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Abstract

Productive virus infection requires evasion, inhibition, or subversion of innate immune responses. West Nile
virus (WNV), a human pathogen that can cause symptomatic infections associated with meningitis and en-
cephalitis, inhibits the interferon (IFN) signal transduction pathway by preventing phosphorylation of Janus
kinases and STAT transcription factors. Inhibition of the IFN signal cascade abrogates activation of IFN-induced
genes, thus attenuating an antiviral response. We investigated the mechanism responsible for this inhibition and
found that WNV infection prevents accumulation of the IFN-a receptor subunit 1 (IFNAR1). The WNV-induced
depletion of IFNAR1 was conserved across multiple cell types. Our results indicated that expression of WNV
nonstructural proteins resulted in activated lysosomal and proteasomal protein degradation pathways inde-
pendent of the unfolded protein response (UPR). Furthermore, WNV infection did not induce serine phos-
phorylation, a modification on IFNAR1 that precedes its natural turnover. These data demonstrate that WNV
infection results in a reduction of IFNAR1 protein through a non-canonical protein degradation pathway, and
may participate in the inhibition of the IFN response.

Introduction

West Nile virus and other arboviruses have the

remarkable ability to replicate and assemble virus
particles despite activating innate immune responses. While
animals have evolved highly complex and powerful immune
signals, viruses have adopted mechanisms to evade, subvert,
disrupt, or inhibit them. Hence the relationship between cel-
lular agonists and viral antagonists of the innate immune re-
sponse is a driving force in viral pathogenesis.

WNV has an approximately 11 kb-long positive-sense
RNA genome encoding a single polyprotein, which is then
proteolytically processed into 10 individual proteins, in-
cluding three structural proteins (the capsid C, membrane
M, and envelope E), and seven nonstructural proteins
(glycoprotein NS1, NS2A, protease cofactor NS2B, protease
and helicase NS3, NS4A, NS4B, and the polymerase NS5)
(reviewed in 5,33,34). The virus is maintained in an enzootic
cycle between mosquitoes and birds, but can infect mam-
mals, including horses and humans. In humans, WNV in-
fection typically presents as a febrile illness that can
generally be resolved in healthy individuals (49,50). How-
ever, in some cases WNV infection can progress to more
serious CNS-associated sequelae, including lethal encepha-

litis (46,53–55). Since its introduction into North America in
1999, WNV has spread rapidly across the continental Uni-
ted States, and subsequently into Mexico and South
America, and has emerged as the major cause of viral en-
cephalitis in the Western hemisphere (18,20). So far, anti-
viral therapies or vaccines are not available to treat or
prevent WNV infections.

WNV has evolved the ability to block the interferon (IFN)
signal transduction pathway (19,38). In WNV-infected cells,
IFN exposure fails to induce phosphorylation of the Janus
kinases JAK1 and Tyk2, and as a consequence, the STAT
transcription factors remain latent, preventing transcrip-
tional activation of interferon-stimulated genes (ISGs) (19).
Mutagenesis experiments revealed that NS4B is a determi-
nant for blocking IFN signaling in cells harboring a repli-
cating genome. However, homologous mutations in
infectious virus did not phenocopy these results, indicating
that additional viral factors contribute to IFN antagonism
during virus infections (13). Results derived from transfec-
tion studies with individual proteins remained inconclusive,
invoking roles for NS4B and several other NS proteins in
inhibition of the IFN response (31,38,44,45). Recently, various
studies with WNV and dengue virus (DENV), a closely re-
lated flavivirus, have suggested a number of potential
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mechanisms employed to block IFN-stimulated signals and
antiviral responses (1,22,29,41).

