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Although lineage I West Nile virus (WNV) strain Eg101 induced beta interferon (IFN-�) production as early as
12 h after infection in primary mouse embryo fibroblasts and did not inhibit the JAK-STAT signaling pathway, it
was still able to replicate efficiently. To gain insights about possible viral countermeasures used by this virus to
suppress the host response, the cell transcriptional profile and the kinetics of IFN regulatory factor (IRF) expres-
sion and activation were examined at early times after infection. By 12 h after WNV infection, the majority of the
up-regulated genes were ones involved in IFN pathways. However, comparison of IFN-stimulated gene (ISG)
expression levels in mock-infected, IFN-treated, and virus-infected cells indicated that WNV infection suppressed
the up-regulation of a subset of ISGs, including genes involved in transcriptional regulation, apoptosis, and stress
responses, prior to 24 h after infection. Analysis of mRNA and protein levels for representative genes indicated that
suppression was at the transcriptional and posttranscriptional levels. Translocation of IRF-3 to the nucleus was
observed beginning at 8 h, IRF-7 expression was detected by 12 h, but IRF-1 expression was not detected until 24 h
after infection. Virus-induced gene suppression was sufficient to overcome the effect of exogenous IFN pretreatment
for 1 h but not for 4 h prior to infection. These data indicate that WNV can selectively counteract the host response
at early times after infection by previously unreported mechanisms.

West Nile virus (WNV) is a single-stranded, positive-sense
RNA virus that is maintained in nature via a mosquito-bird-
mosquito transmission cycle. A member of the family Flaviviri-
dae, genus Flavivirus, WNV is closely related to other human
pathogens, such as yellow fever virus, dengue (DEN) virus,
tick-borne encephalitis virus, Japanese encephalitis virus
(JEV), and Murray Valley encephalitis virus. Flaviviruses can
replicate in a wide variety of cultured cells of vertebrate and
arthropod origin. In mammalian and avian cells, the replica-
tion kinetics of flaviviruses are significantly slower than those
of many other RNA viruses, such as encephalomyocarditis
virus, Sendai virus, and Newcastle disease virus, that are typi-
cally utilized in studies of the activation of interferon (IFN)
pathways in cells (37). WN progeny virions begin to be released
from infected cells between 10 and 12 h after infection, and
peak titers of extracellular virus are observed by 24 to 36 h
after infection (46).

In response to virus infection, cells produce cytokines, such
as type I IFNs, as a result of activation/up-regulation of various
transcription factors including members of the IFN regulatory
factor (IRF) family (2, 34, 43, 44). IRFs constitute a family of
transcriptional activators and repressors that regulate the in-
nate host response, and cell growth. Nine members of the
mammalian IRF family (IRFs 1 to 9) are known, all of which
contain a conserved N-terminal DNA binding domain that
interacts with the 5�-AANNGAAA-3� promoter element that
is similar to the IFN-stimulated response element (ISRE). The

carboxy-terminal regions of IRFs, with the exception of IRF-1
and IRF-2, contain a domain that mediates interactions with
other family members as well as other transcription factors.
The IRFs are activated by phosphorylation in their C-terminal
regions that results in their translocation from the cytoplasm to
the nucleus and transcriptional activation of ISRE-containing
genes. The various IRFs differ in their cellular location, struc-
tural properties, the stimuli that activate them, and the func-
tions they evoke. During a viral infection, IRF-3 has an early
role in inducing the transcription of IFN-�, which in turn
induces the expression of IRF-7. Newly synthesized IRF-7
promotes the transcription of members of the IFN-� gene
family, thereby creating a positive-feedback loop that aug-
ments the host antiviral response. IRF-1, IRF-3, and IRF-7
together with histone transacetylases form the active IFN-�
enhanceosome (1).

The binding of IFNs to cell surface IFN receptors results in
activation of JAK, which in turn phosphorylates STAT1 and
STAT2 (41). Phosphorylation of Tyr on these STATs leads to
the formation of two transcription activator complexes, the
IFN-�-activated factor (AAF) complex, which consists of a
homodimer of pSTAT1, and the IFN-stimulated gene factor 3
(ISGF3) complex, which is composed of heterotrimers of
STAT1, STAT2, and IRF-9. Once formed, AAF and ISGF3
complexes translocate to the nucleus, where they bind to pro-
moters that contain the IFN-�-activated sequence (GAS) and
ISRE, respectively. Both IRF-5 and IRF-7 have an ISRE in
their promoters, while the IRF-1, IRF-2, IRF-8, and IRF-9
genes have a GAS element in their promoters (42). IFNs
induce the formation of a number of additional STAT-con-
taining complexes, including STAT3 and STAT5 homodimers,
as well as STAT2-STAT1 and STAT5-CrkL (v-Crk sarcoma
virus CT10 oncogene homologue avian-like) heterodimers,
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that are involved in mediating gene transcription (6). IFN-
mediated activation of ISRE and GAS elements results in the
transcriptional activation of a large number of target genes
involved in a variety of biological activities.

Members of different families of RNA viruses have been
shown to directly induce ISGs prior to IFN production by the
activation of several transcription factors, including NF-�B,
AP-1 (ATF-2/c-Jun), and IRF-3 (5, 26, 38). A recent study
showed that infection of cells with the flaviviruses JEV or DEN
type 2 (DEN2) virus, induced IFN-� gene expression by RIG-
I-dependent IRF-3 and phosphatidylinositol 3-kinase-depen-
dent NF-�B activation pathways (7).

Previously reported microarray studies of mosquito-borne
flavivirus infections were done on transformed cell cultures at
relatively late stages of infection. The cellular response to
WNV infection was analyzed at 24, 36, and 48 h after infection
in human embryonic kidney 293 cells (14) and at 24 h in human
glioblastoma cells (24). In 293 cells, the expression of IFN-�
and several ISGs was detected at 24 and 36 h after WNV
infection (14). The response to DEN2 virus infection in cul-
tures of human umbilical vein endothelial cells was analyzed at
48 h (51) and 120 h (25) after infection. Multiple functional cell
pathways, including stress, antiviral defense, immune, cell ad-
hesion, wound, and inflammatory pathways were activated by
these times. In the single published in vivo study, a number of
host genes were reported to be differentially expressed in the
brains, livers, and spleens of mice 5 days after a subcutaneous
WNV inoculation (50). Neuroinvasive WNV strains induced
higher levels of expression from these genes than did attenu-
ated virus strains. Up-regulated genes included those associ-
ated with IFN, T-cell response, inflammation, and apoptosis
pathways.

Viruses have evolved various means of counteracting the
antiviral action of IFN, including inhibiting IFN induction
and/or production, inhibiting JAK-STAT signaling, and alter-
ing ISG expression (15, 37). Results from several recent studies
indicate that flaviviruses regulate JAK-STAT signaling in in-
fected cells. Studies with WNV and Kunjin virus provided
evidence that viral protein(s) can block JAK-STAT signaling
(17, 23, 29), and various flavivirus nonstructural proteins were
subsequently implicated as possible regulators of JAK-STAT
signaling (4, 28, 32).

In a previous study, we showed that even though infection of
primary mouse embryo fibroblasts (MEFs) with WNV strain
Eg101 induced IFN-� production as early as 12 h after infec-
tion and did not interfere with the STAT signaling pathway,
virus replicated efficiently (39). To investigate whether a WNV
infection might be able to counteract host innate responses at
early times after infection, the kinetics of activation/expression
of IRFs and the expression of ISGs in primary MEFs were
examined beginning at 2 h after infection. IRF-3 activation/up-
regulation and IRF-7 expression were detected before 12 h
after infection, while the induction of IRF-1 expression was
delayed until 24 h. Although induction of a number of ISGs
was observed, WNV infection suppressed the up-regulation of
a subset of ISGs prior to 24 h after infection.

MATERIALS AND METHODS

Cells and virus. Primary C3H/He (He) MEFs were prepared from 14- to
18-day-old embryos and frozen after one passage in culture. Only cells from

passages 2 or 3 were used for experiments. MEFs were grown in minimal
essential medium supplemented with 10% heat-inactivated fetal bovine serum
and 10 �g/ml gentamicin. Baby hamster kidney-21/WI2 cells (hereafter referred
to as BHK cells) (49) were maintained in minimal essential medium supple-
mented with 5% heat-inactivated fetal calf serum and 10 �g/ml gentamicin. All
cells were grown at 37°C in a 4.5% CO2 atmosphere. A stock of WNV lineage I
strain Eg101 was prepared by infecting BHK cells at a multiplicity of infection
(MOI) of 0.1 and harvesting culture fluid 32 h after infection, a time when the
cell monolayer was still intact. To remove IFN produced by BHK cells, viral
particles were pelletted by ultracentrifugation, resuspended in medium with
0.5% serum (4 � 107 PFU/ml), aliquoted, and stored at 	80°C.

