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Venezuelan equine encephalitis virus (VEEV) is an important human and veterinary pathogen causing
sporadic epizootic outbreaks of potentially fatal encephalitis. The type I interferon (IFN) system plays a central
role in controlling VEEV and other alphavirus infections, and IFN evasion is likely an important determinant
of whether these viruses disseminate and cause disease within their hosts. Alphaviruses are thought to limit
the induction of type I IFNs and IFN-stimulated genes by shutting off host cell macromolecular synthesis,
which in the case of VEEV is partially mediated by the viral capsid protein. However, more specific strategies
by which alphaviruses inhibit type I IFN signaling have not been characterized. Analyses of cells infected with
VEEV and VEEYV replicon particles (VRP) demonstrate that viral infection rapidly disrupts tyrosine phosphor-
ylation and nuclear translocation of the transcription factor STAT1 in response to both IFN-3 and IFN-y. This
effect was independent of host shutoff and expression of viral capsid, suggesting that VEEV uses novel
mechanisms to interfere with type I and type II IFN signaling. Furthermore, at times when STAT1 activation
was efficiently inhibited, VRP infection did not limit tyrosine phosphorylation of Jakl, Tyk2, or STAT2 after
IFN-B treatment but did inhibit Jakl and Jak2 activation in response to IFN-vy, suggesting that VEEV
interferes with STAT1 activation by the type I and II receptor complexes through distinct mechanisms.
Identification of the viral requirements for this novel STAT1 inhibition will further our understanding of
alphavirus molecular pathogenesis and may provide insights into effective alphavirus-based vaccine design.

Venezuelan equine encephalitis virus (VEEV) is a mosquito-
borne alphavirus in the family Togaviridae that is responsible for
sporadic epidemics of encephalitis in equines and humans. Most
cases of human and equine disease have been associated with
epizootic VEEV strains (subtypes IAB and IC) that undergo
efficient amplification within horses, but recent studies indicate
that endemic transmission of equine avirulent strains (subtype
ID) is responsible for many unreported cases in humans that live
near habitats where enzootic transmission occurs (2, 46, 57).
When infected via the mosquito vector, patients may present with
malaise, fever, and headache (57). While fatalities are rare
(<1%), patients that recover from encephalitis may suffer from
permanent neurological sequelae (30).

The type I interferons (IFNs) a and B represent a crucial
innate defense system against most viral pathogens, including
alphaviruses. These cytokines act in autocrine and paracrine
pathways to induce the expression of numerous IFN-stimu-
lated genes (ISGs), such as 2',5'-OAS, PKR, and Mx family
members that are important for the control of viral infection
(reviewed in reference 20). The signaling events that follow
IFN stimulation have been well described (reviewed in refer-
ences 31 and 42). In brief, when the type I IFNs bind the
IFN-o/B receptor subunits IFNAR1 and IFNAR?2, these sub-
units dimerize at the cell surface allowing the apposition of two
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protein tyrosine kinases (PTKs), Janus activated kinase 1
(Jakl) and tyrosine kinase 2 (Tyk2), that are associated with
the receptor’s cytoplasmic tails. Juxtaposed Jak1l and Tyk2 are
then activated through auto- and/or transphosphorylation (12,
24, 38), and they in turn phosphorylate tyrosine residues
present on the receptor tails, which serve as docking sites for
the recruitment of various signal transducers and activators of
transcription (STAT) factors. Jakl and Tyk2 subsequently
phosphorylate STAT1 and STAT?2, which form heterodimers,
and in association with IFN regulatory factor 9, the trimeric
complex localizes to the nucleus where it binds promoters
containing IFN-stimulated response elements to drive expres-
sion of ISGs. This sequence of events is mirrored when type II
IFN (IFN-y) binds its cell surface receptor subunits (IFN-y
receptor 1 [IFNGR1] and IFNGR?2). Jakl and Jak2 are acti-
vated at the IFNGR cytoplasmic tails, which in turn activate
STATI1 by tyrosine phosphorylation. Unlike the response to
type I IFN, IFN-y stimulation results in the homodimerization
of STAT1 molecules that translocate to the nucleus to bind
ISG promoters containing IFN-y activated sites.

Because the expression of ISGs is critical to limiting viral
replication, viruses use numerous strategies to antagonize the
IFN response. Control of alphavirus infection relies on an
intact type I IFN system since various attenuated strains of
VEEYV, Sindbis virus (SINV), and Semliki Forest virus (SFV)
become fully virulent in mice with disrupted IFN-«/B receptors
(16, 28, 59). Despite its crucial role in protection, treatment of
mice with type I IFN or poly(I:C), an IFN inducer, failed to
protect animals from a subsequent challenge with virulent
VEEV, suggesting the virus is partially resistant to these cyto-
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kines (28, 29), although administration of the more stable
pegylated-IFN-a was successful (33). Previous studies indicate
that sensitivity of different VEEV and Eastern equine enceph-
alitis virus (EEEV) strains to IFN-a/B correlates with virulence
potential (1, 4, 29, 54). Certain virulent epizootic strains of
VEEV have been shown to be less sensitive to the effects of
type I IFN than their less virulent enzootic progenitors (44,
54), suggesting that IFN sensitivity is a potential marker for
epizootic potential. However, more recent studies challenge
this association (7) and implicate mutations within the E2
glycoprotein that allow equine-avirulent enzootic strains (sub-
type ID) to emerge as subtype IC strains that achieve efficient
equine amplification (6, 7, 26, 55). In general, although the role
for IFN resistance in VEEV pathogenesis and/or emergence
remains unclear, all alphaviruses demonstrate some sensitivity
to type I IFNs and therefore must use mechanisms to limit
either the induction or the cellular responses to these cyto-
kines.

