gene ex-
pression in cells infected with natural strains of WNV. However,
lower levels of IFN-� mRNA were observed in W956IC-infected,
p65�/� MEFs than in the W956IC-infected, p65-reconstituted
control MEFs at 12, 16, and 20 h after infection. By 24 h, similar
levels of IFN-� mRNA upregulation were observed in both types
of cells (Fig. 5D).

Analysis of PKR activation in MEFs infected with Eg101 or
W956IC WNV. Several previous studies reported that PKR is one
of the kinases leading to NF-�B activation during viral infection
(reviewed in reference 17), and one of these studies suggested that
PKR is involved in NF-�B-mediated type I IFN induction occur-
ring in response to WNV infection (36). The induction of PKR
mRNA expression was assessed by real-time qRT-PCR in C3H/He
MEFs at 12, 16, 24, or 48 h after infection with Eg101 or W956IC
(MOI of 1). The levels of PKR mRNA were higher in W956IC-
infected cells than in Eg101-infected cells at all times tested (Fig.
6A). A previous study from our lab (11) as well as data shown in
Fig. 4A indicates that the levels of both phospho-PKR and total
PKR were significantly higher in C3H/He MEFs infected with
W956IC than in those infected with Eg101, consistent with more
rapid and efficient upregulation and activation of PKR by a
W956IC infection. The effect of the lack of PKR on virus produc-
tion was analyzed by infecting PKR�/� and control C57BL/6
MEFs with Eg101 or W956IC (MOI of 1) and analyzing virus
yields by plaque assay. W956IC virus yields were 7- and 10-fold
higher from PKR�/� cells than from control C57BL/6 MEFs at 24
and 36 h, respectively, while Eg101 virus yields were only slightly
higher in PKR�/� cells at 36 h after infection (Fig. 6B).

To assess the extent of type I IFN signaling, phosphorylation at
STAT1 Tyr701 was analyzed by Western blotting in control and

FIG 4 Activation of transcription factors involved in IFN-� gene induction by WNV Eg101 or W956IC infection in MEFs. (A) C3H/He MEFs were infected with
WNV Eg101 or W956IC at an MOI of 1. At the indicated times after infection, cell lysates were prepared, and proteins were separated by SDS-PAGE, transferred,
and assayed by Western blotting using specific antibodies. Actin was used as the loading control. The blots are representative of results obtained from three
independent experiments. P-, phosphorylated. (B) C3H/He MEFs were cotransfected with an NF-�B luciferase reporter vector (pNF-kB-Luc; Stratagene) and a
thymidine kinase (TK) promoter-Renilla vector (pTK-RLuc) using Fugene (Roche) transfection reagent. After 24 h, cells were infected with either WNV Eg101
or W956IC at an MOI of 1. Cells were harvested at the indicated times after infection, and luciferase activity was measured using a dual-luciferase assay kit
(Promega). Reporter activity was normalized to Renilla luciferase (Luc) activity in the same sample and is shown as fold change compared to the normalized
activity in mock-infected cells. The values shown are averages from three independent experiments. Bars represent 
 standard deviations. Asterisks indicate
statistically significant differences (*, P 	 0.05). (C) At 16 h after infection, mouse TNF-� (20 ng/ml) (Biosource) was added to infected and mock-infected cells
for 3 h. The data obtained were analyzed as described for panel B.
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PKR�/� cell extracts at different times after infection with Eg101
or W956IC. Lower levels of STAT1 phosphorylation were detected
in the PKR�/� extracts infected with either type of virus, suggest-
ing that less IFN was produced by these cells than by infected
control C57BL/6 cells (Fig. 6C). Analysis of secreted IFN-� by
ELISA confirmed that PKR�/� MEFs produced less IFN-� after
infection with either Eg101 or W956IC than infected control
C57BL/6 MEFs at 24 and 32 h after infection (Fig. 6D). However,
the levels of IFN-� were higher in W956IC-infected than in
Eg101-infected PKR�/� MEFs. The kinetics of NF-�B nuclear
translocation in response to a W956IC infection was next com-
pared by confocal microscopy in C57BL/6 and PKR�/� cells in-
fected with W956IC virus. The numbers of PKR�/� and control
cells containing nuclear p65 NF-�B were similar at both 16 and 20
h after infection with W956IC (Fig. 6E). The data suggest that even
though W956IC infection upregulates and activates PKR, which
does contribute to increased IFN-� production, NF-�B is acti-
vated by another pathway in WNV-infected MEFs.