Sample preparation and microarray hybridization. Replicate confluent pri-
mary MEF monolayers in T25 flasks were either mock infected or infected with
WNV Eg101 strain at an MOI of 10 for 2, 6, or 12 h (samples M, W2, W6, and
W12). Other sets of cultures were treated with 1,000 U/ml of universal type I IFN
(PBL Biomedical Laboratories, Piscataway, NJ) for 1 h and then either incu-
bated with fresh medium for 2 h before cell RNA isolation (I samples) or
infected with WNV at an MOI of 10 for 1 h and then incubated with medium for
1 h (I/W2 samples). Cells in a replicate flask were counted prior to infection in
each experiment to precisely calculate the amount of virus needed to achieve the
desired MOI. WNV was adsorbed for 1 h at room temperature, and the mono-
layers were washed with 5 ml of medium three times to remove unbound virus
before fresh medium was added. Samples of culture fluid from infected replicate
flasks were removed at various times and stored at 	80°C until titration by
plaque assay as described previously (39).

Total cellular RNA was extracted by lysing cells with TriReagent (Molecular
Research Center, Cincinnati, OH). RNA purification, quality control, labeling,
GeneChip hybridization, data acquisition, and preliminary data analysis were
performed by Expression Analysis (Durham, NC) according to standard proto-
cols available from Affymetrix (Santa Clara, CA). Briefly, RNA quality was
assessed with an Agilent 2100 Bioanalyzer (Palo Alto, CA). Biotin-labeled
cRNAs were quantified with a spectrophotometer, their integrity was assessed on
test chips (Test3 array; Affymetrix), and they were then loaded onto mouse
genomic 430A chips (Affymetrix). After hybridization, the chips were washed,
stained using a GeneChip Fluidics Station 400 (Affymetrix), and then scanned
with a GeneChip Scanner 3000 (Affymetrix). The 430A chip contains 22,690
transcripts (RefSeq database sequences and sequences related to the U74Av2
array). Data were collected for each sample from two independent experiments
(biological replicates).

Microarray data analysis. GeneChip Operating System software (version
1.1.1; Affymetrix) was used to analyze the data. For comparisons across different
arrays, the data from each array were first normalized by a global scaling strategy,
using a scaling target intensity of 500. By using the Affymetrix-defined compar-
ison mathematical algorithms, the relative change in expression between each of
the infected samples in comparison to a mock-infected control of the same cell
type was calculated, log 2 transformed, and further classified as not changed,
increased (signal log ratio change P value of 
0.005), decreased (signal log ratio
change P value of �0.995), or marginally increased or decreased. To classify a
gene as significantly up-regulated or down-regulated after infection or IFN
treatment, two additional criteria were used: (i) the relative change had to be
greater than or equal to 2 (signal log ratio of 1 if up-regulated or 	1 if down-
regulated) to be classified as increased or decreased, and (ii) genes that were
classified as up-regulated had to be flagged as present in the infected/treated
samples, while genes that were classified as down-regulated had to be flagged as
present in the mock-infected control sample.

Microarray data sets (CEL files) were further analyzed at the Emory Biomo-
lecular and Computing Resource Center using the R-Bioconducting package
(http://www.bioconductor.org) for Affymetrix array analysis. Briefly, data sets
were loaded into the R-Bioconductor package and RMA (robust multichip
analysis) values were generated using the following parameters: RMA back-
ground correction method, quantile normalization method, perfect match only
values, and the median polish summary method for signal calculation (20). RMA
values were imported into GeneSpring, version 6.2 (Silicon Genetics, Redwood
City, CA), and expression values for each gene were normalized across chips to
the median value of each gene. In each experiment, relative change values
(experimental versus control) were determined, and a cutoff value of 2.0 was
arbitrarily applied to ascertain genes that were differentially expressed across
experiments and between the conditions within each experiment.

Real-time qRT-PCR. The reaction mixture contained 500 ng of cellular RNA, the
primer pair (1 �M), and the probe (0.2 �M) in a total volume of 50 �l. Real-time
quantitative reverse transcription-PCR (qRT-PCR) analysis of mouse genes was
performed with Assays-on-Demand 20� primer and fluorogenic TaqMan FAM/
TAMRA (6-carboxyfluorescein/6-carboxytetramethylrhodamine)-labeled hybridiza-
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tion probe mixes from Applied Biosystems (Foster City, CA), The catalog identifi-
cation numbers of assays used for the genes indicated in parentheses were
Mm00437762_m1 (B2m), Mm00492089_m1 (Daxx), Mm00516788_m1 (Irf7),
Mm004912265_m1 (Rsad2 or Vig1), Mm00726868_m1 (Oas1g), Mm00455081_m1
(Oasl1), Mm00469582_m1 (Tyki), Mm00432307_m1 (Casp11), Mm00515191_m1
(Irf1), Mm00782550_s1 (SOCS1), Mm00447364_m1 (Trim21), and Mm00556509_
m1 (Zc3hdc1). The RNAs were quantified using an Applied Biosystems 7500
sequence detection system. The mRNA of the housekeeping gene, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), was used as an endogenous control
and was detected using TaqMan mouse GAPDH Control Reagents primers and
probe (Applied Biosystems). One-step RT-PCR was performed for each target
gene and for the endogenous control in a singleplex format using 200 ng of RNA
and the TaqMan one-step RT-PCR master mix reagent kit (Applied Biosys-
tems). The cycling parameters were as follows: reverse transcription at 48°C for
30 min, AmpliTaq activation at 95°C for 10 min, denaturation at 95°C for 15 s,
and annealing/extension at 60°C for 1 min (cycle repeated 40 times). Triplicate
cycle threshold CT values were analyzed with Microsoft Excel using the compar-
ative CT (��CT) method of the SDS software (Applied Biosystems). Statistical
analysis of the data was done using the TINV test in Microsoft Excel. The values
were first normalized to the endogenous reference gene (GAPDH) and then
presented as relative change in comparison to the uninfected calibrator sample
in relative quantification (RQ) units. Error bars indicate the calculated maximum
(RQMax) and minimum (RQMin) expression levels and represent the standard
error (SE) of the mean of the expression levels. The error bars are based on an
RQMin/Max of the 95% confidence level. If the error bars for any two samples do
not overlap, the expression levels of these samples are significantly different (P
value of 
0.05).

Confocal microscopy. He MEFs grown to 50% 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% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 min and then permeabilized by ice-cold methanol
for 10 min. Coverslips were washed with PBS and then blocked overnight with
5% horse serum (Invitrogen, Carlsbad, CA) in PBS. Coverslips were incubated
with rabbit anti-IRF-3 (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:50
in PBS containing 5% horse serum for 1 h at 37°C and then washed three times
with PBS. Coverslips were next incubated with chicken anti-rabbit immunoglob-
ulin G-fluorescein isothiocyanate (Santa Cruz Biotechnology) diluted 1:300 in
PBS containing 5% horse serum. After a washing step with PBS, the coverslips
were mounted on glass slides with Prolong mounting medium (Invitrogen) and
visualized with a 100� oil immersion objective on an LSM 510 laser confocal
microscope using LSM 5 (version 3.2) software (Carl Zeiss Inc., Thornwood,
NY). The images compared were obtained using the same instrument settings.