The major mechanism by which alphaviruses are believed to
evade the antiviral effects of IFNs is through a global shutoff of
host gene expression (19). Viruses containing mutations in the
SINV nonstructural protein 2 (nsP2) carboxy terminus possess
limited ability to shutoff RNA polymerase II-dependent cellu-
lar transcription and induce higher levels of IFN-«/B relative to
wild-type viruses, suggesting that generalized inhibition of host
macromolecular synthesis contributes to viral blockade of the
type I IFN response (19, 22, 25). Expression of nsP2 from the
Old World alphaviruses SINV and SFV is linked to host cell
cytotoxicity; however, studies with VEEV and EEEV suggest
that the New World alphaviruses mediate shutoff by viral cap-
sid-dependent mechanisms (5, 21, 23, 41), although host shut-
off also occurs in cells infected with VEEV replicon particles
(VRP) that do not express the viral capsid protein (S. A.
Montgomery, unpublished data). An amino-terminal portion
of VEEV capsid is required for transcriptional shutoff and for
the generation of host cell cytopathic effect through a mecha-
nism proposed to involve the disruption of the nuclear import
of cellular factors (8, 21). A similar region within EEEV capsid
inhibits RNA polymerase II transcription and the antiviral
effects of IFNs (3, 5, 8).

Although it is likely that host transcriptional and transla-
tional shutoff dampen the cellular antiviral response, these
nonspecific mechanisms are not solely responsible for the in-
hibition of the IFN response by alphaviruses. A mutation
within the nuclear localization signal of SFV nsP2 leads to
significantly higher levels of type I IFN induction with no
apparent effect on host cell transcriptional or translational
shutoff (10). Since this mutant is significantly attenuated in vivo
(16), alphaviruses likely use shutoff-independent mechanisms
to antagonize the antiviral IFN response, and these mecha-
nisms are important determinants of virulence.

In the present study, we tested whether infection with
VEEV or VRP specifically inhibits IFN signaling through the
Jak/STAT pathway. Recent findings demonstrate that nsP2 of
VEEYV specifically interacts with the nuclear importin mole-
cule karyopherin a-1 (KPNA1) (36). Since KPNAI1 is known to
bind and shuttle STAT1 to the nuclear pore complex to direct
its nuclear import (50), we investigated whether VEEV inhibits
STAT1-dependent IFN signaling. Our results indicate that
cells infected with VEEV or VRP, which lack the genes en-
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coding the viral structural proteins, fail to respond to type I
and II IFN, as demonstrated by decreased STAT1 tyrosine
phosphorylation and nuclear localization. Since activation of
the Jak/STAT pathway does not require de novo cellular gene
transcription and translation, these findings provide additional
evidence that alphaviruses are able to antagonize the IFN
response by mechanisms independent of host transcriptional
and translational shutoff.

MATERIALS AND METHODS

Cell culture and reagents. Vero-81, BHK-21, HEK-293, and HeLa cells were
grown under 5% CO, at 37°C. Vero-81 cells (designated “Vero,” ATCC no.
CCL-81) were obtained from the American Type Culture Collection and main-
tained in Dulbecco modified Eagle medium/F-12 medium (Gibco) supplemented
with 10% fetal bovine serum (FBS; HyClone), L-glutamine (0.29 mg/ml; Gibco),
nonessential amino acids (Gibco), penicillin-streptomycin (Gibco), and sodium
bicarbonate adjusted to contain a final of 3 g/liter (Gibco). HeLa and 293 cells
were maintained in Dulbecco modified Eagle medium (Gibco) supplemented
with 10% FBS, L-glutamine, and penicillin-streptomycin. BHK-21 cells were
maintained in alpha-MEM (Gibco) containing either 10% donor calf serum
(HyClone) or 10% FBS (Lonza), 10% tryptose phosphate broth (Sigma), and
supplemented with L-glutamine and penicillin-streptomycin. Actinomycin D
(ActD) and cycloheximide (CHx) were purchased from Sigma. Recombinant
human IFN-B was obtained from Calbiochem and resuspended according to the
manufacturer’s instructions. The biological activity was determined by using a
type I IFN bioassay previously described using A549 cells, and relative pro-
tection from EMCV-induced cytopathic effect was compared to the NIH
human IFN-B reference standard (Gb23-902-531) (51). Recombinant human
IFN-y was used according to the concentration given by the manufacturer
(R&D Systems).

VEEV and VRP production. The generation of a full-length cDNA clone
derived from the wild-type Trinidad donkey VEEV isolate (pV3000) has been
described previously (13). A cell culture-adapted mutant encoding two attenu-
ating amino acid changes in the E1 and E2 glycloprotein, pV3014, was used in
these studies due to its greater specific infectivity relative to the parental pV3000
(9, 27). The mechanism of attenuation of V3014 may involve its efficient binding
of heparan sulfate, which enhances cell culture infectivity but could increase viral
clearance in vivo (9). In vitro-transcribed RNA from this pV3014 cDNA was
used to electroporate BHK-21 cells and, after 24 h, the supernatants were
harvested, divided into aliquots, and stored at —80°C. Virus titers were quanti-
fied by plaque assay on BHK-21 cells. A split-helper system described previously
(45) was used to generate VRP that express green fluorescent protein (GFP) or
no transgene (VRP-empty). Supernatants of electroporated BHK-21 cells con-
taining VRP were harvested and concentrated through 20% sucrose (wt/vol) at
72,000 X g for 4 h. Replicon titers were quantified as infectious units (IU) per ml
by an indirect immunofluorescence staining assay of infected BHK-21 cells using
antiserum raised against the viral nonstructural proteins (for the VRP-empty
titer) or by counting GFP-positive cells (for VRP-GFP titer).