Analysis of NF-�B activation and IFN-� production in RIG-
I�/�, MDA5�/�, IPS-1�/�, and wild-type C57BL/6 MEFs in-
fected with Eg101 or W956IC WNV. The cytoplasmic RNA sen-
sors RIG-I and MDA5 were previously shown to participate in the
establishment and maintenance of the innate antiviral response to
WNV infection (37, 38). IPS-1 transmits the signal from either of
these activated sensors to the TFs needed for type I IFN mRNA

transcription and was previously shown to be essential for IFN-�
production in WNV-infected MEFs, myeloid dendritic cells
(DCs), macrophages, and neurons (25, 39). The data shown in
Fig. 4A indicate that among the three TFs that activate IFN-�
transcription, NF-�B showed a greater increase in activation as
indicated by higher levels of phosphorylation and degradation of
IkB� in W956IC-infected MEFs than in Eg101-infected MEFs.
Although the mechanisms by which different RNA sensors and
TFs control WNV infections are currently under active investiga-
tion (40), involvement of RIG-I and MDA5 in activating NF-�B in
WNV-infected cells has not previously been reported. To deter-
mine whether RIG-I or MDA5 contributes to the observed differ-
ential activation of NF-�B, RIG-I�/� (WT), RIG-I�/�,
MDA5�/�, and IPS-1�/� MEFs were infected with Eg101 or
W956IC WNV, and the numbers of infected cells containing nu-
clear p65 were quantified by confocal microscopy. At both 16 and
24 h after infection with W956IC, the number of cells in C57BL/6,
RIG-I�/�, and MDA5�/� cultures that contained nuclear NF-�B
was significantly higher than that in cultures infected with Eg101
(Fig. 7A and B). In contrast, p65 was predominantly cytoplasmic
in IPS-1�/� cells infected with either virus at 16 h after infection,
and only a few W956IC-infected IPS-1�/� cells had nuclear p65
(	3%) at 24 h after infection (Fig. 7A and B). The levels of extra-
cellular IFN-� induced in each of the MEF cell lines by Eg101 or
W956IC WNV infection were next assessed by ELISA. High levels

FIG 5 Analysis of NF-�B p65 cellular localization. C3H/He MEFs were infected with Eg101 (A) or W956IC (B) virus (MOI of 5). At the indicated times after
infection, cells were stained with anti-dsRNA (red) and anti-NF-�B antibody (green) and analyzed by laser scanning confocal microscopy. (C) Quantification of
the percentage of infected cells with nuclear p65 localization was done at the indicated times after infection. At least three fields of cells for each condition were
counted, and average values were plotted. Bars represent 
 standard deviations. Asterisks indicate statistically significant differences (*, P 	 0.05). (D) p65�/�

MEFs (p65 KO, where KO is knockout) and p65�/� MEFs reconstituted with p65 (WT) were infected with Eg101 or W956IC at an MOI of 1, and replicate
cultures were processed to extract total cell mRNA at the indicated times after infection. Ifnb1 mRNA levels detected by real-time qRT-PCR were normalized to
the levels of GAPDH in the same sample and are shown as the fold change compared to the level of the Ifnb1 mRNA in mock-infected cells. Samples from each
qRT-PCR experiment were assayed in triplicate. Error bars represent the SE of the mean. Representative data from one of three independent experiments are
shown.
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of IFN-� (300 to 400 pg/ml) were produced by W956IC-infected
C57BL/6, RIG-I�/�, and MDA5�/� MEFs at 24 h after infection,
while no increase in IFN-� over the level produced by mock-
infected cells was detected in infected IPS-1�/� culture fluids
(Fig. 7C). The effect of the absence of RIG-I, MDA5, or IPS-1 on
virus yields was also assessed. The yields of the Eg101 and W956IC
viruses produced by control C57BL/6 MEFs were similar to those
produced by MDA5�/� MEFs, while W956IC titers at 24 h were
slightly higher in RIG-I�/� MEFs. However, only IPS-1�/� cells
produced higher yields of Eg101 at 16 h and of W956IC at both 16
and 24 h (Fig. 7D). The results indicate that IPS-1 is required for
efficient activation of NF-�B in response to both Eg101 and
W956IC infections and that either RIG-I or MDA5 or an un-
known sensor can mediate this activation. These results also con-
firm the conclusion made from the results of the experiment with
neutralizing IFN antibody (Fig. 2D) that the lower yields of
W956IC observed are due to the higher early levels of IFN-� in-
duced by W956IC infections.

