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Type III interferons (IFN), IFN-� or IL-28/29, are new members of the IFN super-family. Except for using
distinct receptors, type I and type III IFNs share the same major post receptor signaling components to
activate the transcription of a similar set of IFN-stimulated genes (ISGs). To examine the antiviral effects
of the new type IFNs against West Nile virus (WNV), we compared the antiviral effects of IFN-� and IFN-�
on WNV virus-like particle (VLP) infection and replicon replication in Huh7.5 and Hela cells. The results
revealed that (i) both types of IFNs could efficiently prevent the WNV infection, but IFN-� demonstrated
a stronger antiviral efficacy; (ii) WNV genome replication in VLP-infected cells and replicon-containing
cell lines could only be inhibited by IFN-�, but not IFN-�; (iii) in agreement with the observed antiviral

effects, only IFN-�-induced activation of JAK-STAT signaling pathway and induction of ISG expression
were completely inhibited in WNV replicon-containing cell lines, but IFN-� signal transduction was either
unaffected or only partially inhibited in Huh7.5 or Hela cells by the virus. Hence, the differential inhibition
of WNV on IFN-� and IFN-� signal transduction implies that the receptors of the two types of IFNs, but not
the common post receptor signaling components, could be selectively targeted either directly by WNV

indir
cyto
nonstructural proteins or
signal transduction of the

. Introduction

West Nile virus (WNV) is a member of the flavivirus genus in
he family Flaviviridae (Brinton, 2002). In addition to WNV, this
enus contains several other important mosquito-borne human
athogens, including Japanese encephalitis virus (JEV), dengue
irus (DENV) and yellow fever virus (YFV), and represents a sig-
ificant public health problem worldwide (Mackenzie et al., 2004).
ince its first incursion into New York City in 1999, WNV has
apidly spread throughout the continental United States and has
ecently reached South America (Lanciotti et al., 1999; Morales
t al., 2006). In most cases, WNV infection of humans is char-

cterized as asymptomatic or as a mild febrile illness termed
est Nile fever. However, approximately 1% of infected individuals

evelop more severe neurological disorders, such as encephalitis
nd meningitis. Thus far, antiviral therapies and vaccines are not
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ectly by the cellular responses induced by the virus infection to inhibit the
kines.

© 2009 Elsevier B.V. All rights reserved.

yet available to treat and prevent WNV infection (Kramer et al.,
2007).

The interferon (IFN) family of cytokines is now recognized as
a key component of the innate antiviral response and is classified
into three types, based upon the usage of three distinct receptor
complexes (Borden et al., 2007; Sen, 2001). Type III IFNs, IFN-� or
IL-28/29, are the recently identified members of IFN super-family
(Kotenko et al., 2003; Sheppard et al., 2003). As with type I IFNs
(IFN-�/�), IFN-� is induced in many types of cells in response to
virus infection, but it signals through a distinct receptor complex
consisting of IL-10R� and IL-28R�, rather than IFNAR1 and IFNAR2
for type I IFNs (Onoguchi et al., 2007; Osterlund et al., 2007). Inter-
estingly, although neither the cytokines nor the receptors displays
significant sequence similarity, type I and III IFNs share the same
post receptor signaling components. As a consequence, binding of
both types of IFNs to their cognate receptors on cell membrane
activates the receptor-associated janus kinase 1 (JAK1) and tyro-
sine kinase 2 (Tyk2) through tyrosine phosphorylation, which in

turn stimulates the tyrosine phosphorylation of STAT1 and STAT2.
The phosphorylated STAT1 and STAT2, in combination with IRF9,
form a trimeric ISGF3 complex that translocates into the nucleus
and activates the expression of IFN-stimulated genes (ISGs), whose
products can directly limit viral replication (Jiang et al., 2008; Sadler

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:ju-tao.guo@drexelmed.edu
dx.doi.org/10.1016/j.antiviral.2009.03.006
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nd Williams, 2008; Stark et al., 1998). Not surprisingly, it has been
emonstrated that type III IFNs trigger a type I IFN-like ISG expres-
ion profile and inhibit the infection of a variety of viruses in vitro
nd in vivo (Ank et al., 2006; Bartlett et al., 2005; Marcello et al.,
006; Zhou et al., 2007).