Immunoblot analysis. For most experiments, Vero-81 cells were lysed in
radioimmunoprecipitation assay buffer (50 mM Tris-HCI [pH 8.0], 150 mM
NaCl, 1 mM EDTA, 1% Igepal CA-630, 0.1% sodium dodecyl sulfate [SDS], and
0.5% deoxycholate, supplemented with Complete miniprotease inhibitors
(Roche) and phosphatase inhibitors [Sigma-P2850]) on ice for >5 min and
scraped. Lysates were clarified by centrifugation for 5 to 10 min at 4°C, and the
total protein was quantified by using a Coomassie Plus protein assay (Thermo).
Equal amounts of total protein from each sample were denatured in SDS sample
buffer and resolved by 8% SDS-polyacrylamide gel electrophoresis, transferred
to polyvinylidene difluoride membrane (Bio-Rad) in transfer buffer (48 mM Tris,
39 mM glycine, 10% methanol), blocked in 3 to 5% dry nonfat milk (or bovine
serum albumin) in PBST (137 mM NaCl, 2.7 mM KCl, 0.88 mM KH,PO,, 6.4
mM Na,HPO,, 0.1% Tween 20), and then incubated with the indicated primary
antibody overnight at 4°C. Membranes were exposed to horseradish peroxidase
(HRP)-conjugated secondary antibody and then developed by using ECL-Plus
(Amersham) and exposed to film. The following primary antibodies were pur-
chased from the indicated manufacturers: STAT1 (total), phospho-STAT1
(Tyr701), STAT3 (total), phospho-STAT3 (Tyr705), Tyk2 (total), phospho-Tyk2
(Tyr1054/1055), Jak2 (total), and phospho-Jak2 (Tyr1007/1008) from Cell Sig-
naling; STAT2 and phospho-STAT2 (Tyr689 of mouse STAT2) from Upstate;
actin and GRP78 from Santa Cruz; Jakl (total) from BD transduction labora-
tories; and phospho-Jak1 (Tyr1022/1023) from Biosource. Goat anti-VEEV nsP2
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was a gift from AlphaVax, Inc. Anti-mouse and anti-rabbit ECL HRP-conju-
gated immunoglobulin G (IgG) secondary antibodies were purchased from Am-
ersham, and HRP-conjugated anti-goat IgG was obtained from Sigma. For de-
tection of immunoprecipitated total Jak protein by Western, light-chain-specific
HRP-conjugated anti-rabbit and anti-mouse IgG was used.

Immunoprecipitations. For the detection of phosphorylated Jak tyrosine ki-
nases, total Jak protein was immunoprecipitated and then probed by Western
blotting with the appropriate phospho-specific antibody. Vero-81 cells were
infected with VRP-GFP for 6 h and then stimulated with IFN for 20 min. Lysates
were prepared as described above in phosphorylation lysis buffer (43) (0.5%
Triton X-100, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 50 mM HEPES [pH
7.4], 1.5 mM MgCl,, 200 uM sodium orthovanadate, 10 mM sodium pyrophos-
phate, 100 mM NaF, and Complete mini protease inhibitors). Lysates containing
equal amounts of total protein (2.0 to 2.5 mg) were precleared with protein
G-agarose (Sigma) and preimmune normal serum for 2 to 5 h at 4°C and then
immunoprecipitated with protein G-agarose in the presence of the indicated
antibody overnight at 4°C, washed four to five times with phosphorylation lysis
buffer, and eluted in 2X SDS sample buffer for Western analysis. The anti-Jak
kinase antibodies indicated above were used, except that Tyk2 (total) (BD
Transduction Laboratories) was used for immunoprecipitation. Isotype-
matched normal IgG was purchased from Santa Cruz (rabbit) or eBiosciences
(mouse).

Subcellular fractionation. Nuclear purification was performed as previously
described (35), except the crude nuclear fraction was not banded, but rather was
washed five consecutive times in 0.5 to 1.0 ml of homogenization medium prior
to lysis in nuclear extraction buffer. Equal amounts of total protein from cyto-
plasmic and nuclear extracts were analyzed by Western blot as described above,
and the purity of the nuclear extracts was determined by Western blotting to
detect GRP78, which localizes to the endoplasmic reticulum and should not be
found within nuclear fractions.

Immunofluorescence microscopy. To assess subcellular localization of STAT1
by indirect immunofluorescence staining, Vero-81 cells were seeded on glass
coverslips and infected with VRP-GFP for 6 h, treated with IFN-y (200 U/ml for
40 min, rinsed in 1X PBS, fixed for 30 min in 4% paraformaldehyde, incubated
for 15 min in PBS-glycine (100 mM [pH 7.2]), permeabilized with 0.2% Triton
X-100, blocked 1 h with 10% normal goat serum in 1X immunofluorescence
assay wash (3% bovine serum albumin, 0.05% Tween 20), stained for total
STAT1 (Santa Cruz), and then stained with Alexa-Fluor 594-conjugated goat
anti-rabbit IgG (Invitrogen) and DAPI (4',6’-diamidino-2-phenylindole [Roche];
10 wg/ml). Images were acquired with a Carl Zeiss LSM5 Pa confocal laser
scanning microscope equipped with a 40X, 1.3 numerical aperture oil objective
lens, using 505- to 530-nm band-pass (green fluorescence) or 560-nm long-pass
(red fluorescence) filters. The pinhole diameter was set to 0.9 pum (equivalent to
one area unit). Confocal images were averaged four times with imaging software
(Zeiss) and formatted by using Adobe Photoshop.

Real-time PCR. Total cellular RNA was harvested by using TRIzol and PurL-
ink purification system (Invitrogen), and equivalent amounts of total RNA were
reverse transcribed by using SuperScript IIT and random primers according to the
manufacturer’s instructions (Invitrogen). cDNA was then quantified by TagMan
real-time PCR using a 7300 real-time PCR system (Applied Biosystems). For
each sample, 18S RNA and GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) levels were quantified to calculate relative expression of the target genes by
using the 242¢7 method, and similar results were obtained with each reporter
gene. The following primer-probe sets were used (Applied Biosystems): 18S
(Hs_99999901_s1), GAPDH (Rh02621745_gl), guanylate binding protein 2
(Hs00894842_g1), and Trim 21(Hs00172616_m1).