The IFN-a receptor (IFNAR) has two major subunits, IF-
NAR1 and IFNAR2c, which tightly dimerize upon IFN-a
binding (58). IFNAR1 is a highly glycosylated protein with an
apparent molecular weight of *110 kDa (10,35). Tyk2 is as-
sociated with IFNAR1, while JAK1, STAT1, and STAT2 are
associated with IFNAR2 (8,9,11,30). Exposure to IFN induces
dimerization of the receptor components and leads to the ac-
tivation of the associated kinases (8,9,16). Following activation
of Jak1 and Tyk2 kinases, the STAT proteins are phosphory-
lated, which leads to their translocation to the nucleus, re-
sulting in transcription of ISGs. In response to IFN, IFNAR1 is
phosphorylated on serines 535 (S535) and 539 (S539), leading
to ubiquitination on several lysines (K501, K525, and K526) by
the E3 ligase complex SCF-Trcp (27). Ubiquitinated IFNAR1,
together with IFNAR2, translocate into endosomes. While
IFNAR2 is recycled to the plasma membrane, IFNAR1 is
proteolytically degraded in lysosomes (25,36,40,51). IFN-
induced downregulation of IFNARs represents one of several
negative feedback loops used by cells to counter potential
cytotoxic effects associated with the expression of ISGs.

Since WNV infection inhibits IFN responses at a receptor-
proximal point in the pathway, we envisioned a scenario in
which WNV infection alters the biochemical composition of
the IFN receptor complex. To this end, we predicted that
WNV activates or deregulates natural mechanisms for con-
trol of IFNAR complex components that play a role in neg-
ative feedback regulation of the IFN response. The results
presented in this study demonstrate that WNV infections
lead to a reduction in IFNAR1 expression.

Materials and Methods

Plasmids and transfections

Plasmids encoding IFNAR1 (pUNO-IFNAR1) and IL-
12Rb1 (pORF9-IL12Rb1) were purchased from Invivogen
(San Diego, CA). Point mutants of IFNAR1 were generated
with the QuikChange� mutagenesis kit (Stratagene, Agilent
Technologies, Santa Clara, CA) according to the manufac-
turer’s instructions. The overlapping primers used for mu-
tagenesis were 50-CAA ACT AGC CAA GAT GCA GGA
AAT TAT TCT AAT G-30 and 50-CAT TAG AAT AAT TTC
CTG CAT CTT GGC TAG TTT G-30. The mutation was
verified by nucleotide sequence analysis. HeLa cells were
transfected with lipofectamine 2000 (Invitrogen, Carlsbad,
CA) with 1 mg plasmid per 106 cells.

Cell culture and virus infections

HeLa, 293, A549, Vero, and BHK-21 cells were maintained
at 378C in a humidified atmosphere with 5% CO2 in Dul-
becco’s modified Eagle medium (DMEM) (Gibco, Carlsbad,
CA) supplemented with 10% fetal calf serum and 100 mg/mL
penicillin, 100mg/mL streptomycin, 1% non-essential amino
acids (Gibco), and 50 mg/mL glutamine. Prior to infection,
transfected or untransfected cells were seeded at 1�106 cells
in 60-mm plates. Cells were infected with virus in PBS con-
taining 2% FBS for 1 h. Unadsorbed virus was removed by
washing, and DMEM supplemented with 2% FBS was added
to the cells. After 24 h, the cells were treated with IFN-a2a or
left untreated as indicated in the text.

To produce infectious virus, West Nile virus strain NY99
was produced from the plasmid construct pFL-WNV-NY99
or mutants as previously described (56). BHK-21 cells were
electroporated with 2mg in vitro transcribed RNA. Media
were collected 3 d post-transfection, cleared of cell debris,
and stored at �708C. Titers were determined by plaque assay
on BHK21 cells as previously described (60).

Antibodies

Mouse monoclonal antibodies against tubulin (T5168;
Sigma-Aldrich, St. Louis, MO), IFNAR1 (sc7391; Santa Cruz
Biotechnology, Santa Cruz, CA), IFNAR2 (sc30014; Santa
Cruz Biotechnology), IL-12Rb1 (sc25479; Santa Cruz Bio-
technology), STAT1a p91 (sc417; Santa Cruz Biotechnology),
rabbit monoclonal antibodies against phosphorylated IF-
NAR1 (PhosphoDetect, PS1003; Calbiochem, San Diego,
CA), EGFR (15F8; Cell Signaling Technology, Inc., Beverly,
MA), rabbit polyclonal antibodies against phosphotyrosine
701-STAT1 (9171; Cell Signaling Technology), and goat
polyclonal antibodies against WNV NS3 (AF2907; R&D
Systems, Inc., Minneapolis, MN) were purchased. Rabbit
polyclonal antibodies to WNV NS5 were a gift from
R. Padmanabhan (Georgetown University).