IFNs have been evaluated for their potential therapeutic applica-
ions in clinic against the variety of virus infections, with the most
oteworthy example being the successful treatment of chronic
epatitis C virus (HCV) infection with IFN-� (Manns et al., 2007).
onsistent with its antiviral efficacy in vivo, IFN-� does not only
revent HCV infection of naïve cells, but is also able to cure the
irus infected cells (Blight et al., 2002; Guo et al., 2001). In con-
rast, although pretreatment of cells with IFN-� could also inhibit

NV infection, it could not efficiently inhibit viral replication, if
rovided after cells were infected by the virus (Morrey et al., 2004).
his is, at least in part, due to the inhibition of IFN-� signal trans-
uction pathway by WNV nonstructural proteins (Guo et al., 2005;
o et al., 2005; Lin et al., 2004; Liu et al., 2005; Munoz-Jordan et
l., 2003). Consistent with these findings, it had been shown that
WNV strain deficient in blocking the signal transduction path-
ay of type I IFN was phenotypically attenuated in mice (Keller et

l., 2006) and IFN-� based therapies were ineffective against WNV
nfections in humans (Chan-Tack and Forrest, 2005).

To examine the antiviral effects of the new type IFN and eval-
ate its potential for treatment of WNV infection, we compared
he antiviral effects of IFN-� and IFN-� on WNV virus-like particle
VLP) infection and replicon replication in Huh7.5 and Hela cells.
uriously, although IFN-� and IFN-� use a common post receptor
ignal transduction system (s), IFN-� is a far more potent inhibitor
f WNV. In addition, the signal transduction of IFN-�, but not IFN-�,
ould be selectively inhibited by WNV in Huh7.5 cells. This observa-
ion favors a hypothesis that the receptors of type I and type III IFNs,
ut not the common post receptor signaling components, could be
ifferentially targeted either directly by WNV nonstructural pro-
eins or indirectly by the cellular factors induced or activated by the
irus infection to inhibit the signal transduction of the cytokines.

. Materials and methods

.1. Cell culture and reagents

Huh7.5 and Hela cells were cultured in a complete Dul-
ecco’s modified Eagle’s medium (DMEM) that includes DMEM
upplemented with 10% fetal bovine serum (FBS), penicillin G,
treptomycin, non-essential amino acids, l-glutamine. HCV subge-
omic replicon-containing Hela cell line (SL1) was described
reviously (Guo et al., 2001; Zhu et al., 2003). HCV subge-
omic replicon-containing Huh7.5 (Huh7.5/HCVrep) cell line was
erived from a single G-418-resistant colony of Huh7.5 transfected
ith in vitro transcribed HCV replicon RNA (Con1 strain). WNV

eplicon-containing Huh7.5 and Hela cell lines (Huh7.5/WNVrep
nd Hela/WNVrep) were derived from single G-418-resistant clones
f the respective parent cell lines transfected with total RNA iso-
ated from WNV-subgenomic replicon-replicating BHK cells (Rossi
t al., 2005). Conditions for in vitro transcription, RNA electropo-
ation and selection of G-418-resistant cell colonies are described
reviously (Guo et al., 2001). All replicon-containing cell lines
ere cultured with complete DMEM containing 500 �g/ml G-418.
ecombinant IFN-�2b and IFN-�1 were purchased from PBL Inc.
nd Proprotech (Rocky Hill, NJ), respectively.
.2. WNV VLP packaging and infection

Packaging of virus-like particles containing Renilla luciferase
eporter WNV replicons and titration of VLP titers were carried out
rch 83 (2009) 53–60

as previously described (Puig-Basagoiti et al., 2005). To determine
the effects of IFNs on WNV VLP infection, 4 × 104 Huh7.5 or Hela
cells were seeded per well in a 96-well plate. At 16 h post seeding,
the cells were either left untreated or treated with indicated con-
centrations of IFN-� or IFN-� for 24 h. The cells were then infected
with VLP at a multiplicity of infection (MOI) of 2 for 1 h and con-
tinued to be cultured with medium without or with the indicated
concentrations of IFNs for 24 h. Cells were then lysed and luciferase
activity in the cell lysates was quantified by using a Renilla luciferase
assay kit (Promega). To examine the effects of the cytokines on WNV
replicon replication in VLP-infected cells, 4 × 104 Huh7.5 or Hela
cells per well in a 96-well plate were infected 24 h post seeding
with the VLPs at a MOI of 2. Thirty hours after infection, cells were
left untreated or treated with indicated concentrations of IFNs for
24 h. Cells were then lysed and luciferase activity was assayed as
described above.