Western blotting. Replicate cell monolayers were washed with ice-cold PBS
and then scraped into radioimmunoprecipitation assay buffer (1� PBS, 1%
Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate
[SDS]), containing Complete, mini, EDTA-free protease inhibitor cocktail
(Roche, Indianapolis, IN) and phosphatase Cocktail Inhibitor II (Sigma-Aldrich,
St. Louis, MO). Following separation by 7.5% SDS-polyacrylamide gel electro-
phoresis (PAGE), the proteins were electrophoretically transferred to a nitro-

cellulose membrane. The membrane was blocked with 1� Tris-buffered saline
containing 5% dry milk (or bovine serum albumin when phosphorylated proteins
were to be detected) and 0.1% Tween-20 for 1 h at 22°C and then incubated with
a polyclonal primary antibody specific for IRF-1, IRF-3, IRF-7, actin (Santa Cruz
Biotechnology), caspase 11 (Abcam, Cambridge, MA), phospho-IRF-3 (Ser390),
phospho-STAT5 (Tyr694), phospho-CrkL (Tyr207), or eIF4E (Cell Signaling,
Beverly, MA) overnight at 4°C in the presence of blocking buffer. The blots were
then incubated with the secondary antibody (anti-rabbit horseradish peroxidase;
Santa Cruz Biotechnology) for 1 h at 22°C and processed for enhanced chemi-
luminescence using a Super-Signal West Pico detection kit (Pierce, Rockford,
IL) according to the manufacturer’s instructions.

RESULTS

Comparison of gene expression in WNV-infected MEFs and
IFN-treated MEFs. Our previous study showed that incubation
of primary He MEFs with 1,000 IU/ml of universal type I IFN
for 4 h prior to infection with WNV Eg101 at an MOI of 1
decreased the virus yield by about 10-fold (39). When cells
were infected 3 h after pretreatment with 1,000 IU/ml of uni-
versal type I IFN for 1 h, a similar decrease in the viral yield
was observed (Fig. 1B). However, when cells were pretreated
for only 1 h prior to infection with the same concentration of
IFN, no effect on virus yield was observed (Fig. 1B), suggesting
that the viral infection could overcome the establishment of an
antiviral state induced by exogenous IFN under these condi-
tions. To obtain a comprehensive view of the changes in cell
gene expression occurring at early times after WNV infection,
microarray assays were utilized. Previous microarray analyses
reported for flavivirus-infected cells were done at later times
after infection and in transformed cell cultures. Many trans-
formed cell lines have mutations in IFN pathway genes (8).
Third-passage primary He MEFs were mock infected or in-
fected with WNV (MOI of 10) in two independent experi-
ments. These biological replicates were designated He1 and
He2. In both experiments, a duplicate flask was used to gen-
erate a viral growth curve (Fig. 1A). Also, duplicate flasks of
primary MEFs were incubated with universal type I IFN (1,000
IU/ml) or medium for 1 h and then incubated with fresh
medium for two more hours. Total cell RNA was harvested
from infected cells at 2, 6, and 12 h after infection and from
IFN-treated cells 3 h after initiation of IFN treatment and

FIG. 1. Kinetics of WNV replication in primary He MEFs with or without IFN pretreatment. (A) Confluent monolayers of He MEFs were
infected with WNV at an MOI of 10. (B) Confluent monolayers of He MEFs were treated as follows and then infected with WNV at an MOI of
10: untreated, incubated with 1,000 IU/ml of universal type I IFN for 1 or 4 h prior to infection, or treated with IFN for 1 h and then incubated
with medium without IFN for 3 h prior to infection. Culture fluid samples harvested at the indicated times after infection were titrated for
infectivity by plaque assay. Each data point is the average of duplicate titrations from two experiments. Error bars indicate standard deviations.
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hybridized to mouse expression 430A chips. Data were col-
lected and analyzed as described in Materials and Methods. In
IFN-treated MEFs, 98 probe sets (representing 84 genes)
showed up-regulation by more than twofold. The majority of
the up-regulated genes were known ISGs (9). Data obtained
from multiple probe sets for a single gene were consistent. For
example, three probe sets for Stat1 showed induction levels of
3.0-, 2.6-, and 2.3-fold. These data provided an internal control
for the hybridization conditions as well as for chip integrity.
Several of the genes up-regulated in He MEFs after IFN treat-
ment were not previously reported to be activated by IFN.
These included chloride channel calcium-activated genes 1 and
2 (Clca1 and 2) and the plectin 1 (Plec1), nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor, zeta
(Nfkbiz), and caspase 11 (Casp11, mouse homolog of human
CASP4) genes.

The basic script of GeneSpring software was used to com-

pare the expression data from WNV-infected and IFN-treated
cells. A gene tree, an experimental tree, a k-means classifica-
tion, and a self-organizing map were generated using genes
that were twofold overexpressed or twofold underexpressed
under at least one condition in the RMA. The data from
biological replicates (He1 and He2) were averaged by the
software for each of the 256 genes presented in the tree.
Hierarchical clustering was performed for those genes with
changes in their expression levels of about or more than two-
fold in IFN-treated (I) or WNV-infected (W) cells compared
to the control cells. Three clusters of ISGs were revealed (Fig.
2). The first cluster included probe sets that showed a high
level of induction in both WNV-infected and IFN-treated cells.
These genes are listed in Table 1 in the same order as in Fig.
2. IFN-induced genes, such as the Oas family genes and the
Irf7, Irf9, Prkr, ISG20, Stat1, and Stat2 genes, were present in
this cluster, further confirming that the IFN pathway was effi-

FIG. 2. Hierarchical clustering of genes showing altered expression levels after WNV infection or IFN treatment in primary He MEFs. Total
cellular RNA from mock-infected (M), WNV-infected (W), or IFN-treated (I) He MEFs was extracted and analyzed on 430A microarray chips
as described in Materials and Methods. Only genes with about or more than a twofold increase in their expression levels in WNV-infected or
IFN-treated cells compared to mock-infected MEFs were included in the hierarchical clustering shown. The color scale on the right indicates
normalized expression values from the highest (5.0) to the lowest (0.0) levels.

12008 SCHERBIK ET AL. J. VIROL.



ciently activated by 12 h after infection with WNV. The ex-
pression of three genes, the G1p2 (human homolog, ISG15),
Ifit1 (ISG56 or p56), and Ifit3 (ISG49) genes, which are known
targets for IRF-3 (16), was induced to high levels by 12 h after
WNV infection (Fig. 2 and Table 1). Human ISG54 (mouse
homolog, Ifit2), ISG56, and ISG15 genes were previously
shown to be Jak1 (hence IFN) independent but IRF-3 depen-
dent (10). Although Ifit1 was induced to high levels by WNV
infection, Ifit2 (ISG54) was not induced by 12 h, suggesting
that the expression of various members of the p56 family of
ISGs is differentially regulated at early stages of WNV infec-
tion in MEFs. A recent study reported that vesicular stomatitis
virus infection up-regulated the expression of the ISG56 gene
but not the ISG54 gene in the livers of infected mice (45). This
study also showed that the regulation of these two genes varied
in different mouse organs and with different stimuli.

The time course of expression of three genes from cluster 1,
zinc finger CCCH-type domain-containing 1 (Zc3hdc1), tripar-
tite motif protein 21 (Trim21), and 2�-5� oligoadenylate syn-
thetase 1G (Oas1g), was analyzed by real-time qRT-PCR.
Zc3hdc1 and Oas1g mRNA levels were increased by 12 h after
infection and by 3 h after initiation of IFN treatment. The

expression of these genes continued to increase through 48 h
after infection (Fig. 3A and B). At 12 h after infection, Trim21
expression was significantly lower than that observed 3 h after
IFN treatment, but the level of expression in infected cells
increased to that in IFN-treated cells by 24 h (Fig. 3C). The
real-time qRT-PCR data for each of the genes tested corrob-
orated the microarray data, and consistent results were ob-
tained for RNA samples from independent biological repli-
cates. However, the absolute values obtained from the
microarray and RT-PCR assays were not identical due to dif-
ferences intrinsic to these two techniques.

The second cluster (Table 2) included genes for which ex-
pression levels increased by only about twofold in 12-h WNV-
infected cells (Fig. 2B) but for which strong up-regulation by
IFN treatment was observed. The level of expression of the
Rsad2 gene (also called Vig1, Cig5, and viperin) was confirmed
by qRT-PCR. At 12 h after WNV infection, Rsad2 expression
was more than 10-fold lower than that in IFN-treated cells, but
by 24 and 48 h after infection, the expression of this gene was
induced to much higher levels (Fig. 3D). Real time qRT-PCR
analysis of the mRNAs levels of two other genes from the
second cluster, Oas-like 1 and the thymidylate kinase family

TABLE 1. Genes up-regulated to a higher level in WNV-infected MEFs than in IFN-treated cells

Gene symbola Gene name (accession no.)b UniGene no.