Analysis of the kinetics of viral RNA amplification in cells
infected with Eg101 or W956IC WNV. Since RIG-I and MDA5
sense viral dsRNA, the kinetics and efficiency of viral genome
RNA amplification were next compared by Northern blotting of
total RNA extracted from Eg101- and W956IC-infected, IFN-
competent C3H/He and IFN-incompetent BHK cells. Since the
sequences of the 3= 1,496 nt of the W956IC and Eg101 genomes are

identical, a DNA probe complementary to the 3= terminal 800 nt
of the Eg101 genome was used to detect intracellular genome RNA
of both viruses. Viral RNA was detected at 12 h after W956IC
infection in both types of cells but was not detected until 24 h in
cells infected with Eg101 (Fig. 8A and B). Previously reported
real-time qRT-PCR data (12) also showed higher levels of intra-
cellular W956IC RNA than Eg101 RNA at 12 h after infection in
BHK cells. From 24 h after infection with either virus, high levels
of intracellular viral RNA were observed in infected BHK cells. In
contrast, in C3H/He MEFs, intracellular W956IC RNA levels were
significantly lower than Eg101 RNA levels at 24 h after infection
and increased only slightly with time after infection (Fig. 8A),
consistent with the differential extracellular virus yields produced
by these two infections in C3H/He MEFs (Fig. 1B). The viral RNA
levels were next quantified by real-time qRT-PCR at earlier times
after infection in Eg101- and W956IC-infected C3H/He MEFs.
No significant fold change over the amount of viral RNA present
at 1 h after infection was detected at 3, 6, or 8 h after infection.
However, at 12 h, W956IC RNA increased by �15-fold while
Eg101 increased by only �3-fold (Fig. 8C), confirming the results
obtained in the Northern blot analysis. These results indicate that
although W956IC viral RNA amplification was more efficient by
12 h after infection in both IFN-deficient and IFN-competent
cells, only in the IFN-competent cells was the efficiency of the

FIG 6 Induction and activation of PKR in MEFs after infection with WNV Eg101 or W956IC. (A) C3H/He MEFs were infected with WNV Eg101 or W956IC
at an MOI of 1. Changes in Eif2ak2 (PKR) mRNA levels were assessed by real-time qRT-PCR at the indicated times after infection. PKR mRNA levels were
normalized to the level of GAPDH mRNA in the same sample and are shown as the fold change relative to the levels of PKR mRNA in mock-infected cells. Each
sample was assayed in triplicate. Error bars represent the SE of the means. Representative data from one of three independent experiments are shown. M, mock
infection. (B) Confluent monolayers of C57BL/6 and PKR�/� MEFs were infected with WNV Eg101 or W956IC at an MOI of 1, culture fluids were collected at
the indicated times after infection, and virus titers were determined by plaque assay on BHK cells. The values shown are averages of duplicate titrations of samples
from two independent experiments. Bars represent 
 standard deviations. (C) At the indicated times (h) after infection, cell lysates were prepared, and cell
proteins were separated by SDS-PAGE, transferred, and assayed by Western blotting using specific antibodies. Actin was used as the loading control. The blots
shown are representative of results obtained from three independent experiments. (D) The levels of IFN-� protein in supernatants of infected MEFs were
determined by ELISA at the indicated times after infection. The values are averages of results from replicate assays done on samples from two independent
experiments. Bars represent 
 standard deviations. Asterisks indicate statistically significant differences (*, P 	 0.05). (E) Laser scanning confocal microscopy
of W956IC-infected cells stained with anti-dsRNA (red), anti-NF-�B antibody (green), and Hoechst 33258 dye (blue) at the indicated times after infection.
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subsequent exponential amplification of W956IC viral RNA sig-
nificantly suppressed.