Flow cytometry. To determine the relative IFNGRI1 surface expression,
Vero-81 cells were seeded in six-well plates and infected with VRP or mock
infected with diluent alone for 6 h. Cells were rinsed and then incubated on
ice in enzyme-free cell dissociation buffer (Gibco) for 10 min. Mock- and
VRP-infected cells were scraped and divided into aliquots into parallel
groups for staining (2.5 X 10° to 5 X 10° cells/group). Each aliquot was then
blocked with fluorescence-activated cell sorting staining buffer (1% donor
calf serum, 1% normal rabbit serum [Sigma], and 0.1% NaNj; in 1X DPBS),
stained according to the manufacturer’s instructions with anti-human CD119
(IFNGR1) conjugated to phycoerythrin (eBiosciences). Parallel cell aliquots
were left unstained. Cells were then washed and fixed in 1% formaldehyde.
Samples were read with a CyAn cytometer and analyzed by using Summit
software (Dako).

To verify the infectivity, VRP-infected cells in parallel wells containing glass
coverslips were fixed in methanol and stained by indirect immunofluorescence
assay using anti-VEEV-nonstructural protein mouse antiserum. In addition, sep-
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arate wells were treated with IFN-vy, and cell lysates were harvested for analysis
of STAT1 phosphorylation as described above.

Statistical analyses. To determine whether VRP infection and/or IFN treat-
ment resulted in a significant alteration of GBP-2 or Trim21 expression, we
performed an analysis of variance by using R software (www.r-project.org), which
demonstrated that IFN treatment and VRP infection both had significant effects
on ISG expression. A post hoc comparison of the IFN-treated groups revealed
that VRP infection resulted in a significant reduction (P < 0.05) in both GBP-2
and Trim21 expression after each treatment time.

RESULTS

VRP infection decreases ISG expression independently of
the viral structural proteins. The reported interaction between
nsP2 of VEEV and KPNA1 suggested that VEEV infection
may disrupt IFN signaling by inhibiting STAT1 nuclear traf-
ficking. To test this hypothesis, we first examined whether
infection with VRP, in which the genes encoding the viral
structural proteins have been replaced with a reporter gene
(Fig. 1A), would interfere with STAT1-dependent, IFN-in-
duced gene expression. Vero-81 cells, which cannot secrete
endogenous type I IFN (15, 37), were either mock infected or
infected with VRP-GFP and then treated with type I or type II
IFN for either 3 or 6 h. Total RNA was harvested and cDNA
was generated to measure the IFN-mediated induction of two
ISGs: guanylate binding protein 2 (GBP-2), which is induced in
a STAT1-dependent manner after type II IFN treatment (34,
47), and tripartite motif protein 21 (TRIM21), which can be
induced by type I IFN treatment (14, 56). These studies dem-
onstrated that VRP infection significantly decreased induction
of both genes after either 3 or 6 h of IFN treatment assessed by
real-time reverse transcription-PCR (Fig. 1B and C). Although
the levels of housekeeping genes (18S RNA and GAPDH)
were unaffected by VRP infection at these times, these studies
cannot differentiate specific effects on IFN signaling from
global transcriptional shutoff. Therefore, we next examined
whether VRP or VEEV infection interferes with STAT1-me-
diated signal transduction.

VRP and VEEV infection disrupts the nuclear localization
of STAT1 in response to IFN. The translocation of STAT1 into
the nucleus is an event critical to both type I and type II IFN
signaling and requires the specific recognition of STAT1 by the
importin molecule KPNA1 (50). Ebola virus VP24 interacts
with this subfamily (NPI-1) of importins, an event that results
in decreased STAT1 nuclear accumulation and IFN-induced
gene expression (48, 49). Since nsP2 of VEEV directly inter-
acts with KPNA1 (36), we tested whether STAT1 trafficking is
affected by the expression of VEEV nonstructural proteins.
Vero-81 cells were infected with VRP for 6 h and then treated
for 20 min with 1,000 IU of IFN-B or IFN-y/ml, after which
subcellular fractions were harvested and subjected to Western
blotting. As shown in Fig. 2A, total STAT1 was detected in the
nuclear fractions in response to both IFN treatments in mock-
infected, but not VRP-infected, lysates. The failure to detect
STAT1 within nuclear fractions was not accompanied by any
difference in total STATI levels within the cytoplasmic frac-
tions, which suggests that the VRP-mediated block of nuclear
import was not associated with a decrease in either the expres-
sion or stability of STAT1 protein. Similar results were found
in cells infected with VRP for only 5 h prior to IFN stimulation
(data not shown). To corroborate these findings in the context
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FIG. 1. VRP infection decreases ISG expression independently of the
viral structural proteins. Vero-81 cells were infected with VRP, which express
GFP in place of viral structural proteins from the subgenomic 26S promoter
(genome organization shown in panel A), at an MOI of 10 IU/cell for 4 h and
then stimulated with 1,000 U of IFN-y (B) or IFN-B (C)/ml. Total RNA was
isolated after 3 or 6 h of IFN treatment, and the relative guanylate binding
protein 2 (GBP2) (B) or TRIM-21 (C) mRNA expression was determined by
real-time PCR analysis of cDNA. Individual samples were normalized to
GAPDH. The average of each group was calculated and is represented
relative to mock-infected, untreated samples. Error bars indicate one stan-
dard deviation. To determine significance, an analysis of variance was per-
formed. Post hoc comparisons of relevant groups at each time point are
indicated by brackets, along with associated P values.
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of VEEV infection, we repeated this assay in Vero-81 cells
infected with a derivative of the wild-type Trinidad donkey
VEEYV strain (VEEV 3014) encoding the full-length genome.
At 5 h postinfection, we were again unable to detect STATT in
the nuclear fraction in response to 1,000 IU of IFN-y/ml, a
concentration that clearly yielded nuclear STAT1 in mock-
infected cells (Fig. 2B), demonstrating that the VRP-mediated
phenotype is relevant to cells infected with virus encoding the
full-length VEEV genome. The same result was seen in cells
infected with the wild-type V3000 virus (data not shown).