Avg change in expression
(n-fold)c

I cells W12 cells

Parp9 Poly(ADP-ribose) polymerase family, member 9 (BC003281) Mm.49074 3.8 2.7
Stat2 Signal transducer and activator of transcription 2 Mm.293120 5.1 3.4
Tor3a Torsin family 3, member A Mm.206737 3.3 2.5
Irf7 IFN regulatory factor 7 Mm.3233 2.2 2.2
Usp18 Ubiquitin specific protease 18 Mm.326911 18.0 12.9
Ifi44 IFN-induced protein 44 (A430056A10) Mm.30756 8.4 6.6
G1p2 IFN-�-inducible protein (AK018325) Mm.4950 8.6 5.9
Stat1 Signal transducer and activator of transcription 1 Mm.277406 3.0 3.9
ApoL Apoliprotein L (LOC223672) Mm.243758 1.9 1.9
Ifi35 IFN-induced protein 35 (2010008K16Rik) Mm.45558 2.2 2.1
Tdrd7 Tudor domain containing 7 (5730495N10Rik) Mm.275413 1.5 2.1
Trim21 Tripartite motif protein 21 Mm.321227 3.9 2.1
9530028C05 Hypothetical protein; similar to major histocompatibility

complex class II E beta
Mm.258507 10.8 3.3

Ifrg28 28-kDa IFN-� responsive; Rtp4 (5830458K16Rik) Mm.180157 9.9 6.1
Zc3hdc1 Zinc finger CCCH-type domain-containing 1 Mm.268462 4.3 3.6
Ifih1 (MDA5) IFN induced with helicase C domain 1 (9130009C22Ric) Mm.136224 8.3 3.8
Ifit3 IFN-induced protein with tcp repeats 3 Mm.271850 22.6 9.2
Ifit1 IFN-induced protein with tcp repeats 1 Mm.6718 59.4 14.7
Oasl2 2�-5� Oligoadenylate synthetase-like 2 Mm.228363 7.2 4.8
Ifi1 IFN-inducible protein 1 Mm.29938 11.4 3.2
9830147J24Rik Similar to guanylate nucleotide binding protein Mm.45740 7.4 2.7
BC013672 cDNA sequence BC013672; DEAD/DEAH box helicase Mm.275233 2.1 1.4
Psmb8 Proteosome subunit, beta type 8 Mm.180191 2.6 1.7
Oas1g 2�-5� Oligoadenylate synthetase 1G Mm.14301 2.2 2.0
Trim25 Tripartite motif protein 25 Mm.248445 5.3 2.2
Isgf3g IFN-dependent positive acting transcription factor 3 gamma Mm.2032 2.7 2.1
Prkr Protein kinase, IFN-inducible double-stranded RNA dependent Mm.311918 2.7 2.0
Ifi202b IFN-activated gene 202B Mm.218770 3.7 3.5
Isg20 IFN-stimulated protein Mm.322843 1.8 NC
Bst2 Bone marrow stromal cell antigen 2 Mm.260325 1.8 2.2
Plec1 Plectin 1 Mm.307601 2.1 1.9
Trim30 Tripartite motif protein 30 Mm.295578 1.9 1.9

a Genes are ordered by hierarchical clustering as in Fig. 2A. Underlined genes were detected as up-regulated 8 h after infection.
b GenBank accession number refers to the sequence used to design a gene’s probe for the Affymetrix 430A chips.
c Cells were treated with 1,000 IU/ml of universal type I IFN (I) or infected with WNV for 12 h (W12). Average relative change was calculated by comparison to

values obtained in the mock-infected cells. NC, not changed.
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lipopolysaccharide-inducible member (Tyki), confirmed a re-
duced level of expression of these genes at 12 h after WNV
infection compared to cells treated with IFN (Fig. 3E and F).
Three of the five p65 guanylate binding protein (Gbp) gene
family members (Gbp1 to Gbp3) were also in the second clus-
ter. These genes are classical secondary response genes that
require de novo synthesis of transcription factors activated by
a JAK2-dependent pathway for their up-regulation (30). The
detected upregulation of these genes indicated that activation
of JAK2 had occurred in WNV-infected MEFs by 12 h. Genes
associated with apoptosis such as proapoptotic transcription
factor Irf1, programmed cell death 1 ligand 1 (Pdcd1lg1), Fas
death domain-associated protein (Daxx), and poly(ADP-ri-
bose) polymerase family member 14 (Parp14) as well as major
histocompatibility complex class I antigen presentation path-
way genes, such as beta-2 microglobulin (B2m) and protea-
some (prosome and macropain) subunit beta 9 (Psmb9) were
also in the second cluster (Table 2). The lower expression levels
of the B2m and Daxx genes at 12 h after WNV infection were
confirmed by real-time qRT-PCR (Fig. 3G and H). However, the
maximum induction of both of these genes after either IFN treat-
ment or WNV infection was relatively low (about 10-fold) even at

later times after infection. These data showed that efficient acti-
vation of the genes in cluster 2 was delayed compared to that of
genes in cluster 1 in WNV-infected cells.

Genes in the third cluster were efficiently induced by IFN
treatment but were activated to less than twofold in WNV-
infected cells by 12 h (Table 3 and Fig. 2C). Included in this
cluster were genes encoding stress-related serine proteinase
inhibitors (Serpina3g and Serping1); genes from calcium-reg-
ulated pathways, such as the Clca1 and Clca2 genes; and genes
involved in apoptosis pathways, such as the Casp11 (mouse
homolog of human CASP4) and Casp12 genes. Genes involved
in transcriptional regulation, such as the Nfkbiz and CCAAT/
enhancer binding protein (C/EBP) delta (Cebpd) genes; sev-
eral genes encoding cytokines, such as the chemokine (C-X-C
motif) ligand 9 (Cxcl9), chemokine (C-C motif) ligand 2
(Ccl2), chemokine (C-C motif) ligand 7 (Ccl7), and interleukin
6 (Il-6) genes; and genes regulating the cytokine response, such
as the suppressor of cytokine signaling 1 and 3 (Socs1 and
Socs3) genes, were in this cluster. Socs1 and Socs3 gene ex-
pression was induced by IFN treatment but not at 12 h after
WNV infection (Fig. 2C and Table 3). Socs1 is an important in
vivo inhibitor of type I IFN signaling and contributes to bal-

FIG. 3. Analysis of changes in the expression levels of selected genes after IFN treatment or WNV infection by real-time qRT-PCR. Primary
He MEFs were mock infected (M), infected with WNV at an MOI of 10, or incubated with 1,000 IU/ml of universal type I IFN for 1 h followed
by a 2-h incubation in medium without IFN (I). Changes in intracellular mRNA levels of the Zc3hdc1, Oas1g, Trim21, Rsad2, Oas-like 1, Tyki,
B2m, Daxx, and Socs1 genes are shown. Infected cell samples were harvested 12, 24, or 48 h after infection (W12, W24, or W48, respectively). The
mRNA level for each gene is expressed in RQ units as the log10 relative change in expression compared to the level of the same mRNA present
in mock-infected He cells or, in the case of the Oas-like 1 gene, in 12-h WNV-infected cells. Error bars represent the SE (n  3) and are based
on an RQMin/Max of the 95% confidence level. If the error bars for any two samples do not overlap, the expression levels of these samples are
significantly different (P value of 
0.05).
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ancing the beneficial antiviral versus detrimental proinflamma-
tory effects of the innate immune responses (11). Real-time
RT-PCR data showed that treatment of cells with IFN for 3 h
resulted in more than a 10-fold increase in Socs1 mRNA ex-
pression compared to control cells, while the amount of Socs1
mRNA detected in 12-h WNV-infected cells was threefold
lower than in IFN-treated cells (Fig. 3I). At 24 h after infec-
tion, the level of Socs1 expression was significantly higher than
that detected in IFN-treated cells, but the expression of Socs1
mRNA was suppressed by 48 h after infection to the level
observed in control uninfected cells. The timing of this sup-
pression suggested that it might be modulated by the accumu-
lation of viral protein(s) between 24 and 48 h in infected cells.
The kinetics of induction of another gene from cluster 3, the
Casp11 gene, was also analyzed by real-time qRT-PCR (Fig.
4A). At 12 h after infection, the expression of Casp11 mRNA
was suppressed below the level observed in mock-infected
cells, while IFN treatment induced the expression of this gene
by more than fivefold. By 24 after infection, Casp11 mRNA
levels had increased by 10-fold, and by 48 h the levels were
higher than those in the IFN-treated cells (Fig. 4A). A strong
Casp11 protein band was detected in the IFN-treated sample
by Western blotting (Fig. 4B). However, no protein was de-

tected at 16, 24, or 48 h after WNV infection (Fig. 4B), indi-
cating that viral infection suppressed the expression of protein
levels even after the mRNA levels were up-regulated.