Comparison of the relative efficiencies of early viral RNA
replication and IFN-� induction by additional chimeric WNV
viruses. Several flavivirus proteins have previously been reported
to counteract the type I IFN response. Also, single nucleotide mu-
tations in the WNV NS2a and NS4b genes were previously re-
ported to affect both the efficiency of viral replication and IFN
induction (32, 41–44). A set of chimeric viruses was previously
made by replacing one or more of the gene regions in the lineage 2
W956IC backbone with the lineage 1 Eg101 equivalent and used to
map the region(s) of the W956IC genome involved in efficient

early RNA replication (12). In BHK cells, low early RNA levels
similar to those seen in Eg101-infected cells were observed with
W956IC chimeras in which the NS1, NS3, and NS4a
(NS1�3�4a), NS1�4b�5, or NS4b�5 regions were from Eg101
(12). A subset of these chimeras was used to further analyze the
correlation between the level of early intracellular viral RNA and
the level of IFN-� induction in IFN-competent C3H/He MEFs.
The parental W956IC chimera already contains the C-terminal
part of NS5 and the 3= noncoding region (NCR) from Eg101.
Chimeras that also contained the capsid gene (Eg-C), the NS2a
and NS2b genes (Eg-NS2a�2b), or the N-terminal part of NS4b
(Eg-NS4b) from Eg101 produced growth curves similar to the

FIG 7 Analysis of IPS-1 dependence of NF-�B activation and IFN-� induction in WNV Eg101- and W956IC-infected MEFs. (A) C57BL/6 (WT), RIG-I�/�,
MDA5�/�, and IPS-1�/� MEFs were infected with WNV Eg101 or W956IC at an MOI of 1. Laser scanning confocal microscopy of WNV-infected cells stained
with anti-dsRNA (red), anti-NF-�B antibody (green), and Hoechst 33258 dye (blue) was performed at the indicated times after infection. (B) Quantification of
the percentage of infected cells with nuclear p65 localization was done at the indicated times after infection. At least three fields of cells for each condition were
counted, and average values were plotted. Bars represent 
 standard deviations. (C) The levels of IFN-� protein in the infected MEF culture fluids were
determined by ELISA at the indicated times after infection. The values are averages of results from replicate assays done on samples from two independent
experiments. Bars represent 
 standard deviations. (D) Viral titers in culture fluids were determined by plaque assay on BHK cells. The values shown are averages
of duplicate titrations of samples from two independent experiments. Bars represent 
 standard deviations. Asterisks indicate statistically significant differences
(*, P 	 0.05).

FIG 8 Detection of viral RNA in C3H/He MEFs and BHK cells infected with Eg101 or W956IC WNV. Northern blot analysis of total cellular RNA from C3H/He
(A) and BHK (B) cells infected with WNV Eg101 or W956IC at an MOI of 5 was performed for the indicated periods of time. Total cell RNA (5 �g) was separated
on a 1% denaturing agarose gel and transferred to a Hybond-XL membrane. The blot was hybridized to a 32P-labeled DNA probe specific for the 3= untranslated
region of the WNV genomic RNA. (C) Relative quantification of WNV genomic RNA by real-time qRT-PCR. Intracellular viral RNA levels are expressed as the
fold change compared to the level of viral RNA at 1 h after infection and normalized to GAPDH mRNA in the same RNA sample. Each sample was assayed in
triplicate. Error bars represent the SE of the mean. Representative data from one of three independent experiments are shown.
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growth curve of W956IC (Fig. 9A), indicating that none of the
amino acid differences between Eg101 and W956IC in these genes
accounted for the higher virus yields produced by Eg101 in
C3H/He MEFs. The chimera containing the NS4b and the com-
plete NS5 gene from Eg101 (Eg-NS4b�5) produced lower virus
yields than the parental W956IC virus (Fig. 9B), and the chimera
containing the NS1 gene from Eg101 (Eg-NS1) produced a slightly
higher peak titer than W956IC. Only the chimera containing a
combination of NS1, NS4b, and complete NS5 gene regions from
Eg101 (Eg-NS1�4b�5) produced significantly higher virus titers
at all times than W956IC, but these titers were still lower than
those produced by Eg101. IFN-� production by cells infected with
Eg101, W956IC, or one of the chimeric viruses was next measured
by ELISA. As expected, significantly larger amounts of IFN-� were
produced by cells infected with W956IC than by cells infected with
Eg101 at all times tested (Fig. 8C). The levels of IFN-� produced
by the Eg-NS1 chimera were similar to or higher than those pro-
duced by W956IC (Fig. 9C). Although the amounts of IFN-� pro-
duced by the Eg-NS4b�5 chimera were initially low, like those
from Eg101-infected cells (at 12 and 24 h after infection), the levels
of IFN-� produced at 36 h after infection were high, similar to
those produced by W956IC virus. The Eg-NS1�4b�5 chimera
produced much smaller amounts of IFN-� than W956IC, similar
to Eg101 (Fig. 9C). Quantification of the number of chimera-