2.3. RNA extraction and analyses

Cells were left untreated or treated with the indicated con-
centrations of cytokines. Upon the completion of treatment, total
cellular RNA was extracted with TRIzol reagent (Invitrogen) by fol-
lowing the manufacturer’s direction. Five micrograms of total RNA
were fractionated on 1% agarose gel containing 2.2 M formalde-
hyde and transferred onto nylon membranes. Membranes were
hybridized with riboprobes specific for plus-stranded HCV or WNV
replicon RNA in the conditions described previously (Guo et al.,
2003).

For real-time reverse transcriptase (RT)-PCR detection of WNV
RNA, a TaqMan assay was used. Briefly, 100 ng of total RNA was
combined with 50 pmol of forward prime (5′-TCAGCGATCTCT-
CCACCAAAG-3′) and reverse primer (5′-GGGTCAGCACGTTTG-
TCATTG-3′) and 10 pmol of the FAM- and TMARA-labeled probe
(5′-TGCCCGACCATGGGAGAAGCTC-3′) in a 50 �l total reaction vol-
ume by using the TaqMan RT-PCR Ready-Mix Kit (PE Applied
Biosystems). The real-time PCR condition as described previously
(Lanciotti et al., 2000). Quantitation of WNV RNA in the samples
was calculated by generating standard cureve with known amount
of in vitro transcribed WNV RNA.

2.4. Western blot assay

Cells were left untreated or treated with the indicated con-
centrations of cytokines. Upon the completion of treatment, cells
in 100-mm-diameter Petri dishes were washed once with ice-
cold phosphate-buffered saline (PBS) and subsequently lysed with
800 �l of lysis buffer (20 mM Tris–HCl [pH 8.0], 100 mM NaCl, 1 mM
EDTA, 1% NP-40, 1% sodium deoxycholate, and 0.1% sodium dode-
cyl sulfate [SDS]) supplemented with protease inhibitor cocktail
(Roche) and 0.1 mM sodium orthovanadate. Lysates were cen-
trifuged for 5 min at 10,000 × g at 4 ◦C. Equal amounts of cell
lysates were separated by SDS-polyacrylamide gel electrophore-
sis, transferred on Immuno-P membrane (Millipore), probed
with antibodies for HCV NS5A protein (a gift of Dr. Chen Liu,
Florida State University, Gainesville, FL), WNV NS3 protein (a
gift of Dr. Peter W. Mason, University of Texas Medical Branch,
Galveston, TX), ISG15 (Cell Signaling, Danvers, MA), STAT1�p91 (sc-
417; Santa Cruz Biotechnology) and STAT2 (sc-1668; Santa Cruz
Biotechnology), phosphotyrosine 701-STAT1 (9171; Cell Signaling
Technologies), phosphotyrosine 689-STAT2 (07-224; Upstate Tech-
nology), Tyk2 (sc-169; Santa Cruz Biotechnology), phosphotyrosine

1022/1023-JAK1 (3331; Cell Signaling Technologies), phosphoty-
rosine 1054/1055-Tyk2 (9321; Cell Signaling Technologies), or
�-actin (sc-1616; Santa Cruz Biotechnology). Bound antibodies
were revealed by HPR-labeled secondary antibodies and visu-
alized with an enhanced chemiluminescence detection system
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Amersham Pharmacia Biotech) according to the protocol of the
anufacturer.

.5. Reporter assay

Huh7.5 cells were transfected using Lipofectamine 2000 (Invit-
ogen), according to the manufacturer’s instructions. For each
ransfection, 5 × 104 cells per well in 96-well plate were transfected
ith 0.1 �g of plasmid pISRE-Luc (Clontech). Twenty-four hours

fter transfection, transfected cells were left untreated or treated
ith 1000 IU/ml IFN-�2b or 500 ng/ml IFN-�1 for 16 h. Cells were

hen harvested and lysed. Luciferase activities in cell lysates were
etermined using a dual luciferase assay system (Promega).