To confirm a defect in STAT1 nuclear accumulation, we
used indirect immunofluorescence staining for STAT1 and
confocal microscopy to assess the subcellular localization of
STATI in VRP-infected Vero-81 cells. At a low multiplicity of
infection (MOI; 3 IU/cell), the major population of cells
showed both diffuse STAT1 staining, as well as GFP fluores-
cence, indicating that these cells were infected with GFP-ex-
pressing VRP (Fig. 2C). In contrast, cells with distinct nuclear
STATI staining, indicating they were IFN responsive, were
GFP negative (arrows in Fig. 2C).

Taken together, these experiments indicate that infection
with VRP and VEEV reduced the nuclear accumulation of a
transcription factor central to the IFN response. Previous re-
ports indicate that an N-terminal region within the capsid
protein of the New World alphaviruses VEEV and EEEV is
important for the shutoff of host gene expression (3, 5, 21, 23)
and that this activity may involve the disruption of nuclear
import of host factors (8, 21). It is possible that the viral capsid
protein contributes to the disruption of STAT1 nuclear import
in cells infected with viruses encoding the full-length VEEV
genome (Fig. 2B), but this mechanism cannot explain the re-
sults found in VRP-infected cells that do not express the capsid
protein. Finally, diminished STAT1 nuclear accumulation was
not associated with a decrease in total STATI levels. Thus, if
shutoff of macromolecular synthesis is required for the disrup-
tion of STATI trafficking, it must affect targets other than
STATI, such as components of the IFN receptor complexes
required for STAT1 activation.

Tyrosine phosphorylation of STAT1 in reponse to IFN-f3
and IFN-vy is reduced by VRP and VEEYV infection. The nu-
clear translocation of transcriptionally active STAT1 dimers
requires prior activation by phosphorylation at tyrosine 701
(52, 53, 58). Since the reduced nuclear trafficking of STAT1 in
VRP- and VEEV-infected cells could be due to defective
STAT1 activation, we next determined whether STAT1 is ty-
rosine phosphorylated normally in infected cells. Surprisingly,
the accumulation of STAT1 phosphorylated at tyrosine 701
(p-STAT1) was appreciably reduced in VRP-infected Vero-81
cells stimulated with various doses of IFN-B and IFN-y (Fig.
3A). Very similar results were achieved in two IFN-competent
human cell lines, HeLa and HEK-293 (data not shown). This
inhibition was not accompanied by any detectable difference in
total STAT1 levels (compare lanes 9 through 12 of Fig. 3A). At
large IFN doses, a doublet band is seen in total STAT1 blots
from mock-infected cells (lanes 5, 7, 13, and 15 of Fig. 3A).
This doublet corresponds to phosphorylated and nonphosphor-
ylated STAT1 and does not indicate an increase in total
STAT1 levels. The equivalent total STATI1 levels between
mock- and VRP-infected cells again indicated that the VRP-
mediated blockade involved neither a failure to express de
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FIG. 2. VRP and VEEYV infection disrupts the nuclear localization of STAT1 in response to IFN. Vero-81 cells were infected for 6 h with VRP
at an MOI of 5 IU/cell (A and C) or for 5 h with VEEV 3014 at 10 PFU/cell (B) and then stimulated with IFN-y or IFN-8 for 20 to 40 min (200
to 1,000 U/ml). Subcellular extracts were prepared and analyzed by Western blotting to determine total STAT1 distribution (A and B). GRP 78,
a protein found within the endoplasmic reticulum, verifies the purity of the nuclear fractions. In an indirect immunofluorescence staining assay (C),
cells were fixed after IFN treatment and stained for total STAT1 protein. Infected cells expressing GFP and STAT1 subcellular distribution (red)
were detected by confocal microscopy and demonstrate the nuclear redistribution of STAT1 in uninfected cells but not in VRP-infected cells.

novo STATI nor its specific degradation. Interestingly, phos-
phorylation of STAT?2 at tyrosine 690, which also occurs at the
cytoplasmic tails of the IFN-o/p receptor complex, was unaf-
fected at this time postinfection (6 h) (Fig. 3B), although its

activation was reduced at later times (Fig. 4). Although the
activation of STAT1 and STAT2 is thought to be crucial during
IFN signaling, a third factor, STAT3, can also be activated by
the same receptor complexes to initiate separate signaling
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FIG. 3. Tyrosine phosphorylation of STAT1 and STAT3 in response to IFN-B and IFN-vy is reduced by VRP infection. Vero-81 cells were
infected with VRP (MOI = 5 IU/cell) for 6 h and treated for 20 min with various concentrations of IFN-y and IFN-B. Whole-cell extracts were
harvested and 20 pg of total protein from each lysate was resolved by SDS-polyacrylamide gel electrophoresis and analyzed in three separate blots
to assess activation of STAT1 (A), STAT2 (B), and STAT3 (C) at the indicated phosphotyrosine residues. Blots were then stripped and reprobed
using the respective total STAT antibody. All actin loading control blots were similar to that shown in panel C. *, The anti-mouse pTyr689-STAT2
antibody used (Upstate) cross-reacts with the corresponding human pTyr690-STAT2.
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FIG. 4. Activation of STATI, but not STAT?2, is limited by VEEV and VRP at early times postinfection. Vero-81 cells were infected for the
indicated times with either VRP (MOI = 5 IU/cell) or VEEV 3014 (MOI = 20 PFU/cell) and then stimulated with IFN-B (500 U/ml) for 20 min.
Samples were analyzed as described in Fig. 3. To compare the kinetics and amount of nonstructural protein accumulation, a separate Western
immunoblot indicates fully processed VEEV nonstructural protein 2 (VEEV nsP2).

events (42). As seen with STAT1, VRP-infected cells had less
tyrosine-phosphorylated STATS3, but total STAT3 levels equiv-
alent to those of mock-infected cells (Fig. 3C).