Western blots and immunoprecipitations

Cells were lysed in 1% Triton lysis buffer (1% Triton X-100,
150 mM sodium chloride, and 50 mM Tris, pH 8.0) and
protein amounts were quantified by Bradford assay (Bio-Rad
Laboratories, Inc., Hercules, CA). Proteins (15mg) were sep-
arated by SDS-PAGE and transferred to Immobilon-P (Mil-
lipore, Billerica, MA). Membranes were cut according to
molecular weight markers and membrane strips were pro-
bed with the indicated antibodies. Horseradish peroxidase-
conjugated secondary antibodies against goat, mouse, and
rabbit IgG (Amersham Biosciences, Piscataway, NJ) were
used. The bands were visualized using SuperSignal West
Pico solutions (Pierce Protein Research Products, Rockford,
IL).

Biotin labeling

Cell surface proteins were labeled with sulfosuccinimidyl-
2-(biotinamido)ethyl-1-1,3-dithiopropinate (sulfo-NHS-SS-
biotin) provided in a cell surface protein isolation kit (Pierce
Protein Research Products) according to the manufacturer’s
instructions. Briefly, cells were washed with PBS and incu-
bated with sulfo-NHS-SS-biotin for 30 min at 48C. The reac-
tion was stopped with quenching buffer and the cell
monolayer was scraped and lysed in a buffer containing 1%
Brij and 0.1% SDS for 30 min on ice. One-seventh of extract
was set aside for total protein control and the remainder of
the biotin-labeled protein was affinity purified with im-
mobilized agarose NeutrAvidin beads by incubation over-
night at 48C.

RNA analysis

Total RNA was extracted with TRIzol reagent (Invitrogen)
following the manufacturer’s instructions. For PCR, total
RNA (1mg) was used for cDNA synthesis with primer 50-
GGGGCTTGGTATATATGTGG-30. XBP-1 cDNA was am-
plified with a forward primer 50-CCTTGTAGTTGA
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GAACCAGG-30, and reverse primer 50-AGTTGTCC
AGAATGCCCAAC-30. PCR products were analyzed on 4%
Nu-Sieve agarose gel. Real-time PCR was performed in
triplicate using 200 pg of amplified cDNA and primer/probe
sets specific to b-actin, IFNAR1, IFNAR2, and CHOP (Ap-
plied Biosystems Inc., Carlsbad, CA) on an ABI 7000 in-
strument. Results were normalized to b-actin prior to
determination of fold induction.

Results

WNV infection induces a decrease in IFNAR1
protein levels

Preliminary efforts to investigate how WNV inhibits the
IFN response pointed to defects in phosphorylation of Jak1,
and in particular, Tyk2. However, expression levels of both

kinases did not seem to be affected by WNV infection (19).
While we confirmed those original observations, we con-
ducted a more detailed analysis of expression levels of the
two IFNAR subunits, IFNAR1 and IFNAR2. We examined
the protein levels of both proteins during wild-type WNV
NY99 infections of HeLa and Vero cells. In all cases exam-
ined, WNV replication significantly reduced accumulation of
IFNAR1 (Fig. 1A and B). In multiple experiments with HeLa
and Vero cells, IFNAR1 protein levels were decreased in a
range from 75 to almost 99%. Protein levels were determined
by densitometry and quantified by ImageJ software, stan-
dardized against tubulin (Fig. 1A and B). When HeLa cells
were infected with WNV NY99 at MOI 0.5 or 2 for 24 h,
IFNAR1 protein levels declined in relation to the MOI (Fig.
1A and Supplemental Fig. 1A; see online supplementary
material at http://www.liebertonline.com). At times, it was