. Results

.1. Effects of IFN-˛ and IFN-� on WNV VLP infection and replicon
eplication

As described previously (Puig-Basagoiti et al., 2005), when WNV
tructural proteins are supplied in trans into the cells that repli-
ate the subgenomic replicons, the replicons can be packaged and
ecreted as virus-like particles which can infect cells as WNV virions
o. However, because the replicon RNA contains a luciferase gene in

ieu of viral structural genes, infection of cells with such VLPs is sin-
le cycled and incapable of spreading to neighboring cells. Instead,
eplication of replicons in the VLP-infected cells leads to the expres-
ion of luciferase, which can serve as a convenient and quantitative
eporter of WNV infection and genome replication (Puig-Basagoiti
t al., 2005; Scholle et al., 2004).

To determine the effects of IFN-� and IFN-� on WNV infection,
uh7.5 and Hela cells were left untreated or pretreated with indi-
ated amount of cytokines for 24 h, followed by infection with WNV
LPs for 1 h. The infected cells were continued to be cultured in
edium without or with the indicated concentrations of IFNs. Cells
ere lysed 24 h post infection and VLP infection was quantified by

he luciferase assay. The results were expressed as the ratios of light
nits obtained from wells treated with IFN over that obtained in
ntreated control wells. As shown in Fig. 1A and B, both IFN-� and

FN-� inhibited the VLP infection in Huh7.5 and Hela cells in a dose-
ependent manner. However, IFN-� demonstrated a much stronger
ntiviral potency in comparison with IFN-� in both cell types. Inter-
stingly, although treatment of cells with IFN-� at 30 h after the VLP
nfection for 24 h reduced the levels of luciferase expression less
ramatically as compared with IFN-� pretreatment, the cytokine
id induce a dose-dependent and significant reduction of luciferase
ctivity, presumably due to the inhibition of WNV replicon repli-
ation in VLP-infected Huh7.5 and Hela cells (Fig. 1C and D). On
he contrary, post-infection treatment of IFN-� did not significantly
educe the luciferase activity in either Huh7.5 or Hela cells, sug-
esting that the replicon replication is completely resistant to the
ytokine, once its replication has become established.

.2. IFN-� fails to induce ISG expression and inhibit replicon
eplication in WNV replicon-containing cell lines

To further investigate the effects of IFNs on WNV genome repli-
ation in established cell lines and determine the effects of the viral
eplication on the signal transduction of the cytokines, we com-
ared the abilities of IFN-� and IFN-�1 to induce the expression of

SG56 and inhibit the replication of WNV replicons in Huh7.5 and

ela cells stably transfected with WNV replicon RNA. Cell lines that

upport HCV replicon replication were included as positive con-
rols, since the IFNs have been shown to be effective in inhibition
f HCV genome replication (Guo et al., 2001; Guo et al., 2003). As
hown in Fig. 2, while both IFN-� and IFN-� treatment induced the
rch 83 (2009) 53–60 55

expression of ISG56 mRNA in parental and HCV replicon-containing
Huh7.5 and Hela cells in a dose-dependent manner, only IFN-�, but
not IFN-�, was able to induce ISG56 mRNA in both WNV replicon-
replicating Huh7.5 and Hela cells. Compared to that in parental and
HCV replicon-containing cells, ISG56 induction by IFN-� was par-
tially compromised in Huh7.5 and Hela cells in the presence of WNV
replicons. Consistent with the profile of ISG56 induction, HCV repli-
con replication can be efficiently inhibited by both IFN-� and IFN-�,
but WNV replicon replication could only be inhibited by IFN-�, but
not IFN-� in both cell types.