Analysis of gene expression in IFN-pretreated WNV-in-
fected cells. To investigate whether pretreatment with IFN
could abrogate the observed suppression of the expression of a
subset of cell genes by WNV infection, gene expression was
analyzed in cells pretreated with IFN for 1 h and then infected
with WNV, a condition shown not to affect viral yield (Fig. 1B).
MEFs were incubated with universal type I IFN or medium for
1 h and then either incubated with fresh medium for two more
hours (I) or infected with WNV (MOI 10) for 1 h and then
incubated with medium for an additional hour (I/WZ) before
cell RNA was harvested. The list of genes obtained with the
I/W2 samples showing differential expression compared to un-
treated cells was very similar to the list of genes obtained with
samples from cells treated only with IFN (I samples) (data not
shown), suggesting that viral infection did not interfere with
the up-regulation of the majority of the IFN-regulated genes.
Most of these transcripts showed either the same or a slightly
higher level of induction in I/W2 samples compared to I sam-
ples. However, a few genes, including the Irf1, B2m, and Socs3
genes, showed a lower relative change in I/W2 samples than in

TABLE 2. Genes up-regulated to a lower level in WNV-infected cells than in IFN-treated cells

Gene symbola Gene name (accession no.)b UniGene no.

Avg change in
expression (n-fold)c

I W12

Pdcd1lg1 Programmed cell death 1 ligand 1 Mm.245363 5.4 NC
Rsad2, Vig1 Radical S-adenosyl domain methionine containing 2 Mm.24045 10.6 2.0
Tyki Thymidylate kinase family LPS-inducible member Mm.27183 2.8 NC
Mx1 Myxovirus (influenza virus) resistance 1 Mm.33996 3.2 NC
AI595338 Expressed sequence AI595338 (GBP, Mpa2l) Mm.275893 8.1 NC
B2m Beta-2 microglobulin Mm.163 4.4 NC
Oasl1 2�-5� Oligoadenylate synthetase-like 1 Mm.95479 4.7 1.7
Psmb9 Proteasome (prosome, macropain) subunit, beta 9 Mm.787 2.5 NC
Pnp Purine-nucleoside phosphorylase Mm.17932 1.9 NC
Myd88 Myeloid differentiation primary response gene 88 product Mm.213003 2.3 NC
Irf1 IFN regulatory factor 1 (B430217B02Rik) Mm.105218 1.9 NC
Ifi47 IFN-�- inducible protein 47 Mm.24769 3.4 NC
Ifit2 IFN-induced protein with tcp repeats 2 Mm.2036 5.1 NC
Gbp2 Guanylate nucleotide binding protein 2 Mm.24038 10.0 2.6
1110007F12Rik RIKEN cDNA 1110007F12 gene product Mm.248440 3.3 NC
Daxx Fas death domain-associated protein Mm.271809 3.4 NC
Iigp1 IFN-inducible GTPase 1(AW111922) Mm.261140 37.7 5.8
Ifi205 IFN-activated gene 205 product Mm.255414 7.0 1.5
Trex1 Three prime repair exonuclease 1 Mm.347553 4.2 NC
Gdap10 Ganglioside-induced differentiation-assoc-protein 10 Mm.358597 3.8 NC
Ifrg15 IFN-�-responsive gene product Mm.351270 1.9 NC
Igtp IFN-�-induced GTPase product Mm.33902 11.7 3.4
Parp14 Poly(ADP-ribose) polymerase family, member 14 (BC021340) Mm.89210 7.7 2.9
Ifi203 IFN-activated gene 203 product Mm.261270 11.2 3.1
Gbp1 Guanylate nucleotide binding protein 1 Mm.250 11.9 3.9
Cxcl10 Chemokine (C-X-C motif) ligand 10 Mm.877 25.4 5.8
Gbp3 Guanylate nucleotide binding protein 3 Mm.1909 4.8 1.8
Tlr3 Toll-like receptor 3 Mm.33874 1.6 1.4
9830147J24Rik RIKEN cDNA 9830147J24 gene (Cd274, Pdcd1l1) Mm.45740 2.5 NC
Mx2 Myxovirus (influenza virus) resistance 2 Mm.14157 4.1 1.7
Tgtp T-cell specific GTPase Mm.338891 4.9 2.0
BC006779 PPAR-�-interacting complex protein 285 Mm.315872 6.4 1.7

a Genes are ordered by hierarchical clustering as in Fig. 2B.
b GenBank accession number refers to the sequence used to design a gene’s probe for the Affymetrix 430A chips.
c Average relative change was calculated by comparison to the value obtained in mock-infected cells. I, IFN-treated cells; W12, 12-h WNV-infected cells; NC, not

changed.
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I samples. A pairwise comparison using I samples as the base-
line and I/W2 samples as the experiment revealed a cluster of
genes induced to a lower level in the presence of WNV infec-
tion (data not shown). This cluster included the Irf1 and B2m
genes, the myeloid differentiation primary response gene 88
(Myd88) (Table 2 genes), and the Cebpd, Socs1 and Socs3
genes (Table 3 genes). Each of these genes was about 1.5- to
2-fold down-regulated in I/W2 samples compared to I samples.
A strong Casp11 band was detected in the I sample by Western
blotting, but only a faint band was detected in the I/W2 sample
(Fig. 4B, compare lanes I and I/W2), indicating that WNV
infection could still efficiently suppress Casp11 protein levels
after a 1-h IFN pretreatment of cells prior to infection.

To rule out the possibility that the activation of genes in the
I and I/W2 cells was due to nonphysiologic effects caused by
the large amount of nonhomologous universal type I IFN used,
cells were treated with 10, 100, or 1,000 IU/ml of mouse IFN-�,
which is the first IFN produced in response to a viral infection.
Samples were harvested after 3 h of IFN treatment, and the
levels of Irf1, Casp11, and Daxx mRNA were analyzed by
real-time qRT-PCR (Fig. 4C). For each of these genes, similar

levels of induction were observed with each of the different
concentrations of mouse IFN-� used, with the exception of 10
IU/ml of IFN-�, for which a lower level of Irf1 mRNA induc-
tion was observed. The mRNA levels induced for each of these
genes were higher than those seen after incubation of cells with
1,000 IU/ml of universal type I IFN (Fig. 4C).

Analysis of IRF expression patterns in WNV-infected cells.
The microarray analysis showed that Irf1 mRNA was not up-
regulated at 12 h after WNV Eg101 infection in primary MEFs
even though IRF-1 was previously reported to be rapidly up-
regulated by other virus infections and IFN (43). In virus-infected
cells, IRF-3 typically is rapidly activated and induces the transcrip-
tion of IFN-� and ISGs. Both IRF-3 and IRF-7 are direct trans-
ducers of virus-mediated signaling that results in the induction of
a number of other ISGs (19, 22). The activation and expression
kinetics of IRF-3 and the expression kinetics of IRF-1 and IRF-7
were next analyzed in WNV-infected MEFs.