FIG. 1. WNV inhibits accumulation of IFNAR1. (A) HeLa cells were infected with WNV NY99 at an MOI of 0.5 or 2 for 24 h
and lysates were analyzed by Western blotting with anti-IFNAR1, anti-NS3 (WNV), and anti-tubulin antibody. (B) Vero cells
were infected with WNV NY99 at an MOI of 2 for 24 h and lysates were analyzed by Western blotting with anti-IFNAR1,
anti-NS3 (WNV), and anti-tubulin antibody. (C) Graph representing densitometry of IFNAR1 bands in multiple experiments
with HeLa and Vero cells. (D) HeLa and WNV replicon-bearing HeLa cells, KUNCD20, and cell lysates were analyzed by
Western blotting with anti-IFNAR1, anti-STAT1, and anti-NS3 (WNV) antibody. Triplicate samples were run for comparison.
(E) HeLa cells were transfected with plasmids expressing IFNAR1, IFNAR2, or IL-12Rb1 and 48 h later were infected with
WNV NY99 (MOI of 2) for 24 h. Cell lysates were analyzed by Western blotting with the indicated antibodies. Data from one
representative experiment of three are shown.
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noted that an additional band was observed migrating with
an apparent MW of 60 kDa. This band does not represent
IFNAR1, although it would be consistent with the calculated
MW of 58 kD for the 557-long receptor subunit. Instead, the
band corresponding to a MW of 110 kD represents bona-fide
IRNAR1, which is known to be highly glycosylated at over
15 predicted sites (35). Consistent with glycosylation, treat-
ment of cell extracts with the endoglycosylase PNGase F
resulted in dissolution of the single higher molecular weight
band into several smaller bands (Supplemental Fig. 1B; see
online supplementary material at http://www.liebertonline
.com) (35). Vero cells are defective in IFN production (12).
Therefore, the decrease in IFNAR1 is not due to IFN being
produced by infected cells and inducing degradation.

To determine if viral replication as well as nonstructural
proteins were responsible for the IFNAR1 decrease, we ex-
amined previously characterized subgenomic replicon-
bearing cells, KUNCD20 (13,19). IFNAR1 molecules were
immunoprecipitated from KUNCD20 cells and parental
HeLa cell lysates. KUNCD20 cells expressed approximately
70% less IFNAR1 protein than HeLa cells, demonstrating a
significant depletion of this protein by WNV nonstructural
proteins (Fig. 1C). Thus these results showed that infection
and replication of two different strains of WNV, NY99 and
Kunjin, cause a decrease in IFNAR1 protein levels, suggest-
ing conservation of the mechanism between highly neuro-
pathogenic (NY99) and more attenuated strains (Kunjin).

To determine the specificity of the IFNAR1 decrease, we
analyzed the effect of WNV infections on IFNAR2 and IL-
12Rb1 expression levels. We selected IL-12Rb1 because it
associates with and signals through Tyk2, similarly to IF-
NAR1 (2,23,63). Following WNV infection, IL-12Rb1 levels
remained unaffected (0–5% decrease), and IFNAR2 levels
were only modestly diminished compared to uninfected
cells (10–40% decrease) (Fig. 1D).

IFNAR1 depletion is not caused by cell stress

Previous studies have shown that certain flavivirus in-
fections can induce cellular stress response pathways, lead-
ing to global inhibition of protein synthesis, enhanced
degradation of proteins, and cell death (42,57,59,62). Re-
cently, it has been reported that under selected conditions
replication of vesicular stomatitis virus (VSV) and hepatitis C
virus (HCV) can induce a cellular stress response leading to a
decrease in IFNAR1 expression levels (36). The unfolded
protein or ER stress response (UPR/ER stress) pathway
consists of a highly defined group of proteins, that when
activated, result in expression of proteins that dictate cell
survival or apoptosis (Fig. 2A). To determine if the WNV-
induced decrease in IFNAR1 protein was the result of a
general cell stress response, we measured splicing of X box
binding protein 1 (XBP1) mRNA and RNA expression of
cyclic AMP response element-binding transcription factor
homologous protein (CHOP), both of which increase in re-
sponse to cellular stress (24,39,47). We found that XBP1
splicing was not induced in WNV-infected HeLa cells under
the same conditions used to demonstrate inhibition of IF-
NAR1 (Fig. 2B). However, activation of XBP1 splicing was
observed in A549 cells (data not shown). In HeLa cells,
CHOP RNA transcripts were approximately 4.4-fold in-
creased at 24 h post infection, which is low compared to the

greater than 60-fold induction observed with tunicamycin
(Fig. 2C). BiP is a master regulator of several of the UPR/ER
stress pathways. Its upregulation is a hallmark of massive
cell stress. WNV infection did not alter BiP expression, es-
pecially compared to tunicamycin treatment (Fig. 2D).
Hence, based on these results covering multiple possible
pathways, we considered it unlikely that IFNAR1 down-
regulation could be caused solely by a general stress re-
sponse. Moreover, as shown in the following sections, we
did not observe a stress-induced phosphorylation of IFNAR1
that precedes IFNAR1 degradation (36).