To determine the kinetics by which VRP inhibits the acti-
vation of STATSs and whether infection with virus encoding the
full-length VEEV genome also limits STAT activation, we
treated VRP- or VEEV-infected Vero-81 cells with IFN-$ at
various times postinfection and found that STAT1 activation
was reduced as early as 4 h postinfection (Fig. 4). Infection
with VEEV also severely reduced STAT1 activation, but at
later times relative to VRP infection. These kinetics correlate
with greater and more rapid accumulation of viral nonstruc-
tural proteins in cells infected with VRP relative to levels seen
in VEEV-infected cells (Fig. 4 and data not shown), although
it is clear that large amounts of fully processed VEEV nsP2
accumulate by 4 h postinfection prior to any detectable effect
on STAT1 activation in VEEV-infected cells. While the VEEV
nsP2-KPNA1 interaction may play a role in the disruption of
STAT1 nuclear import (Fig. 2), these results indicate that
defects in upstream signaling events likely contribute to the
reduced levels of nuclear STAT1 and the decreased accumu-
lation of STAT1-driven gene transcripts in infected cells.

Viral replication, but not de novo host gene expression, is
required for the VRP-mediated blockade of STAT1 activation.
At early times (3 h) postinfection, we failed to detect a defect
in STAT1 activation within VRP-infected cells (data not
shown), but the inhibition was nearly maximal at later times (4
to 5 h postinfection) (Fig. 4). These kinetics suggested that
viral replication is required for the blockade to occur, which
was confirmed by demonstrating that cells infected with UV-
inactivated VRP (Fig. 5A) were able to activate STAT1 to the
same degree as mock-infected cells in response to IFN.

Since STAT1 and STAT?2 require the same upstream factors
for activation, it is unlikely that nonspecific mechanisms such
as generalized host macromolecular synthesis shutoff would
prevent activation of STAT1 but not STAT?2 at a given time (4
to 6 h postinfection). Specific antagonism may involve a direct
interaction between a viral protein and a component of the
Jak/STAT apparatus, or it may indirectly involve negative reg-
ulation of Jak/STAT signaling by a host factor that is induced
or potentiated by VRP infection. Such negative regulators
include cellular protein tyrosine phosphatases and suppressors
of cytokine signaling proteins. To determine whether de novo
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= By =By =BT IFN
B T IEE pSTATI(Tyr701)
- Total STAT1
B) 0 1000 IFN-B
- ¥ - ¥ ActD
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» S A Total STAT2
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FIG. 5. Viral replication, but not de novo host gene expression, is
required for the VRP-mediated STAT1 blockade. (A) Vero-81 cells
were either mock infected or infected with untreated VRP or VRP
that had been exposed to UV light for 1 min (UV-VRP). At 6 h
postinfection, cells were stimulated with 1,000 U of IFN/ml and ana-
lyzed as in Fig. 3. (B and C) Vero-81 cells were pretreated for 1 h in
the absence or presence of the inhibitor ActD or CHx prior to infec-
tion with VRP (MOI = 10 IU/cell) or diluent (mock). Virus was
allowed to bind to cells in the indicated treatment groups in the
presence of each inhibitor for 1 h, after which the inoculum was
replaced with medium containing the inhibitor. At 6 h postinfection (7
h of inhibitor treatment), cells were stimulated with IFN-B (1,000
U/ml) for 20 min, and STAT phosphorylation was assessed as de-
scribed in Fig. 3.
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host transcription is required for VRP to mediate the blockade
of STATT1 activation, we treated Vero-81 cells with ActD (1.0
pg/ml), which specifically inhibits host, but not viral, transcrip-
tion. As expected, mock-infected cells were able to respond to
IFN in the presence of ActD since de novo gene expression is
not required for the activation of latent STAT factors (Fig. 5B,
lane 7). The inhibition of STATI activation by VRP was not
affected in ActD-treated cells (Fig. 5B, lanes 6 and 8), indicat-
ing that the mechanism does not require de novo expression of
a host gene that may be induced upon infection.

To inhibit host and viral translation, we treated Vero-81 cells
with CHx (0.5 pg/ml) and found that STAT1 was activated
similarly in the presence or absence of the inhibitor in mock-
infected cells (Fig. 5C, lanes 5 and 7). Furthermore, when cells
were infected with VRP in the presence of CHx, the VRP-
mediated inhibition of STAT1 phosphorylation was lost (Fig.
5C, lanes 7 and 8), again indicating that productive replication
and translation of viral proteins is required for the inhibition of
STATI1 activation. Moreover, proteins such as viral capsid,
which are introduced into the cell in limited quantities by the
incoming replicon particles, are not sufficient to mediate the
Jak/STAT signaling blockade in the absence of productive
replication. Taken together, these data indicate that viral rep-
lication results in decreased STAT1 activation, an effect that
cannot be achieved in cells treated with inhibitors of host
macromolecular synthesis.

VRP infection inhibits the activation of Janus kinases asso-
ciated with the type II IFN receptor but not with the type I IFN
receptor. Stimulation of either the type I or type II IFN recep-
tor results in the phosphorylation of STAT1 at Tyr701. The
decrease in STAT1 phosphorylation in VRP-infected cells may
reflect a defect at the level of STAT1 itself, such as an inter-
action with a viral protein that prevents STAT1 from being
phosphorylated, or the virus-induced activation of a host cell
protein tyrosine phosphatase that inactivates STAT1. Alterna-
tively, the activation of the type I and type II IFN receptor
complexes, which is essential for IFN-induced tyrosine phos-
phorylation of STAT1, may be disrupted in VRP-infected cells.
After type I IFN stimulation, Jakl and Tyk2 become tyrosine
phosphorylated at the IFNAR cytoplasmic tails. Similarly, af-
ter type II IFN stimulation, Jakl and Jak2 become phosphor-
ylated at the IFNGR subunits. Therefore, inhibition of Jakl
could lead to signaling defects in response to both IFN classes
and result in decreased STAT1 (and STAT3) phosphorylation.