IRF-3 activation was first analyzed in WNV-infected (MOI
of 10) He MEFs by detection of dimer formation. Dimerized
IRF-3 has a significantly retarded mobility on nondenaturing
gels compared to the monomeric form (21). Low levels of both

TABLE 3. Genes up-regulated in IFN-treated but not WNV-infected MEFsa

Gene symbolb Gene name (accession no.c or alternative name) UniGene no. Avg increase in
expression (n-fold)d

1110020D10Rik Torsin A interacting protein 2 (lumenal domain like) Mm.253335 1.7
Pnpt1 Polyribonucleotide nucleotidyltransferase 1 Mm.211131 2.1
Casp12 Caspase 12 Mm.42163 2.0
Casp11 Caspase 11, apoptosis-related cysteine protease Mm.1569 2.0
Socs1 Suppressor of cytokine signaling 1 Mm.130 3.7
Arid5a AT-rich interactive domain 5A (Mrf1 like) (D430024K22Rik) Mm.34316 1.9
Cxcl9 Chemokine (C-X-C motif) ligand 9 Mm.766 1.7
Clca1 Chloride channel calcium activated 1 Mm.275745 2.3
Gna13 Guanine nucleotide binding protein, alpha 13 Mm.193925 2
Serpina3g Serine (or cysteine) proteinase inhibitor, clade A, 3G Mm.264709 2
Vcam1 Vascular cell adhesion molecule 1 Mm.76649 2
BC016423 cDNA sequence BC016423 (peripherial benzodiazepine receptor

associated protein)
Mm.221609 2

Il-6 Interleukin 6 Mm.1019 7.8
Il-13ra1 Interleukin 13 receptor, alpha 1 Mm.24208 2
Ocil Osteoclast inhibitory lectin Mm.197536 3.5
Socs3 Suppressor of cytokine signaling 3 Mm.3468 3.2
Cebpd CCAAT/enhancer binding protein (C/EBP), delta Mm.347407 2.6
Mapre2 Microtubule-associated protein, RP/EB family, member 2 Mm.132237 1.3
Nfkbiz Nuclear factor of kappa light polypeptide gene enhancer in B-cells

inhibitor, zeta (AA408868)
Mm.247272 2

Pbef1 Pre-B-cell colony-enhancing factor 1 (nicotinamide
phosphoribosyltransferase)

Mm.202727 2

Ccl2 Chemokine (C-C motif) ligand 2 Mm.290320 2.9
Jak2 Janus kinase 2 Mm.275839 2
Fnbp4 Formin binding protein 4 Mm.314887 3.5
Map3k8 Mitogen-activated protein kinase kinase kinase 8 Mm.3275 2
Ifi204 (Mnda, Ifi16) Myeloid cell nuclear differentiation antigen (IFN-�-inducible protein 16) Mm.212870 4
Samhd1 SAM domain and HD domain, 1 Mm.248478 2
Ibrdc3 IBR domain containing 3 Mm.259672 2.3
Tapbp TAP binding protein Mm.154457 2.3
H2-T10 histocompatibility 2, T region locus 10 Mm.87776 2.8
Ccl7 Chemokine (C-C motif) ligand 7 Mm.341574 3.3
Nmi N-myc (and STAT) interactor Mm.7491 2.1
Lgals3bp Lectin, galactoside-binding, soluble, 3 binding protein Mm.3152 1.9
Il-4ra Interleukin 4 receptor, alpha Mm.233802 2.8

a Genes were up-regulated in cells treated with 1,000 IU/ml of IFN type I but not in cells infected with WNV for 12 h.
b GenBank accession number refers to the sequence used to design a gene’s probe for the Affymetrix 430A chips.
c Genes are ordered by hierarchical clustering as in Fig. 2C.
d Average relative change was calculated by comparison to the value obtained in the mock-treated cells.
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IRF-3 monomer and dimer bands were consistently detected in
uninfected and mock-infected cells. This was expected since
previous studies reported constitutive expression of IFN-�/�,
albeit at very low levels, in the absence of virus or other IFN
inducers in normal primary fibroblasts, splenocytes, and bone
marrow cells obtained from mouse embryos (42). Consistent
with this, some phosphorylated STAT1 protein was also pre-
viously detected in mock-infected primary MEFs (39). The
amounts of IRF-3 monomer and dimer increased between 6
and 8 h after WNV infection and remained elevated through
24 h (Fig. 5A). In contrast, in mock-infected cells, the levels of
IRF-3 monomers and dimers were similar at each of the times
analyzed. The increase in the level of IRF-3 dimers observed
by 8 h after infection was consistent with our previous data,
showing up-regulation of IFN-� mRNA between 8 and 12 h
and increased phosphorylation of STAT1 by 16 h after WNV
infection (39). IRF-3 is activated by phosphorylation at multi-

ple sites, including Ser396, within the carboxy-terminal portion
of the protein (31, 40). The phosphorylation of IRF-3 Ser396
(phosphoSer396 IRF-3) in primary He MEFs was examined by
immunoblotting using an antibody that recognizes IRF-3 phos-
phorylated at this position. Lysates were prepared from cells
infected with WNV for 6, 8, 16, and 24 h and from mock-
treated cells. As shown in Fig. 5A, the phosphoSer396 IRF-3
isoform was first detected at 16 h after infection. Activated
IRF-3 is known to translocate to the nucleus (26). The kinetics
of IRF-3 nuclear translocation in WNV-infected He MEFs
were evaluated by confocal microscopy. As expected, IRF-3
was detected only in the cytoplasm of mock-infected cells (Fig.
5B). Focal nuclear localization of IRF-3 was observed in
WNV-infected cells at 8 and 12 h after WNV infection. By
16 h, IRF-3 was predominantly located in the nucleus and was
diffusely distributed. These results indicate that WNV Eg101
infection rapidly activates IRF-3.

FIG. 4. Real-time qRT-PCR and Western blot analysis of Casp11 expression in response to IFN treatment and/or WNV infection. Primary He
MEFs were mock infected for 1 h (M), infected with WNV at an MOI of 10 (W), incubated with 1,000 IU/ml of universal type I IFN for 1 h and
then either incubated with medium without IFN for 2 h (I) or infected with WNV for 1 h and incubated with medium for 1 h (I/W2). Replicate
infected cultures were harvested at the indicated times after infection. (A) Relative quantification of intracellular Casp11 mRNA by real-time
qRT-PCR. RNA levels are expressed in RQ units as the log10 relative change in expression compared to the level of this mRNA in mock-infected
cells. Each mRNA was normalized to GAPDH mRNA. Error bars represent the SE (n  3). (B) Caspase 11 proteins in cell lysates were detected
by Western blotting as described in Materials and Methods. The blots shown are representative of three independent experiments. (C) Primary
He MEFs were treated with 10, 100, or 1,000 U/ml of mouse IFN-�, and intracellular mRNA levels expressed from the Casp11, Irf1, and Daxx
genes were quantified by qRT-PCR.

FIG. 5. Analysis of expression and activation of IRF-3 in WNV-infected He MEFs. (A) Primary He MEFs were mock infected for 1 h (M) or
infected with WNV at an MOI of 10 (W). Replicate infected cultures were harvested at the indicated times after mock or WNV infection. IRF-3
dimers were detected by Western blotting after separation by electrophoresis on 7.5% nondenaturing (ND) polyacrylamide gels (left and right
upper panels). Total IRF-3 and phosphoSer396 IRF-3 were detected by Western blotting after separation in 10% SDS-PAGE (middle panels).
Actin was used as a cell protein control. (B) He MEFs were mock infected or infected with WNV for 8, 12, or 16 h. The cells were fixed,
permeabilized, and incubated with anti-IRF-3 antibody at a dilution of 1:50, followed by incubation with secondary fluorescein isothiocyanate-
conjugated antibody and visualized by confocal microscopy. Representative images are shown for each time point.
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The expression patterns of Irf1 and Irf7 in WNV-infected
MEFs were analyzed by real-time qRT-PCR using total RNA
from mock- or WNV-infected He MEFs extracted at 12, 24, or
48 h after infection. Irf7 mRNA levels increased by more than
100-fold in samples from 12-h infected and universal type I
IFN-treated (1,000 IU/ml) cells (Fig. 6A). Pretreatment of
cells with 10 or 100 U/ml of mouse IFN-� induced Ifr7 mRNA
to similar levels (data not shown). In contrast, Irf1 mRNA was
induced by less than twofold by 12 h after WNV infection (Fig.
6B) but by more than 10-fold after IFN treatment. By 24 h
after infection, Irf1 mRNA expression levels had increased by
10-fold and remained at this level through 48 h. A low level of
IRF-7 was detected in mock-infected cells by Western analysis.
By 16 h after infection, the level of IRF-7 had increased sig-
nificantly and was similar to the level detected in the IFN-
treated sample (Fig. 6C). IRF-7 protein expression remained
elevated through 48 h after infection. In contrast, IRF-1 was
not detected in mock-infected cells, and a very weak IRF-1
band was detected at 16 h. Thereafter, although IRF-1 protein
levels increased, they did not reach the levels seen in IFN-
treated cells at either 24 or 48 h (Fig. 6C, exposure time of 15
min), even though the levels of IRF-1 mRNA at both these
times were similar to those in IFN-treated cells (Fig. 6B).
When IRF-1 levels were analyzed at earlier times after infec-
tion, a very faint band was detected at 1 h after infection, but
no bands were detected at 2, 4, 6, or 8 h after infection even
after an exposure time of 1 h (data not shown).