WNV-induced reduction of IFNAR1 occurs at the protein
level and depends on both the lysosomal and proteasomal
protein degradation pathways. WNV-induced reduction of
IFNAR1 levels could be explained by at least three different
mechanisms: inhibition of mRNA synthesis, inhibition of
protein translation, or increase in protein degradation.
Analysis of IFNAR1 and IFNAR2 mRNA levels did not re-
veal a significant difference between uninfected and WNV-
infected HeLa cells (Fig. 3A), indicating that regulation of the
receptor occurred at the protein level. IFNAR1 protein sta-
bility is dictated by the IFNAR1-associated kinase, Tyk2
(16,40,51,52). To determine if Tyk2 levels were altered by
WNV infection, we infected HeLa cells with MOI of 2 and
showed that Tyk2 levels were not altered by virus infection
(Fig. 3B). These observations agreed with our previous re-
sults with HeLa cells expressing subgenomic WNV replicons
(19). Thus far, our results indicated that WNV replication
leads to a significant reduction in the accumulation of IF-
NAR1 in the presence of Tyk2 without cell stress, and in-
voked the possibility that a novel mechanism is responsible
for the observed decrease in IFNAR1 accumulation.

The current model for IFNAR1 turnover postulates that
the receptor is degraded after endocytosis in the lysosomal
compartment, which is partially controlled by phosphoryla-
tion of serine 535 (S535) (25,27,28,40). To determine the role
of S535, we constructed an alanine substitution mutant,
IFNAR1-S535A. We analyzed IFNAR1 and IFNAR1-S535A
levels in cells treated with ammonium chloride (NH4Cl),
which is known to prevent lysosomal acidification, and
found that the chemical rescued accumulation of the receptor
in both WNV-infected cells and in cells stably expressing
subgenomic WNV replicons (Fig. 3C and D). These results
indicated that WNV replication increased the rate of receptor
turnover and destruction in lysosomes.

To determine if other protein degradation pathways were
required to deplete IFNAR1, we treated cells with the pro-
teasome inhibitor MG132. We found that MG132 treatment
restored IFNAR1 levels in WNV-infected cells. These data
support the previously published reports that IFNAR1 is
imported into a lysosomal degradation pathway following
IFN treatment (40). However, these data also suggest that
WNV infection may also activate proteasomal degradation of
IFNAR1, in the absence of functioning lysosomes.

IFN binding induces the phosphorylation of serines S535
and S539 located near the C-terminus of IFNAR1 (Fig. 4A),
leading to ubiquitin-dependent internalization and proteolytic
digestion in the lysosomal compartment (25,27,28,40). Muta-
tion of S535 to alanine (S535A) attenuates this process (27,40).
Consistent with previous reports, the S535A mutation signif-
icantly increased accumulation of IFNAR1 in normal, unin-
fected cells. Importantly, its levels were modestly reduced in
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WNV-infected HeLa cells (15–25%). As observed with the
wild-type receptor, accumulation of the mutant increased in
the presence of both ammonium chloride and MG132. It is
also possible that the role for the proteasome may increase
when the lysosomal pathway is blocked. Regardless, these
results were also consistent with a model predicting that
WNV caused a reduction in IFNAR1 levels by increasing
protein turnover by the lysosomal pathway.

IFNAR1 turnover in WNV-infected cells uses a non-
canonical pathway. The model for regulation of IFNAR1
expression predicts that S535 phosphorylation triggers ubi-
quitination and subsequently AP2 and clathrin-dependent
endocytosis of the receptor subunit and proteolytic digestion
in the lysosomal compartment (25–28,40). We therefore tes-
ted whether WNV induces phoshorylation of S535 through
activation of a serine kinase. However, the decline of
IFNAR1 in HeLa cells infected with WNV did not correlate
with a detectable increase in S535 phosphorylation (Fig. 4,

second panel, lanes 4–6). These results also showed that the
observed reduction of IFNAR1 levels was not due to the
expression of IFN-a that could be induced by WNV. If this
were the case, S535 phosphorylation should have been
detected, as it was after treatment of cells with IFN-a (Fig. 4,
second panel, lane 2). Importantly, the results showed that
stress-induced phosphorylation of S535 did not occur under
our experimental conditions, and hence could not explain the
observed reduction in IFNAR1 expression (36). It should be
noted that in some experiments we could detect tyrosine
phosphorylation of Stat1, indicating that inhibition of IFN
signaling was not always complete.