To confirm the above observations, we further determined the
effects of the IFNs on the induction of ISG15 protein expression
and steady-state levels of HCV and WNV nonstructural proteins
in Huh7.5 and Hela cells. As shown in Fig. 3, both types of IFNs
dose-dependently induced ISG15 expression in the parental and
HCV replicon-containing Huh7.5 and Hela cells (Fig. 3A, lanes 1–6
and 7–12; Fig. 3B, lanes 1–6 and 13–18). As a consequence, dose-
dependent reductions of HCV NS5A protein could be observed in
HCV replicon-containing Huh7.5 and Hela cells in response to both
IFN-� and IFN-� treatment (Fig, 3A, lanes 7–12 and data not shown).
Interestingly, while the expression of ISG15 could be induced by
IFN-� in Huh7.5/WNVrep cells with a similar efficiency as observed
in its parental Huh7.5 cells (Fig. 3A, lanes 13–18), replication of
WNV replicons in Hela cells not only dramatically inhibited the
ISG15 induction by IFN-� (Fig. 3B, lanes 7–12), but also reduced
the basal level expression of ISG15 (Fig. 3B, comparing lane 7 with
lanes 1 and 13). As observed with ISG56, induction of ISG15 by IFN-
� in both Huh7.5/WNVrep and Hela/WNVrep cells were completely
abrogated (Fig. 3A, lanes 13–18; Fig. 3B, lanes 7–12). Consistently,
WNV nonstructural protein expression was not affected by IFN-�1
in both cell lines.

Taken together, the results presented in Figs. 2 and 3 suggested
that WNV infection of cells only partially and cell type-specifically
(only in Hela, but not Huh7.5) disrupted the signal transduction
pathway of IFN-�, but completely inhibited the signal transduction
of IFN-�. In agreement with this observation, only IFN-�, but not
IFN-�, could at least partially inhibit WNV replication in cells that
viral replication is established.

3.3. Replication of WNV replicons inhibits the signal transduction
of IFN-� in both Huh7 and Hela cells

To confirm this explanation, we first compared the transcription
activity of ISRE promoter in response to IFN-� and IFN-� in parental
and HCV or WNV replicon-containing Huh7.5 cells by a luciferase
reporter assay. As shown in Fig. 4A, while IFN-� induced similar lev-
els of luciferase activity in all three cell lines, the ability of IFN-�1 to
induce ISRE-driven luciferase expression was impaired in WNV, but
not HCV replicon-containing Huh7.5 cells. We next examined the
STAT1 activation in parental and HCV or WNV replicon-containing
Hela cells in response to IFN-� and IFN-�1 treatment, respec-
tively. As shown in Fig. 4B and consistent with our previous report
(Guo et al., 2005), IFN-�-induced STAT1 tyrosine phosphorylation
was not affected by HCV replicons, but significantly reduced in
WNV replicon-containing Hela cells. Interestingly, IFN-�1-induced
STAT1 phosphorylation was completely abolished in WNV replicon-
containing cells.

While the above result suggested that IFN-� signal transduction
was impaired in WNV replicon-containing Huh7.5 and Hela cells,
it was not yet clear if this was due to the presence of the repli-
cons or the specific cell clones obtained during G-418 selection. To

resolve this issue, the replicon-containing Huh7.5 cells were cul-
tured in 500 IU/ml IFN-�, with multiple passages, in the absence
of G-418 for two weeks. Elimination of WNV replicon from the
cells by the cytokine treatment is confirmed by an undetectable
level of WNV RNA with a real-time RT-PCR assay and inability to
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Fig. 1. Effects of IFN-� and IFN-� on WNV VLP infection and genome replication. (A and B) To determine the effects of IFN-� and IFN-� on WNV infection, 4 × 104 Huh7.5 (A)
or Hela (B) cells were seeded per well in a 96-well plate. At 16 h post seeding, the cells were either left untreated or treated with indicated concentrations of IFN-� (IU/ml)
or IFN-� (ng/ml) for 24 h. The cells were then infected with VLP at a multiplicity of infection (MOI) of 2 for 1 h and followed by continuing to culture in medium without or
with the indicated concentrations of IFNs for 24 h. Cells were lysed and luciferase activity in the cell lysates was quantified by using a Renilla luciferase assay kit (Promega).
The relative luciferase activity (RLA) represents the means ± standard derivations (n = 3) of the ratios of light units obtained from wells treated with IFNs over that obtained
from the untreated control wells. (C and D) To examine the effects of the cytokines on WNV replicon replication in VLP-infected cells, 4 × 104 Huh7.5 (C) or Hela (D) cells
seeded per well in a 96-well plate were infected 24 h post seeding with the VLPs at a MOI of 2. Thirty hours after infection, cells were left untreated or treated with indicated
concentrations of IFNs for 24 h. Cells were then lysed and luciferase activity was assayed as described above.