STAT5 plays an important role in IFN signaling and partic-
ipates in the induction of type I IFN-dependent responses (47).
Because the STAT5-CrkL heterodimer regulates GAS-medi-
ating gene transcription (12) and IRF-1 is known to have a
GAS element in its promoter (36, 48), the time courses of
STAT5 and CrkL phosphorylation were next examined in

WNV-infected cells. STAT5 is associated with Tyk2, whereas
CrkL associates with the guanine-nucleotide exchange factor
C3G. Following type I IFN stimulation, CrkL is recruited to
Tyk2, which phosphorylates both STAT5 and CrkL, causing
them to form heterodimers that are translocated to the nu-
cleus, where they activate GAS-mediated gene induction (12).
The level of phosphorylated STAT5 was reduced shortly after
adsorption of virus to cells (0.5- and 1-h time points) compared
to mock-infected cells, but by 2 h (1 h after addition of fresh
medium), the levels had increased and were similar to those
seen in mock-infected cells. By 6 h after infection, the levels
had increased slightly but by 24 h had increased significantly
(Fig. 6D). A similar amount of total STAT5 was observed in
mock- and WNV-infected cells at 0.5, 1, 2, 4, and 6 h after
infection and increased notably by 24 h after infection (Fig.
6D). CrkL phosphorylation levels were high in all samples
tested (Fig. 6D). The data suggest that formation of the
STAT5-CrkL heterodimer is not blocked by WNV Eg101 in-
fection.

The data indicate that WNV infection delayed induction of
Irf1 mRNA prior to 24 h after infection (Fig. 6B) and signif-
icantly reduced the level of IRF-1 protein through 48 h (Fig.
6C). To test whether virus infection could suppress IRF-1
expression in IFN-pretreated cells, the time course of IRF-1
expression was examined in cells pretreated with universal type
I IFN (1,000 IU/ml) for 1 h (Fig. 7A, upper panel) or 4 h (Fig.
7B, upper panel) before infection with WNV at an MOI of 10.
Samples from cells treated only with IFN were analyzed at the
same time points (Fig. 7A and B, bottom panels). A very faint
band of IRF-1 was detected in extracts from mock-infected
cells. The same dilution of IRF-1 antibodies (1:500) was used
as in the experiment shown in Fig. 5, where no band in the
mock-infected cells was detected. A faint band was detected in

FIG. 6. Analysis of IRF-1, IRF-7, and STAT5 expression and STAT5 and CrkL phosphorylation in WNV-infected He MEFs. Primary He
MEFs were mock infected for 1 h (M), infected with WNV at an MOI of 10 (W), incubated with 1,000 IU/ml of universal type I IFN for 1 h and
then incubated with medium without IFN for 2 h (I), or incubated with 1,000 IU/ml of universal type I IFN for 1 h and then infected with WNV
(MOI of 10) for 2 h (I/W2). (A) Relative quantification of intracellular Irf7 mRNA by real-time qRT-PCR. RNA levels are expressed in RQ units
as the log10 relative change in expression compared to the level of this mRNA in mock-infected cells. Error bars represent the SE (n  3).
(B) Relative quantification of intracellular Irf7 mRNA by real-time qRT-PCR. Each mRNA was normalized to GAPDH mRNA. (C) IRF-1 and
IRF-7 expression detected by Western blotting after separation by 10% SDS-PAGE. (D) Phosphorylated forms of STAT5 and CrkL as well as total
STAT5 were detected by Western blotting after separation by 10% SDS-PAGE. Actin or eIF4E were used as cell protein controls. The blots shown
are representative of three independent experiments.
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these experiments due to an increase in the exposure time from
10 to 30 min (Fig. 7A, lane M). Increased IRF-1 expression was
observed in cells treated with IFN for 1 h and then incubated
with medium for 2 h (Fig. 7A, lower panel). A much higher
amount of IRF-1 was detected in extracts from cells pretreated
with IFN for 4 h and then with medium for 2 h (Fig. 7B, lower
panel). By 4 h, after either 1 or 4 h of IFN pretreatment, the
levels of IRF-1 had decreased significantly (Fig. 7A and B,
lower panels). The short half-life of the IRF-1 protein (30 min)
(43) ensures that IFN gene induction is transient. In 1-h IFN-
pretreated cells, the levels of IRF-1 were slightly increased at
8 h of incubation and further increased at 12 and 16 h, prob-
ably in response to newly produced IFN-� (Fig. 7A, lower
panel). In the 4-h IFN-pretreated cells, IRF-1 levels were sim-
ilar from 4 through 8 h of incubation and then increased at 12
and 16 h (Fig. 7B, lower panel). At 2 h after the removal of
IFN, IRF-1 levels in extracts from uninfected cells and cells
infected with WNV were similar (Fig. 7A and B, upper panels;
compare W2 and M2). At 4, 6, and 8 h, the levels of IRF-1
were lower in the infected cells than those in uninfected cells
(Fig. 7A and B, upper panels). Although the levels of IRF-1
increased in infected cells at 12 and 16 h, the levels remained
much lower than those seen at 2 h. This secondary up-regula-
tion of IRF-1 in response to infection was stronger in cells
pretreated with IFN for 4 h than in cells pretreated with IFN
for 1 h (Fig. 7A and B, compare lanes W12 and W16). These
results indicate that the expression of IRF-1 was also sup-
pressed in WNV-infected cells pretreated with IFN but to a
lesser extent and for a shorter time than in cells that were not
IFN pretreated. AAF (STAT1 homodimer) is the major tran-
scription complex that activates Irf1 transcription, and STAT1
phosphorylation is a prerequisite for homodimer formation.
To determine whether IRF-1 suppression was due to inhibition
of STAT1 phosphorylation, the levels of STAT1 phosphoryla-
tion were analyzed by Western blotting using the same set of
samples. The levels of STAT1 phosphorylation were increased
at 2 h of incubation for all of the extracts compared to the
levels in the control cells (Fig. 7C and D). In contrast to what

was observed with the IRF-1 protein, the amount of STAT1
phosphorylation observed in the infected samples was similar
to or increased compared to that in uninfected cells pretreated
for either 1 or 4 h with IFN (Fig. 7C and D). Also, no differ-
ences in the levels of STAT5 and CrkL phosphorylation were
observed between the 1- or 4-h IFN-pretreated, uninfected or
infected samples (data not shown). These results indicate that
WNV infection suppresses IRF-1 protein expression without
inhibiting STAT1 activation.

DISCUSSION

The kinetics of activation of IRF-3, induction of IRF-1, and
expression of IRF-7 and induction of the IFN-induced antiviral
response in MEFs infected with the lineage I WNV strain
Eg101 were investigated in the present study. WNV Eg101 and
NY99 are closely related lineage I strains (differing by 21
amino acid residues). Although Eg101 is less neuroinvasive
than NY99 because it lacks an E protein glycosylation site,
both viruses show similar levels of neurovirulence (3). All
strains of WNV replicate efficiently in a wide variety of cul-
tured cells of vertebrate and arthropod origin. How WNV
overcomes innate antiviral defenses in so many different host
cells is currently being investigated. Results from several re-
cent studies indicate that flaviviruses, including some WNV
strains, can evoke processes that negatively regulate JAK-
STAT signaling and IFN-induced responses in various infected
cell lines (4, 17, 23, 29, 32). These events occur with the accu-
mulation of viral proteins, which begins between 12 and 24 h
after infection. The various levels of resistance to the antiviral
actions of IFN observed for different strains of WNV and other
flaviviruses have been mainly attributed to the efficiency with
which particular viral nonstructural proteins, such as NS4B of
DEN virus (32), NS5 of tick-borne encephalitis virus (4), or
NS2A of WNV (Kunjin) (28), control the host cell JAK-STAT
signaling pathway (23).

Early events that occur prior to significant amplification of
WNV Eg101 viral RNA or proteins were analyzed in the
present study. The data obtained suggest that WNV Eg101
employs other countermeasures than the previously reported
inhibition of JAK-STAT signaling by viral nonstructural pro-
teins to attenuate the host antiviral response. Phosphorylation
of both STAT1 isoforms was observed by 16 h and increased to
peak levels by 40 h after WNV Eg101 infection in MEFs (39),
indicating activation rather than blockage of the IFN-induced
JAK-STAT pathway. Even though an antiviral state was in-
duced, WNV Eg101 established and maintained efficient levels
of replication.