WNV inhibits surface accumulation of IFNAR1

To further validate this model, we determined the surface
expression of wild-type and mutant (S535A) IFNAR1
in normal and WNV-infected cells. For this purpose, we

FIG. 2. WNV does not induce cell stress. (A) Schematic representation of the current understanding of ER stress. (B and C)
HeLa cells were infected with WNV at an MOI of 2 for 24 and 48 h. Total RNA was analyzed for: (B) XBP1 splicing by reverse
transcription PCR (arrow denotes spliced XBP1), and (C) expression of CHOP mRNA by quantitative PCR. (D) HeLa cells
were infected with WNV at an MOI of 2 for 24 h or treated with tunicamycin (30 mM) for 3 h. Total protein was analyzed for:
BiP induction by Western blot (TUN, tunicamycin). Data from one representative experiment of three are shown.
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biotinylated cell surface proteins of normal and WNV-
induced HeLa cells and determined the levels of affinity
purified proteins. The results showed that WNV reduced
total accumulation of wild-type and mutant IFNAR1 eight-
to 10-fold, and two- to threefold, respectively (Fig. 5A and B).
The reduction in surface protein expression was similar,
reaching levels of eight- to 12-fold for wild-type, and three-
fold for the mutant receptor.

These results raised a question about the specificity of the
observed reduction in cellular protein expression. To this end
we made the following observations. First, among the sur-
face proteins examined, IFNAR2 and IL-12Rb1 were either
not, or only modestly, reduced in WNV-infected cells. Sec-
ond, a comparison of total surface protein levels between
HeLa cells and cells expressing subgenomic replicons did not
exhibit any detectable differences (data not shown). Third,
expression levels of Tyk2, Stat1, tubulin, and actin were not

affected by WNV infections (Figs. 1, 2, 4, and 5). Thus we
concluded that WNV reduces IFNAR1 and does not act as a
general activator of protein degradation or an inhibitor of
protein synthesis.

Discussion

A novel mechanism for innate immune suppression

The current study builds on our previous observations
with WNV and HCV, which revealed an unexpected differ-
ence between the two viruses in their ability to antagonize
the innate immune response. Consistent with clinical results,
we and many others found that HCV was very sensitive to
the antiviral activity of IFN in tissue culture cells (3,14,19). In
contrast to HCV, and in agreement with previous results, we
found that WNV was much more resistant to the cytokine,
which could be explained by a general inhibition of IFN

FIG. 3. The WNV-induced decrease of IFNAR1 is mediated by a lysosomal and proteasomal degradation pathway. (A and
B) HeLa cells were infected with WNV NY99 (MOI of 2) for 24 h. (A) Total RNA was analyzed for: IFNAR1 and IFNAR2
mRNA by quantitative PCR. (B) WNV-infected cells were treated with 1000 U/mL IFN for 30 min. Total cell lysates were
analyzed for Tyk2 expression by Western blot with the appropriate antibodies. (C) HeLa cells transfected with wild-type or
mutant IFNAR1S535A were infected with WNV NY99 (MOI of 2) (lanes 2–4 and 6–8) for 8 h. WNV-infected cells were treated
with NH4Cl (30 mM) or MG132 (10 mM) for 16 h. Transfected cells that were mock-infected and untreated cells acted as
controls (lanes 1 and 5). Cell lysates were analyzed by Western blotting using antibodies against IFNAR1, NS3, and tubulin.
(D) Kunjin replicon-bearing cells were treated with NH4Cl (30 mM) for 16 h. Cell lysates were analyzed by Western blotting
using antibodies against IFNAR1, NS3, and tubulin. Data from one representative experiment of two are shown.