Fig. 2. Effects of IFNs on induction of ISG56 and replication of WNV and HCV replicons in Huh7.5 (A) and Hela cells (B). Parental cells and cells containing HCV and WNV
subgenomic replicons (HCVrep and WNVrep, labeled on the left side of the figure) were mock-treated (lanes 1, 7, 13, 19) or treated with 0.01, 0.1, 1, 10, and 100 IU/ml of
IFN-� (lanes 2–6 and 14–18) and 0.05, 0.5, 5, 50, and 500 ng/ml of IFN-�1 (lanes 8–12 and 20–24), respectively, for 48 h. Total cellular RNA was extracted and 5 �g of total
RNA were resolved in 1% agarose gel containing 2.2 M formaldehyde and transferred onto nylon membrane. HCV and WNV replicon RNA were detected by Northern blot
hybridization with a-32P-UTP-labeled riboprobe complementary with the plus-strand of replicon RNA in neomycin phosphotransferase coding region. The same membrane
was re-hybridized with a-32P-UTP-labeled riboprobe specific to ISG56 mRNA. Ribosomal RNAs served as loading controls.
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ig. 3. Effects of IFNs on ISG15 induction and the steady-state levels of viral prot
ubgenomic replicons were mock-treated or treated with the indicated concentratio
ere determined by Western blot assay with specific antibodies. �-actin served as

btain G-418-resistant cell colonies from the cured culture after re-
pplication of the antibiotics (data not shown). To examine their
bility in response to IFN-�, the parental Huh7.5, Huh7.5/WNVrep
nd the cured cells were left untreated or treated with 500 ng/ml
f IFN-�1 for 24 h, levels of ISG15 in the cell lysates were deter-
ined by Western blot assay. As shown in Fig. 5A, similar levels of

SG15 protein were induced by IFN-� in parental and cured WNVrep
ells, but not in Huh7.5/WNVrep cells. Consistently, the ISRE-driven
uciferase reporter assay further demonstrated that elimination of

NV replicon from Huh7.5/WNVrep cells restored the ability of the
ells responding to IFN-� (Fig. 5B). These results thus imply that the
ailed response of Huh7.5/WNVrep cells to IFN-� is due to the pres-
nce of WNV replicon, but not selection of IFN-� non-responsive
ells.

.4. WNV prevented the accumulation of phosphorylated Tyk2
nd STAT proteins induced by IFN-� in Huh7.5 cells
To determine the initial target of WNV on IFN-� signal trans-
uction pathway, the signaling events induced by IFN-� and IFN-�
ere analyzed in a panel of Huh7.5-derived cell lines. Specifi-

ally, parental Huh7.5, Huh7.5/WNVrep and its cured derivative
cured WNVrep) were left untreated or treated with 1000 IU/ml
Huh7.5 (A) and Hela (B) cells. Parental cells and cells containing HCV and WNV
IFN-� and IFN-�1, respectively, for 48 h. HCV NS5A, WNV NS3, ISG15 in cell lysates
rol for the amount of proteins loaded per lane.

IFN-� and 500 ng/ml IFN-�1, respectively. Cells were harvested
before treatment (0) or at 30 and 120 min after addition of the
IFNs. The levels of total and tyrosine phosphorylated Tyk2, STAT1
and STAT2 in cell lysates were measured by Western blot analy-
ses. As shown in Fig. 6, expression of WNV replicons in Huh7.5
cells did not significantly alter the steady-state levels of Tyk2 and
STAT1/2 proteins. Moreover, in agreement with the previous result
demonstrating that replication of WNV replicons in Huh7.5 cells
did not affect the signal transduction of IFN-� (Fig. 4A), the lev-
els and kinetics of Tyk2, STAT1 and STAT2 phosphorylation in
response to IFN-� treatment did not differ among the three cell
lines. However, IFN-�-induced tyrosine phosphorylation of Tyk2,
STAT1 and STAT2 was efficiently blocked in Huh7.5/WNVrep cells
and could be completely restored upon the elimination of the repli-
cons.