Functional classification of all of the genes detected as up-
regulated by 12 h after WNV infection by microarray analysis
showed that many were known ISGs. Comparison of ISG ex-
pression levels in mock-infected cells, cells treated with IFN,
and cells infected with WNV for 12 h revealed three clusters of
genes. The first cluster included genes showing a high level of
induction in both 12-h WNV-infected and 3-h IFN-treated
cells. The target genes for IFN-�, components of the ISGF3
transcription activator complex, such as the Stat1, Stat2, and
Irf9 genes, as well as ISGF3 target genes, such as the Oas, Prkr,
Mx2, and Irf7 genes (33), were present in this cluster. We
previously reported up-regulation of the IFN-� gene in WNV

FIG. 7. Effect of different lengths of IFN pretreatment on IRF-1
expression and STAT1 phosphorylation after WNV infection. Primary
He MEFs were mock infected for 1 h (M) or untreated (C) or incu-
bated with 1,000 IU/ml of universal type I IFN for 1 h or 4 h and then
either incubated with medium without IFN (M2 to M16) or infected
with WNV (W2 to W16) for the indicated times. IRF-1 (A and B) or
phospho-STAT1 (C and D) protein expression was detected by West-
ern blotting after protein separation by 10% SDS-PAGE. eIF4E was
used as a protein control. The blots shown are representative of three
independent experiments.
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Eg101-infected He MEFs by 12 h after infection (39). In the
present study, the kinetics of activation of IRF-3, the transcrip-
tion factor essential for the induction of type I IFN and other
ISGs, were directly examined by analysis of IRF-3 dimer for-
mation, IRF-3 phosphorylation at Ser396, and IRF-3 nuclear
translocation. IRF-3 dimer levels increased between 6 and 8 h
after WNV infection and remained elevated through 24 h (Fig.
5A). IRF-3 translocation to the nucleus was detected by 8 h
after infection, and by 16 h the majority of IRF-3 was located
in the nucleus. Consistent with this time course of IRF-3 acti-
vation, up-regulation of known IRF-3-targeted genes, such as
mouse homologs of human ISG56 (Ifit1), ISG49 (Ifit3), and
ISG15 (G1p2) (16), was detected by 8 h after infection with
WNV (data not shown). IRF-3 has been reported to be acti-
vated by phosphorylation of Ser/Thr residues located between
residues 382 to 408 (GGASSLENTVDLHISNSHPLSLTS
DQY) (40). Phosphorylation of both IRF-3 Ser396 and Ser398
was observed following Sendai virus infection or double-
stranded RNA treatment, but neither of these serines was
phosphorylated after lipopolysaccharide treatment even
though IRF-3 was activated and translocated to the nucleus
(40). Another study reported that only Ser386 was phosphory-
lated after infection with Newcastle disease virus or treatment
with either double-stranded RNA or lipopolysaccharide and
that phosphorylated Ser386 was detected only in dimers, sug-
gesting that this phosphorylation site is the critical determinant
of IRF-3 activation (31). In the present study, phosphorylation
of Ser396 was not detected until 16 h after WNV infection.
However, IRF-3 dimerization and nuclear localization were
observed starting at 8 h after infection. These results suggest
that phosphorylation of other IRF-3 Ser/Thr residues, such as
Ser386, may be responsible for the initial activation of IRF-3 in
WNV Eg101-infected MEFs. A previous study with WNV
NY99 also reported the inability to detect phosphorylation of
IRF-3 at Ser396 prior to 36 or 20 h after infection in two
human cell lines, 293 (embryonic kidney) and A549 (lung car-
cinoma), respectively (13, 14).

The second cluster of genes revealed by comparison of ISG
expression levels in mock-infected cells, cells treated with IFN,
and cells infected with WNV for 12 h included ones that were
induced to only about twofold in infected cells but were
strongly up-regulated by IFN treatment. Genes in the third
cluster were induced by IFN treatment but not up-regulated
prior to 24 h in WNV-infected cells. Genes in these clusters
included ones encoding stress-related serine proteinase inhib-
itors and genes in calcium-regulated and apoptosis pathways.
A number of genes involved in transcriptional regulation such
as the Irf1, Nfkbiz (NF-�B inhibitor zeta [I�B�]), and Cebpd
genes were also in these clusters. Suppression of these three
transcription factors by WNV Eg101 infection would be ex-
pected to inhibit the expression of the genes they regulate.
Studies with I�B� knockout mice showed that I�B� is essential
for the expression of a number of genes, including lipopolysac-
charide-inducible genes such as the Il-6, Casp11, Ccl7, and
Cebpd genes (52). Several genes encoding cytokines (Cxcl9,
Ccl2, Ccl7, and Il-6 genes) were not induced in WNV Eg101-
infected MEFs. The decreased expression of several ISGs as-
sociated with apoptosis, such as proapoptotic transcription fac-
tor Irf1, Pdcd1lg, Daxx, and Parp14, in WNV-infected MEFs
would be expected to sustain cell viability and enhance virus

production. Only two caspases, the Casp11 and Casp12 genes,
were induced by type I IFN treatment in MEFs (Fig. 2C), and
the expression of both of these genes was suppressed by WNV
Eg101 infection. The human homolog of mouse Casp11,
CASP4, has been shown to mediate endoplasmic reticulum
stress-induced apoptosis (18), and suppression of its expression
would be expected to prolong the survival of WNV-infected
cells.

It was previously reported that DEN2 virus infection in-
duced both IRF-1 and IRF-7 expression in human A549 cells,
while JEV infection did not induce these IRFs even though
IFN-� was induced in both JEV and DEN2 virus infections
before 24 h (7). JEV, but not DEN2 virus infection, efficiently
blocked the IFN-induced JAK-STAT signaling cascade by pre-
venting Tyk2 and STAT phosphorylation (27). Chang et al. (7)
proposed that in DEN2 virus-infected cells, AAF (STAT1 ho-
modimer) and ISGF3 (STAT1/STAT2/IRF-9 complex) com-
plexes formed and induced Irf1 and Irf7 transcription, respec-
tively, while in JEV-infected cells, blockade of Tyk2 and STAT
activation prevented formation of these transcription com-
plexes (7). WNV Eg101 infection of MEFs also did not block
STAT activation (39). In DEN2 virus-infected cells, IRF-1
protein expression was observed by 12 h after infection, while
IRF-7 expression was not detected until 36 h (7). In WNV
Eg101-infected cells, IRF-7 was detected by 16 h after infec-
tion, indicating rapid formation of ISGF3 complexes. How-
ever, IRF-1 expression was not detected until 24 h. Because
STAT1 and STAT5 were phosphorylated in WNV-infected
cells and because these are components of the AAV and
STAT5-CrkL complexes, respectively, that are required for
transcriptional activation of genes with GAS elements in their
promoters (such as Irf1), the observed delay in IRF-1 expres-
sion was likely not due to an inability of AAV and STAT5-
CrkL complexes to form. Crucial steps downstream of STAT
activation could be the targets of the WNV Eg101-induced
blockage. It was previously reported that histone deacetylase 1
activity is required for full transcriptional activation of the Irf1
gene (53).

For the Casp11 and Irf1 genes, an additional level of
regulation was observed in WNV-infected cells. For both of
these genes, protein levels detected in cells infected for 16,
24, or 48 h with WNV were low or undetectable even though
the mRNA levels detected for these genes at these times
were as high or higher than those in IFN-treated cells, which
expressed high levels of these proteins. Decreased IRF-1
protein levels were also evident in cells treated with IFN for
1 or 4 h and then infected with WNV (Fig. 7A and Fig. 7B).
Four-hour IFN-pretreated, WNV-infected MEFs produced
virus yields that were 10-fold lower than control cells, and
up-regulation of IRF-1 by viral infection was detected by
12 h after infection. In contrast, in 1-h IFN-pretreated and
untreated infected cells, up-regulation of IRF-1 expression
was not detected until 16 to 24 h after infection and was
lower at these times than in cells treated only with IFN (Fig.
6C and 7A). Virus titers produced by the 1-h IFN-pretreated
cells were similar to those produced by control infected
cells, supporting an inverse correlation between the levels of
IRF-1 expression and virus yields. Whether suppression of
the expression of a subset of ISGs is mediated directly or
indirectly by WNV Eg101 infection is currently under inves-
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tigation. Known mechanisms of differential regulation of
cellular protein levels include phosphorylation/dephosphor-
ylation of translation factors by protein kinases, regulation
of mRNA stability, and accelerated protein degradation
(35).
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