258 EVANS ET AL.



signaling (19,38). Several other laboratories reported similar
observations with other members of the genus Flavivirus,
including the Japanese encephalitis and Dengue viruses
(4,31,32,44,45). Biochemical studies provided evidence for a
mechanism in which one or several viral proteins inhibited
the Jak-Stat signal transduction pathway, explaining why
WNV-infected cells failed to establish an antiviral state
(13,19,38,44). The present study provided a possible expla-
nation for these observations. WNV infections cause a sig-
nificant reduction in a key component for IFN signaling,
IFNAR1. This observation could have been explained by a
cellular stress mechanism leading to a general inhibition of
protein synthesis (i.e., through activation of PERK and
phosphorylation of eIF2a) (36). However, such a scenario
was not supported by our results. For example, WNV rep-
lication did not significantly alter the stability of the second
IFN-a receptor subunit INFAR2, or the Tyk2-binding cyto-
kine receptor subunit IL-12b1, and levels of cytoplasmic or
nuclear proteins examined in this study remained normal.
Also, Tyk2 expression levels were not altered during infec-
tion, so its depletion could not explain the IFNAR1 decrease
(Fig. 3). Furthermore, we analyzed Tyk2 association with
IFNAR1 during WNV infection. Tyk2 co-precipitated with
IFNAR1 as long as IFNAR1 was detectable (data not shown).
Furthermore, we did not obtain evidence for activation of a
stress response in infected HeLa cells or in HeLa cells stably
expressing subgenomic replicons (Fig. 1C). We did not ob-
serve XBP-1 splicing or CHOP expression. These data are in
contrast to recently published reports suggesting that WNV

causes cell death through induction of cell stress (42). The
studies differ in multiplicity of infection as well as cell type.
We demonstrated that different cell types respond to WNV
infection by activating cell stress pathways (Supplementary
Fig. 2A and B; see online supplementary material at http://
www.liebertonline.com). However, WNV infection did not
induce cell stress in our HeLa cells, so this cannot explain the
observed loss of IFNAR1 accumulation.

Our model for inhibition of the IFN response differs from
others proposed for WNV-related flaviviruses, including
Japanese encephalitis virus ( JEV) and tick-borne encephalitis
virus (TBEV). These viruses appear to inhibit the IFN sig-
naling by a mechanism requiring the viral polymerase en-
coded by NS5 (4,31,32). Although a physical interaction
between the TBEV NS5 protein with IFNAR2 could be
demonstrated, it did not lead to an inhibition of expression of
either receptor subunit, as we observed with IFNAR1 in
WNV-infected cells (4,48). Very recently, other groups also
reported the role of flavivirus NS5 in blocking IFN signaling
(1,41). Ashour et al. showed that dengue virus NS5 expres-
sion resulted in proteasomal degradation of the STAT2 sig-
naling molecule (1). However, Mazzon et al. reported that
NS5 inhibits phosphorylation/activation of STAT2, but re-
quires other NS proteins to induce degradation. More im-
portantly, it was shown that NS5 from highly pathogenic
WNV could completely inhibit IFN signaling, whereas the
NS5 from more attenuated strain could not (41). The exact
cause of this discrepancy is unclear. Furthermore, we found
that WNV infection causes a decrease in IFNAR1 protein

FIG. 4. The WNV-induced decrease of IFNAR1 occurs through a non-canonical pathway. (A) Schematic representation of
IFNAR1 protein. Potential tyrosine phosphorylation sites are noted. The enlarged sequence marks serines 535 and 539
important for IFNAR1 stability. (B) HeLa cells were infected with WNV NY99 at an MOI of 2 for 24 h. Mock-infected cells
were left untreated (lane 1) or treated with IFN (1000 U/mL) for 30 min (lane 2). Cell lysates were immunoprecipitated with
IFNAR1 antibodies. Immune complexes and lysates were analyzed by Western blotting with antibodies against IFNAR1,
phospho-S535/S539-IFNAR1 (P-IFNAR1), phospho-STAT1 (P-STAT1), STAT1, tubulin, and WNV NS3.
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levels, but that NS5 binding to the receptor is not responsible
for the observed IFNAR1 decrease (Fig. 1A–D and data not
shown). In fact, we found that no WNV NS protein was
associated with IFNAR1 during the course of infection.
Taken together, these results suggest that WNV and other
flaviviruses have evolved several mechanisms to decrease
intracellular innate immune signaling pathways.