Due to the observed differential effects of WNV on the two
types of IFNs in Huh7.5 cells and the extensive overlaps of post
receptor signaling pathways of IFN-� and IFN-�, it was inferred

that the observed inhibition on IFN-� signal transduction by WNV
could most possibly occur at the level of its receptor. Quantita-
tive RT-PCR analysis suggested that expression of WNV replicons in
Huh7.5 and Hela cells did not alter the levels of IL-28R� and IL-10R�
mRNAs (data not shown). However, due to the lack of good antibody
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Fig. 4. IFN-� signal transduction was impaired in cells expressing WNV repli-
cons. (A) Activation of ISRE promoter by IFN-�1, but not IFN-�, was inhibited
in Huh7.5 cells containing WNV replicons. Parental Huh7.5, Huh7.5/HCVrep and
Huh7.5/WNVrep were transfected with a plasmid pIRSE-Luc in that the firefly
luciferase gene expression is under the control of ISG15 promoter. Twenty-four
hours after transfection, cells were mock-treated or treated with IFN-� (1000 IU/ml)
and IFN-�1 (500 ng/ml), respectively, for 16 h. Luciferase activities in cell lysates
were determined and expressed as fold of induction (mean ± standard derivations,
n = 6). (B) IFN-�-induced STAT1 phosphorylation was abolished in Hela cells con-
taining WNV replicons. Parental Hela, SL1 and Hela/WNVrep cells were treated with
1
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Fig. 5. Expression of WNV replicons in Huh7.5 cells inhibited IFN-� signal transduc-
tion. (A) Huh7.5/WNVrep, parental Huh7.5 and cured Huh7.5/WNVrep cells were
mock-treated or treated with 500 ng/ml of IFN-�1 for 24 h and levels of ISG15 pro-
tein in cell lysates were assayed by Western blot. �-actin served as a control for the
amount of proteins loaded per lane. (B) Huh7.5/WNVrep, parental Huh7.5 and cured
Huh7.5/WNVrep cells were transfected with a plasmid pIRSE-Luc in that the firefly
luciferase gene expression is under the control of ISRE promoter. Twenty-four hours
000 IU/ml of IFN-� and 500 ng/ml of IFN-�1 for 0, 30, and 120 min. Levels of tyrosine
hosphorylated STAT1 (PY-STAT1) and total STAT1 in cell lysates were determined
y Western blot assay. �-actin served as a control for the amount of proteins loaded
er lane.

eagents, effects of WNV on the total levels of IFN-� receptors as
ell as their surface expression remain to be determined.

. Discussion

The cell culture studies presented in this report appear to sug-

est that compared to IFN-�, IFN-� is a weaker antiviral cytokine
gainst WNV. Moreover, consistent with previous reports (Guo
t al., 2005; Rossi et al., 2005), IFN-� signal transduction can be
artially disrupted by WNV replication in Hela cells. However, in
arked contrast, WNV infection completely abrogated the signal
after transfection, cells were mock-treated or treated with IFN-� (1000 IU/ml) and
IFN-�1 (500 ng/ml), respectively, for 16 h. Luciferase activities in cell lysates were
determined and expressed as fold of induction (mean ± standard derivations, n = 6).

transduction and ISG induction by IFN-� in both Huh7.5 and Hela
cells. Our results thus suggest that IFN-� might not be a good can-
didate for treatment of WNV infection

Our efforts toward determining the target(s) of WNV inhibition
on IFN-� signal transduction revealed that as observed with IFN-�
in Hela and Vero cells (Guo et al., 2005), WNV efficiently abol-
ished IFN-�-induced accumulation of phosphorylated Tyk2 (Fig. 6).
Our results showed that compared to IFN-�, IFN-� demonstrated a
weaker activation of JAK-STAT signaling pathway (Figs. 4 and 6). It
is, therefore, possible that the signaling pathway of IFN-� �s more
prone to be disrupted by WNV than that of IFN-�. However, the pos-
sibility that distinct mechanisms are involved in disruption of the
signaling pathways of the two cytokines by WNV cannot be ruled
out. Considering their share of post receptor signaling components
by the two cytokines, the most possible scenario is that expression
of IFN-� receptor proteins (IL-10R� and IL-28R�) and/or their func-
tion may be directly disrupted by one or several viral NS proteins or
indirectly targeted by cellular factor(s) that are induced or activated
by WNV infection.