infected cells with nuclear p65 by confocal microscopy showed
that only the Eg-NS1�4b�5 chimera induced low NF-�B activa-
tion similar to that produced by Eg101 (Fig. 9D). The results in-
dicated that lower IFN-� production correlated with lower NF-�B
activation.

To assess whether the amounts of viral RNA produced at early
times after chimeric virus infection in C3H/He cells correlated
with the levels of IFN-� produced, the levels of intracellular viral
RNA were assessed by Northern blotting at 12, 24, and 36 h after
infection. At 12 h after infection, viral RNA levels were higher in
cells infected with W956IC or Eg-NS1 than in Eg101-infected cells
(Fig. 9E). Cells infected with Eg-NS4b�5 or Eg-NS1�4b�5 virus
produced low levels of viral RNA at 12 h after infection, similar to
Eg101. Also similar to Eg101, these two chimeras produced low
levels of IFN at initial times of infection (Fig. 9C). However, even
though the levels of intracellular Eg-NS1�4b�5 chimera RNA at
later stages of infection were similar to those of W956IC (Fig. 9E),
this chimera produced low levels of IFN-�, similar to Eg101,
throughout the course of infection (Fig. 9C).

Intracellular viral protein levels were also assessed by Western
blotting of NS3 at 16, 24, and 36 h after infection of C3H/He MEFs
with W956IC, Eg101, or a chimeric virus. NS3 was detected by 16
h after infection with Eg101 but was not detected until 24 h in
W956IC-infected cells (Fig. 9F). Also, NS3 levels were higher in

FIG 9 Relative replication efficiency and extent of IFN-� induction by additional WNV chimeric viruses. (A and B) C3H/He MEFs were infected with Eg101 or
W956IC or another chimera at an MOI of 1, the supernatants were collected at the indicated times after infection, and the viral titers were determined by plaque
assay on BHK cells. The values shown are averages of duplicate titrations from two experiments. (C) The levels of IFN-� protein in supernatants from infected
C3H/He MEFs were determined by ELISA. The values shown are averages from two or more independent experiments performed in duplicate. Bars represent 