Comparison with other viruses

Interestingly, a number of DNA and RNA viruses have
evolved mechanisms to combat IFN signaling. Human
cytomegalovirus initiates the degradation of JAK1, whereas
human herpes simplex virus type 1 inhibits the phosphory-
lation of Jak1, Jak2, and Tyk2 (7,43,61). Conversely, closely
related paramyxoviruses target multiple levels of the sig-
naling cascade, including directly inducing the proteasomal
degradation of STAT proteins and targeting the scaffolding
that connects JAK1 to the receptor complex (21,61). The data
presented in our studies suggest that WNV infection initiates
the degradation of the IFNAR1 receptor subunit. The former
studies and our current results highlight the wide variety of
mechanisms employed by viruses to block innate immune
responses and emphasize the need for further studies.

Model for WNV-induced inhibition of IFNAR1

The current model for ligand-induced degradation of IF-
NAR1 predicts phosphorylation of S535 and S539, creating a
target site for ubiquitination (27,28). Ubiquitination of three
lysine residues (K501, K525, and K526), activates an en-
docytic motif YVFF (26). Our results showed that WNV
replication did not induce the initial phosphorylation of S535
in IFNAR1, thus preventing downstream events (Fig. 4A).

Furthermore, the observation that the S535A mutant in-
hibited IFNAR1 degradation could be interpreted to mean
that WNV activates a natural pathway at the level of S535
phosphorylation that functions in the absence of the natural
ligands IFN-a or IFN-b, such as has recently been described
for VSV and HCV (36). Therefore, we propose a model
suggesting that WNV infections increase the rate of turnover
of a subset of IFNAR1 proteins during their migration from
the trans-Golgi to the plasma membrane. Such a model
would make the following predictions. First, increased deg-
radation is restricted to cell surface proteins, which is sup-
ported by our results, although we cannot provide an
explanation at present for the mechanism selecting only a
subset of these proteins. Second, IFNAR1 degradation occurs
without S535 phosphorylation, as we observed. Third, IF-
NAR1 degradation does not appear to depend on a direct
interaction with a viral protein, which is consistent with our
results. Future studies are required to dissect the exact nature
of the IFNAR1 turnover seen during WNV infection.

Implications for WNV biology

The current study provides a possible explanation for the
previously described inhibition of IFN signaling. Because
WNV infections begin in Langerhans and dermal dendritic
cells (DCs) and then propagate in lymph nodes, locales
known for efficient IFN production, it is likely that the ob-
served attenuation of the IFN response is necessary for vi-
remia to occur (6,17). Due to IFN’s importance in antiviral
responses, it is quite possible that WNV employs multiple
mechanisms to inhibit IFN signaling, including NS2A inhi-
bition of the IFN-b promoter (37); NS4B and NS5 blocking
STAT activation (13,29,44); infection delaying IRF3 di-
merization and activation (15); and now IFNAR1 protein

FIG. 5. WNV inhibits expression of cell surface IFNAR1 protein. (A) HeLa cells transfected with wild-type (Wt) IFNAR1,
IFNAR1-S535A (Mt), or IL-12Rb1 were infected with WNV NY99 (MOI of 2) for 24 h. Cells were surface biotin-labeled and
precipitated with neutravidin beads. Lysates (WCE) and biotin-avidin complexes (Neut) were analyzed by Western blotting
with the indicated antibodies. (B) The level of cell surface proteins expressed in transfected and infected cells shown in A
were quantified and expressed as a percentage of the protein expressed in uninfected total lysate (WCE) lanes. Data from one
representative experiment of two are shown.
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depletion. Based on our results, we speculate that this sup-
pression is caused by a novel mechanism involving degra-
dation of IFNAR1 through protein destruction pathways.
Hence, the unknown proteins responsible for this down-
regulation might become an important target for the devel-
opment of therapeutics that prevent WNV-mediated
inhibition of the IFN response, and consequently dissemi-
nation of the virus into the bloodstream and CNS disease,
thus reducing the most serious neuropathologic sequelae of
WNV infections in humans.
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