Concerning effects of WNV on the expression of IFN receptors, it
is possible that WNV infection could reduce the levels of receptor
proteins via either inhibition of their transcription and/or trans-
lation or acceleration of their degradation. Alternatively, the cell
surface expression of the receptor proteins could be disrupted by
direct or indirect interaction with viral proteins. However, our pre-
vious studies revealed that despite the significant inhibition of Tyk2
and JAK1 phosphorylation, replication of Kunjin (a sub-type WNV)

replicons in Hela cells and infection of Vero cells by WNV did not
apparently alter the total level of IFNAR1 as well as cell surface
expression of IFNAR2, suggesting a functional suppression of type
I IFN receptor by WNV (Guo et al., 2005). Similarly, it was reported
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ig. 6. Effects of WNV on the kinetics of Tyk2, STAT1 and STAT2 tyrosine phospho
uh7.5/WNVrep and cured Huh7.5/WNVrep cells were treated with 1000 IU/ml of IF

PY-Tyk2), total Tyk2, tyrosine phosphorylated (PY-STAT1), total STAT1, tyrosine pho
ssay.

hat although dengue virus reduced the level of IFN-�-induced Tyk2
hosphorylation in dendritic cells, the cell surface expression of

FNAR1 and 2 was not affected by the virus infection (Ho et al.,
005). In the case of WNV inhibition of IFN-� signaling, we demon-
trated that the steady-state levels of IL-10R� and IL-28R� mRNAs
re not altered by WNV replicon replication in both Huh7.5 and
ela cells, but our attempts to determine the level and cell surface
xpression of the receptor proteins failed, due to the poor quality
f antibodies.

Alternatively, the signaling function of IFN receptors could be
mpaired by interaction with either viral NS proteins or cellular fac-
ors that are induced or activated by WNV infection. In support of
he role of viral proteins, it was reported that several WNV non-
tructural proteins, including NS2A, NS2B, NS3, NS4A and NS4B,
hen expressed individually, were able to inhibit IFN-� signaling

Liu et al., 2005). Most consistently, it was shown that NS4B protein
erived from several flaviviruses, including DENV, WNV and YFV,
otently inhibit IFN-�-induced STAT1 phosphorylation (Munoz-

ordan et al., 2005). Employing a similar approach, our preliminary
tudy showed that over-expression of WNV NS4B and NS5 proteins
nhibited the activation of IRSE-directed luciferase gene expression
y IFN-� (data not shown), suggesting that the inhibitory effects of
NV on IFN-� signal transduction could be potentially mediated

y these two viral proteins.
Considering the WNV-induced cellular factors that might poten-

ially disrupt IFN signaling, a recent report suggested that WNV
nfection disrupted cellular cholesterol synthesis and caused intra-
ellular cholesterol redistribution, which resulted in changes of
FN-� receptor-containing membrane lipid rafts and thus com-
romised the signal transduction of the cytokine (Mackenzie
t al., 2007). To determine if this is the case for IFN-� signal
ransduction, we examined the effects of cholesterol synthesis
nhibition with fluvastain and/or depletion of plasma membrane
holesterol with 2-hydroxyprophyl-beta-cyclodextran (HP-�-CD)
n WNV replication and IFN signal transduction in Huh7.5 cells.
owever, consistent with Wang and colleagues (Wang et al., 2005),
ut contradictory to Mackenzie (Mackenzie et al., 2007), treatment
f Huh7.5/WNVrep as well as parental Huh7.5 cells with fluvas-

ain and HP-�-CD, alone or in combination, did neither affect the
eplication of WNV replicon nor inhibit the induction of ISG56
xpression by IFN-� or IFN-� (data not shown).

In summary, we demonstrated in this report that IFN-� was able
o prevent WNV infection of naïve cells, but failed to inhibit the
on induced by IFN-� and IFN-�1 treatment in Huh7.5 cells. Parental Huh7.5 cells,
r 500 ng/ml IFN-�1 for 0, 30, and 120 min. Levels of tyrosine – phosphorylated Tyk2
ylated (PY-STAT2) and total STAT2 in cell lysates were determined by Western blot

virus replication in cells that viral infection had been established,
which is most possibly due to the inhibition of the cytokine-induced
phosphorylation of receptor-associated tyrosine kinase Tyk2 via an
unknown mechanism by WNV.
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