standard deviations. Asterisks indicate values that were statistically significant (*, P 	 0.05). (D) Quantification of the percentage of infected cells with nuclear
p65 localization was done at the indicated times after infection. At least three fields for each condition were counted, and average values were plotted. Bars
represent 
 standard deviations. Asterisks indicate values that were statistically significant (*, P 	 0.05; **, P 	 0.005). (E) Northern blot analysis of total cellular
RNA from C3H/He MEFs infected with Eg101, W956IC, or another chimera. Cells were infected at an MOI of 1 for the indicated times. Total cell RNA (5 �g)
was separated on a 1% denaturing agarose gel and transferred to a Hybond-XL membrane. The blot was hybridized to a 32P-labeled DNA probe specific for the
3= untranslated region of the WNV genomic RNA. rRNA detected by ethidium bromide staining was used as a loading control. (F) C3H/He MEFs were infected
with WNV Eg101, W956IC, or another chimera at an MOI of 1. At the indicated times after infection, cell lysates were prepared, and proteins were separated,
transferred, and assayed by Western blotting using anti-WNV NS3 antibody. Actin was used as the loading control. The blots shown are representative of results
obtained from three independent experiments.
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cells infected with Eg101 at all times tested than in cells infected
with W956IC. In cells infected with either Eg-NS1 or Eg-NS4b�5
chimeric viruses, NS3 was not detected at 16 h after infection, and
viral protein levels were lower than those in Eg101-infected cells at
24 and 36 h (Fig. 9F). However, NS3 was detected at 16 h after
infection with the Eg-NS1�4b�5 chimeric virus, similar to what
was observed in Eg101-infected cells. This chimera was the only
one that produced low levels of IFN-�, similar to Eg101, at all the
times analyzed. It was previously reported that cleavage of 28S
rRNA by RNase L was an indicator of sustained antiviral activity at
late stages of a WNV infection (19). A characteristic rRNA cleav-
age band (indicated by an asterisk in Fig. 9E) was observed at 36 h
after infection in cells infected with the W956IC, Eg-NS1, or Eg-
NS4b�5 virus but not in cells infected with the Eg101 or Eg-
NS1�4b�5 virus. The detection of this band indicates a high level
of upregulation of active Oas proteins, which are ISGs, and pro-
duction of 2=-5= oligo(A) by these proteins, leading to high levels
of activation of RNase L.

DISCUSSION

A previous study from our lab reported that W956IC infections in
IFN-incompetent BHK cells produced higher levels of intracellu-
lar viral RNA at early times after infection than natural strains of
WNV, but both types of infections produced similar peak yields of
extracellular virus (12). Data from the present study showed that
in IFN-competent MEFs, W956IC infections produced higher
levels of early intracellular viral RNA but also higher levels of
IFN-� and lower virus yields than an infection with the natural
WNV strain Eg101. The importance of type 1 IFNs in controlling
WNV infections has been previously documented (45–47). IFN-
��/� mice are more susceptible to WNV infection, displaying
increased mortality, enhanced viral loads, and broader virus tissue
tropism (47). Recognition of viral components by cellular sensors
results in the coordinated assembly of the IRF-3, ATF-2/c-Jun,
and NF-�B TFs on the IFN-� promoter (34). Although multiple
studies have characterized the induction of the antiviral state in
WNV-infected cells by assessing type I IFN expression, IRF-3
phosphorylation/nuclear translocation, and the expression levels
of ISGs (mostly IRF-3-dependent ISGs) (20, 25, 37, 48–50), the
involvement of the NF-�B pathway in the establishment of the
antiviral state in WNV-infected cells was not previously assessed.
Data from the present study showed that at early stages of a WNV
infection (before 16 h after infection) when IRF-3 activation was
still very low, higher levels of NF-�B activation were detected in
MEFs infected with the chimeric W956IC virus than in MEFs
infected with the natural WNV strain Eg101 and correlated with
significantly higher levels of IFN-� production. Also, the induc-
tion of mRNA expression from the IFN-� gene by a W956IC in-
fection at early times after infection was significantly decreased in
p65�/� cells, supporting the involvement of this transcription fac-
tor in IFN-� gene regulation. However, the levels of IFN-� mRNA
were still higher in W956IC-infected p65�/� MEFs than in Eg101-
infected MEFs, suggesting that additional TFs are also involved in
early IFN-� gene regulation in W956IC-infected cells.

Previous studies on the role of NF-�B in mediating type I IFN
induction in response to dsRNA or to various types of RNA virus
infections produced contradictory data. Initial studies with New-
castle disease virus (NDV) and vesicular stomatitis virus (VSV)
found no role for NF-�B in IFN-� induction (51, 52), while later
studies reported a critical role for the p65 subunit in early IFN-�

induction and cellular resistance to NDV and VSV replication
(53). During the early phase of IFN-� induction in uninfected
cells when the levels of activated IRF-3 are low (53), p65 was re-
ported to be important for maintaining autocrine IFN-� signal-
ing, for directly regulating a set of ISGs, and for protecting infected
cells from dsRNA/IFN-induced necrotic death (54). It was also
previously reported that the production of type 1 IFN was signif-
icantly decreased in Japanese encephalitis virus (JEV)-infected
cells defective in the NF-�B pathway (55) and that IFN-� produc-
tion by JEV- and dengue-2 virus-infected cells was reduced when
NF-�B activation was blocked by MG132 treatment (56). Al-
though the involvement of PKR in the activation of the NF-�B
pathway (17) and in the induction of IFN-� (36) in WNV-in-
fected cells was previously reported, the data from the present
study showed that PKR is not essential for the initial induction of
IFN-� in response to WNV infection but does play a role in am-
plifying IFN-� production at later stages of infection. IPS-1 and
both of the upstream cytoplasmic RNA sensors RIG-I and MDA5
were previously shown to be involved in mediating the innate
antiviral response to a WNV infection (37–39). The data from the
present study indicate that although either RIG-I, MDA5, or an
unknown sensor can mediate NF-�B activation and IFN-� induc-
tion, IPS-1 is required for early viral RNA-mediated signaling
leading to NF-�B activation and IFN-� induction in MEFs in-
fected with W956IC. NF-�B activation in cells infected with other
flaviviruses, JEV or dengue-2 virus, was previously reported to be
dependent on the phosphatidylinositol 3-kinase (PI3K) pathway
(56). Although an initial study reported that NF-�B could be ac-
tivated downstream of IPS-1 in a classical I�B kinase � (IKK�)-
dependent but TRAF6-, TBK1-, and inducible IKK (IKKi)-inde-
pendent manner (14), a subsequent study demonstrated that
activation of NF-�B, Jun N-terminal protein kinase (JNK), and
p38, but not IRF-3, was impaired in TRAF6 knockout MEFs in
response to VSV infection or poly(I·C) transfection and identified
TRAF6 as a critical factor for IFN-�/� induction in response to
dsRNA (57). However, TRAF6 was previously shown to modulate
only the late phase of an IPS-1-dependent, type I IFN response in
WNV-infected MEFs, whereas TRAF3 and TBK1 regulated the
early response (25). Since a number of known and yet to be iden-
tified IPS-1 downstream molecules are expected to cross talk in
mediating the signal to IFN-� and ISGs, further studies are needed
to fully elucidate the mechanisms of induction of the antiviral
state in WNV-infected cells. The results of a recent study from our
lab showed that the initial upregulation of a set of ISGs in MEFs
infected with the natural WNV strain Eg101 was only partially
dependent on IPS-1 and that upregulation of these ISGs was in-
dependent of IFN-� both at early and late times of infection (18).
The present study revealed a role for IPS-1 in mediating NF-�B
activation and IFN-� induction in cells infected with W956IC
virus. Since natural strains of WNV are able to keep early RNA
replication at low levels, infections with these viruses do not acti-
vate NF-�B to the same extent as a W956IC infection, and infec-
tions with natural strains of WNV induce type I IFN gene expres-
sion to much lower levels. Previous studies have shown that
although flavivirus infections rapidly induce a type I IFN re-
sponse, various flavivirus proteins block type 1 signaling. Expres-
sion of dengue virus nonstructural proteins NS2A, NS4A, and
NS4B and the Kunjin virus NS2A, NS2B, NS3, NS4A, and NS4B
proteins was shown to inhibit STAT signaling (31, 42, 58). The
NS4B of WNV and yellow fever virus (YFV) was reported to block
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STAT1 activation and ISG induction (31, 32). The NS5 protein of
several flaviviruses including West Nile virus has been reported to
be a potent suppressor of IFN-mediated JAK-STAT signaling (30,
59, 60). In human cells, the N-terminal residues of NS5 in JEV and
dengue virus appear to block Tyk2 phosphorylation and degrade
STAT2, respectively (27, 60, 61). Data from several studies have
shown that counteraction of the host type I IFN response by fla-
vivirus proteins differs between human and mouse cells. For ex-
ample, dengue virus is able to counteract human but not mouse
STAT2 and STING (27–29). Previous studies reported that an
A30P substitution in the Kunjin WNV NS2A protein abrogated its
ability to inhibit IFN signaling and attenuated rather than en-
hanced its virulence in mice (41). Also, infections with TX02
WNV with a D73H mutation in the NS2A protein were reported
to result in reduced viremia and a decreased IFN response, while
an E249G substitution in either the NY00 or TX02 WNV NS4B
protein resulted in lower viral replication in rodent cells (44).
Although the majority of the determinants of mouse neuroinva-
siveness and neurovirulence previously identified for WNV were
located in the E protein (5, 62), a C102S substitution in the NY99
WNV NS4B protein attenuated both neuroinvasiveness and neu-
rovirulence (63). Alignment of the Eg101 and W956IC amino acid
sequences showed that none of the previously identified critical
residues discussed above differed between the Eg101 and W956IC
virus genomes; both genomes had D73 in NS2A, E249 in NS4B,
and C102 in NS4B. Therefore, these changes could not account for
the observed differences between Eg101 and W956IC in the effi-
ciency of virus replication and IFN induction observed in MEFs.