We assessed the activation of Jak kinases in VRP-infected
Vero-81 cells by immunoprecipitation of Jak1, Tyk2, and Jak2,
followed by Western blot analysis using phospho-specific anti-
bodies that specifically recognize their activated epitopes. As
shown in Fig. 6A, Jakl became phosphorylated at tyrosines
1022 and 1023 in response to both IFN treatments. Interest-
ingly, VRP infection had no effect on this activation after
treatment with IFN-B (Fig. 6A, IP lanes 8 and 9), but there was
a notable decrease in tyrosine-phosphorylated Jak1 after treat-
ment with IFN-y (Fig. 6A, IP lanes 12 and 13). Although we
have obtained very consistent results indicating that VRP in-
fection disrupts Jak1 activation after treatment with IFN-y, but
not IFN-B, we did not detect any consistent difference in total
Jak1 protein levels between mock and VRP-infected cells (Fig.
6A, WCL lanes 2 to 12). To further examine whether VRP
differentially modulates signaling at the type I versus type II
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IFN receptors, we assessed the activation of Tyk2 and Jak2 at
each receptor complex, respectively. Again, activation of the
type I IFN receptor components occurred normally in VRP-
infected cells as indicated by phospho-Tyk2 levels equivalent to
those in mock-infected cells. These events appear to be dis-
rupted at the type II IFN receptor, which showed decreased
Jak2 tyrosine phosphorylation (Fig. 6B and C) but normal
levels of total Jak2.

Surface expression of IFNGR1 subunits is moderately re-
duced in VRP-infected cells. Given differential effects of VRP
infection on type I and type II IFN receptor complexes (Fig. 6),
we hypothesized that VRP infection reduces the cell surface
expression of the IFNGR. Accordingly, we measured the rel-
ative surface expression of the IFNGRI1 subunit between
mock- and VRP-infected Vero-81 cells by flow cytometry. Sur-
face IFNGR1 expression was slightly, but consistently, lower in
VRP-infected cells (82 to 90% of that in mock-infected cells)
in three independent experiments (Fig. 7A). Despite this min-
imal decrease in IFNGR1 surface expression, a large decrease
in STAT1 phosphorylation was detected in parallel VRP-in-
fected cells stimulated with IFN-y (Fig. 7B). Although it was
consistent, the minimal decrease in IFNGR1 surface expres-
sion is unlikely to account for the dramatic defect of down-
stream STAT1, Jakl, and Jak2 phosphorylation seen in VRP-
infected cells in response to IFN-vy, suggesting that additional
mechanisms are involved.

DISCUSSION

Alphaviruses are proposed to inhibit the type I IFN system
through global shutoff of host transcription and translation,
which would prevent the induction of all type I IFN classes and
ISGs. The New World alphaviruses EEEV and VEEV utilize
their capsid proteins to shutoff host transcription, which re-
quires an N-terminal region within this protein (3, 5, 8, 21, 23).
Although the mechanisms by which the viral capsid inhibits
transcription are unclear, this activity is associated with defects
in type I IFN and ISG induction. In the present study, we
found that VEEYV also disrupts the cellular response to type I
and type II IFN by specific mechanisms that do not require
expression of the viral capsid gene and most likely act distinctly
from, but in concert with, generalized host shutoff to down-
regulate the host antiviral response.

We report that cells infected with VRP fail to activate the
transcription factor STAT1 normally, a blockade that corre-
lates with failed STAT1 nuclear localization and decreased
STAT1-dependent gene transcription. This blockade did not
require viral capsid protein since (i) no structural genes are
expressed from the replicon genome and (ii) components of
incoming particles were not sufficient for STAT1 inhibition in
either CHx-treated cells or cells infected with UV-inactivated
VRP (Fig. 5). Thus, de novo viral gene expression is required
for the inhibition of STAT1 activation, which likely involves
the expression of the viral nonstructural proteins or requires
productive viral RNA synthesis. We cannot rule out the pos-
sibility that the small amount of capsid introduced into the cell
by incoming virions and viral replication are both required for
STAT1 inhibition; however, preliminary results suggest that
electroporation of VEEV replicon RNA alone is sufficient to
disrupt STAT1 nuclear localization (data not shown).
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FIG. 6. VRP infection inhibits the activation of Janus kinases associated with the type II, but not the type I, IFN receptor. Vero-81 cells were
mock infected or infected with VRP for 6 h and then stimulated for 20 min with IFN. Each infection and treatment was performed in duplicate.
Whole-cell lysates (WCL) were prepared, and equivalent amounts of total protein were subjected to immunoprecipitation with antibodies
recognizing total Jakl (A), Tyk2 (B), and Jak2 (C) or with isotype matched normal IgG (nIgG). To assess Jak protein activation, the immuno-
precipitates were then analyzed by Western blotting using the indicated phospho-specific Jak antibodies (IP panels). These membranes were then
stripped and reprobed with the corresponding antibody recognizing total Jak protein. A portion of the input whole-cell lysates (50 wg of total
protein) from each sample was also analyzed by Western blotting to detect effects that VRP has on total cellular Jak levels, as well as on STAT1

phosphorylation (WCL panels).

Although the shutoff of host macromolecular synthesis plays
an important role in alphavirus pathogenesis (3, 19), several
lines of evidence suggest that this function is most likely not
required for the VRP-mediated Jak/STAT signaling inhibition.
First, the decrease in STAT1 phosphorylation was not associ-
ated with any effect on total STAT1 levels, which indicates the
blockade was not due to decreased synthesis (or increased
degradation) of this factor (Fig. 3A, lanes 9 to 12). Second,
although the IFNAR complex fails to phosphorylate STAT1
after 5 to 6 h of VRP infection (Fig. 3 and 4), the defect is
specific for STAT1 since this complex activates Jak1, Tyk2, and
STAT2 normally, indicating that the IFNAR complex is fully

functional at these times (Fig. 4 and 6). Finally, since it is
possible an unidentified host factor with a short half-life is
required for STAT1 activation by type I IFN, we pharmaco-
logically induced host shutoff with CHx or ActD but failed to
recapitulate the magnitude of STAT1 inhibition achieved by
VRP (Fig. 5). Thus, even if VRP induces host shutoff by these
early times postinfection, the VRP must use an additional
strategy to block STAT1 phosphorylation since STAT1 activa-
tion can occur in the absence of de novo cellular transcription
and translation (17, 18, 40).

Although our findings indicate that STAT1 activation is in-
hibited in the absence of de novo host gene expression or viral
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FIG. 7. Surface expression of IFNGR1 subunits is moderately reduced in VRP-infected cells. Vero-81 cells were infected with mock or VRP
(MOI = 5) for 6 h, which resulted in the infection of 98.8% of cells as determined by an indirect immunofluorescence staining assay that detects
the viral nonstructural proteins (data not shown). (A) Mock- or VRP-infected cells were pooled, counted, and then separated into replicate groups
for staining. Cells were either stained with anti-CD119 (IFNGRI1) directly conjugated to phycoerythrin (solid line) or left unstained (shaded
histogram). Cells in each group were then washed, fixed, and analyzed by flow cytometry. Mean fluorescence intensities (MFI) of mock- and
VRP-infected samples were compared, and the decrease in IFNGR1 surface expression was comparable between three independent experiments
(10 to 18% decrease). (B) Mock- and VRP-infected cells in parallel cultures were stimulated with 1,000 U of IFN-y/ml for 20 min and harvested
and analyzed as described in Fig. 3 to measure the inhibition of STAT1 phosphorylation.

structural protein synthesis, the particular mechanisms and
viral factors required for this inhibition remain to be identified.
Accumulation of tyrosine-phosphorylated STATSs is deter-
mined by the rates of phosphorylation and dephosphorylation,
and VEEV infection could affect either or both processes. One
possibility is that a particular viral nonstructural protein binds
STAT1 (and STAT3) or the receptor complexes preventing its
phosphorylation by Jak kinases. Alternatively, VRP may acti-
vate latent host proteins that regulate these processes, such as
host protein tyrosine phosphatases. If this latter explanation is
correct and there is rapid STAT dephosphorylation after IFN
stimulation, the data presented in Fig. 5 demonstrate that such
a host factor is not transcriptionally induced upon VRP infec-
tion and therefore must be present in a latent form at sufficient
levels to counteract the very rapid STAT phosphorylation.

In the case of the IFNAR, we found that the receptor com-
plex remains functional even at times when STAT1 inhibition
is nearly maximal (Fig. 6). One possible explanation is that the
VEEV-mediated mechanism(s), such as the direct binding of a
viral nonstructural protein, is acting at the level of specific
STAT factors, preventing their association with the IFNAR
and/or their activation by Jak1/Tyk2. The relative resistance of
STAT?2 to the VEEV-mediated blockade, in this case, could be

explained by a reduced affinity of this nonstructural protein for
STAT?2. However, it is clear that STAT2 is affected at later
times (after 6 h of infection, Fig. 4). STAT2 associates with the
IFNAR?2 cytoplasmic tail prior to its engagement with the
phosphorylated IFNAR1 subunit upon receptor ligation (32,
39). The orientation and duration of this preassociation may
allow STAT?2 to become phosphorylated more efficiently than
STAT1 and thus be less sensitive to the VEEV-mediated
mechanism. However, a potential role for STAT2-IFNAR?2
preassociation in this phenotype remains to be determined.
In contrast to the events at the IFNAR complex, we detected
defects in the activation of IFNGR components in VRP-in-
fected cells, namely, reduced Jak1 and Jak2 activation (Fig. 6).
While IFNGR surface expression was modestly reduced (Fig.
7), it is unlikely that reduced receptor surface expression alone
fully explains the large decrease in Jakl, Jak2, and STATI
activation. It is possible that VEE prevents the activation of
STATI by both receptor complexes through common mecha-
nisms but, in the case of the IFNGR, additional mechanisms
contribute to the defect in Jakl and Jak2 activation. Taken
together, our data suggest that signaling steps downstream of
receptor surface expression, such as the kinase activities of Jak
proteins and the phosphorylation of the critical tyrosine resi-
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dues present on the receptor cytoplasmic tails, are disrupted by
VEEYV infection, and further studies are under way to define
the mechanism(s) behind this process. In addition, it will be
important to further assess whether VEEV infection interferes
with the STATI signaling cascade at steps downstream of
STAT]1 tyrosine phosphorylation, since the previously demon-
strated nsP2-KPNA1 interaction may further contribute to the
inhibition of STAT1-dependent signaling.

These studies indicate that, in addition to its global interfer-
ence with host macromolecular synthesis, VEEV is able to
antagonize the type I and type II IFN response by specific
mechanisms. It remains to be determined whether the inhibi-
tion of Jak/STAT signaling is specific for VEEV, or whether
other alphaviruses use similar strategies. Recent work by Grif-
fin et al. indicates that the noncytolytic clearance of SINV from
infected neuronal cells requires functional IFN-y and Jakl
signaling (11), which would suggest that this activity is not
shared by all alphaviruses or that it may be cell type dependent.
It is important to note that VEEV is sensitive to the effects of
type I IFN. For example, IFNAR-deficient mice succumb to
infection with VEEV much earlier than wild-type mice. The
disruption of IFN signaling identified in these studies, there-
fore, may simply dampen the magnitude of the IFN response
or may be relevant to particular cell types important for initi-
ating the innate immune response in the animal. Identification
of the viral determinants that mediate the inhibition of Jak/
STAT signaling in VEEV will provide a more complete un-
derstanding of the determinants for IFN sensitivity, viral viru-
lence, and pathogenesis and may ultimately enable better
design of alphavirus-based vaccines.
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