A sufficient amount of viral protein is required to effectively
block IFN signaling initiated during the early phase of the viral
replication cycle. The genome of a flavivirus serves as the template
for minus-strand RNA synthesis and is the only viral mRNA for
viral protein translation. At early times of infection when the
number of viral genomes is low, genomes must switch between
translation and replication. Natural strains of WNV show a pref-
erence for translation over RNA replication at early times after
infection. Lower RNA replication and higher translation would
have two beneficial effects for the virus in relation to the type I IFN
response. Lower levels of early viral RNA would reduce the extent
of activation of cytoplasmic RNA sensors leading to IFN produc-
tion, while higher levels of viral protein would not only enhance
the remodeling of endoplasmic reticulum (ER) membranes to
form protective replication complex vesicles but also provide
more efficient blockage of any canonical IFN signaling that oc-
curred. The data obtained with the additional chimeras in the
present study showed that downregulation of early viral RNA rep-
lication consistently correlated with enhancement of early viral
protein translation and vice versa. Exactly how flaviviruses differ-
entially regulate their early translation and replication functions is
not known. One possibility is that interactions between viral non-
structural proteins and possibly also between viral nonstructural
proteins and cell proteins regulate genome switching between
translation and replication. A previous study from our lab showed
that only three of the additional W956IC chimeras made, Eg-
NS4b�5, Eg-NS1�4b�5, and Eg-NS1�3�4a, produced low lev-
els of early viral RNA similar to WNV Eg101 (12). In the ORF of
the original W956IC chimera, which produces high levels of early
RNA, only the 287 C-terminal amino acids of NS5 are from Eg101.
The finding that replacement of NS1 and NS4B from Eg101 pro-
duced a low early RNA phenotype when the entire NS5 was also

from Eg101 but that replacement of NS1, NS3, and NS4A was
required to give this phenotype when the NS5 was still a hybrid
suggests that multiple interactions between the viral nonstructural
proteins are needed to correctly regulate early viral RNA synthesis
and template switching. The finding that NS1 is one of the non-
structural proteins involved is consistent with previous reports
that NS1 plays a role in viral RNA synthesis and is essential for
regulating minus-strand RNA synthesis (64, 65). A previous study
reported a genetic interaction between NS1 and NS4A (66). How-
ever, a recent study reported genetic and physical evidence sup-
porting an interaction between NS1 and NS4B but not between
NS1 and NS4A (67). The authors of the recent study suggested
that the interaction between NS1 and NS4B could be indirectly
mediated by another viral or host protein.

A sustained negative effect on the extent of amplification of
intracellular viral RNA was observed in W956IC virus-infected,
IFN-competent cells but not in IFN-incompetent cells. It is not
currently known how this is accomplished. One possibility is that
this effect could be due to the lower levels of early viral protein
resulting in inefficient or nonoptimal remodeling of the ER mem-
brane, which would negatively impact the efficiency of subsequent
exponential genome RNA amplification especially if there is an
optimal window of opportunity for the generation of the viral
replication vesicles in the ER. Alternatively, the effect could be due
to the action of one or more of the ISGs that are expressed prior to
complete blockage of the canonical IFN signaling pathway.
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