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Previous studies with Venezuelan equine encephalitis virus and Sindbis virus (SINV) indicate that alpha-
viruses are capable of suppressing the cellular response to type I and type II interferons (IFNs) by disrupting
Jak/STAT signaling; however, the relevance of this signaling inhibition toward pathogenesis has not been
investigated. The relative abilities of neurovirulent and nonneurovirulent SINV strains to downregulate
Jak/STAT signaling were compared to determine whether the ability to inhibit IFN signaling correlates with
virulence potential. The adult mouse neurovirulent strain AR86 was found to rapidly and robustly inhibit
tyrosine phosphorylation of STAT1 and STAT2 in response to IFN-y and/or IFN-. In contrast, the closely
related SINV strains Girdwood and TR339, which do not cause detectable disease in adult mice, were relatively
inefficient inhibitors of STAT1/2 activation. Decreased STAT activation in AR86-infected cells was associated
with decreased activation of the IFN receptor-associated tyrosine kinases Tyk2, Jakl, and Jak2. To identify the
viral factor(s) involved, we infected cells with several panels of AR86/Girdwood chimeric viruses. Surprisingly,
we found that a single amino acid determinant, threonine at nsP1 position 538, which is required for AR86
virulence, was also required for efficient disruption of STAT1 activation, and this determinant fully restored
STAT1 inhibition when it was introduced into the avirulent Girdwood background. These data indicate that a
key virulence determinant plays a critical role in downregulating the response to type I and type II IFNs, which
suggests that the ability of alphaviruses to inhibit Jak/STAT signaling relates to their in vivo virulence

potential.

Members of the genus Alphavirus in the family Togaviridae
include a variety of human pathogens with a nearly global
distribution. These viruses are transmitted through mosquito
vectors and are considered a threat due to their potential to
cause large-scale epidemics. The Old World alphaviruses, such
as chikungunya virus (CHIKV) and Ross River virus (RRV),
have been linked to explosive epidemics of infectious arthritis,
while the New World alphaviruses Venezuelan equine enceph-
alitis virus (VEEV) and eastern equine encephalitis virus
(EEEV) have caused sporadic outbreaks of potentially fatal
encephalitis. Sindbis virus (SINV), the prototype alphavirus, is
an Old World alphavirus responsible for cases of self-limited
arthralgia in humans. Infection of mice with SINV has also
provided an excellent model of alphavirus-induced encephalo-
myelitis (14, 31, 33, 40, 41).

Upon alphavirus infection, viral RNA is recognized by host
pattern recognition receptors, including the cytoplasmic RNA
sensors PKR, MDA-5, and/or RIG-I, which can activate IRF-
3/7-dependent signaling pathways to induce beta interferon
(IFN-B) and IFN-a4 production (23, 30, 45, 52). Infection of
mice with SINV results in detectable type I IFN (IFN-o/B)
levels in the serum by 12 h postinfection (hpi) (33). IFN-y
(type II IFN), which is secreted by specific immune effector
cells, is detectable in the serum at slightly later times (24 h)
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post-SINV infection (33). The cellular response to secreted
IFN-«/B and IFN-vy involves separate but overlapping signaling
cascades that result in transcription of IFN-stimulated genes
(ISGs), several of which have known antiviral functions. These
signaling pathways have been well studied (for detailed re-
views, see references 46 and 53). In brief, IFN-o/B and IFN-y
bind distinct, ubiquitously expressed cell surface receptors, the
IFN-o/B receptor (IFNAR) and the IFN-vy receptor (IFNGR),
respectively. Ligation of the IFNAR results in dimerization of
the receptor subunits, IFNAR1 and IFNAR2, which allows
apposition and autophosphorylation of Jak1/Tyk2 kinases that
constitutively associate with each subunit. Once activated,
these Jaks phosphorylate the receptor subunits, allowing the
recruitment and phosphorylation of STAT1 and STAT2, which
dimerize and associate with IRF-9 to form the ISGF3 complex,
which binds IFN-stimulated response elements (ISREs) to
drive transcription. In contrast, the activated type II IFN re-
ceptor complex is composed of IFNGR1/2 subunits and Jak1/
Jak2 kinases that activate STAT1, which predominantly forms
homodimers to drive expression of IFN-y-stimulated genes
containing IFN-y-activated sequence (GAS) elements in their
promoters. The presence of both ISREs and GAS elements
within a single ISG promoter partially explains the overlap
between the IFN-y and IFN-«/B responses. Thus, STAT1 is a
central component of the type I and type II IFN responses.
The type I IFN system is known to play a critical role in the
control of most virus families, including alphaviruses (for an
excellent review, see reference 49). Compared to immunocom-
petent adult mice that control most SINV strains, mice with
targeted deletions of the IFNAR succumb rapidly to infection
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(50). The average survival time of SINV-infected mice is re-
duced further when they are doubly deficient in both the IF-
NAR and the IFNGR (51), suggesting that both type I and
type II IFNs are important in limiting SINV replication and
pathogenesis in adult mice. The IFN-vy response also has direct
antiviral activity, but it is thought to play an important role at
later times post-SINV infection, when CD8* and CD4* T-cell-
derived IFN-vy acts together with antiviral antibody to mediate
noncytolytic clearance of SINV from central nervous system
(CNS) neurons (for a detailed review, see reference 24). Since
STAT1 is central to both type I and type II IFN responses,
nonfatal SINV infection results in 100% lethality in STAT1 ™/~
mice (9, 51), although some STAT1-independent IFN-o/p and
IFN-vy responses with anti-SINV activities have been described
(22).

Like most viruses, alphaviruses employ strategies to inter-
fere with the host type I IFN response. Most work on these
viruses has focused on virus-mediated nonspecific shutoff of
cellular transcription and translation (2, 3, 17, 19-21). Recent
studies with both SINV and VEEV suggested that both Old
World and New World alphaviruses are also able to disrupt
signaling events required for the cellular response to IFN-a/B
and IFN-y, namely, by inhibiting the accumulation of tyrosine-
phosphorylated STAT1 and STAT2 (57, 63). This activity ap-
peared to be mediated by the viral nonstructural proteins and
was independent of shutoff of host macromolecular synthesis
(57). However, the importance and relevance of upstream Jak/
STAT signaling inhibition in the face of potent and generalized
shutoff of ISG transcription have not been demonstrated. In
fact, the transcriptional induction of several ISGs did not cor-
relate with the degree to which STAT1/2 activation was inhib-
ited in mouse neuron cultures infected with VEEV replicon
particles (VRP) (63).

To further define the potential role that viral inhibition of
Jak/STAT signaling plays in alphavirus pathogenesis, we eval-
uated whether viruses with differing virulence profiles exhib-
ited the ability to inhibit Jak/STAT signaling. We focused our
analysis on two SINV isolates, S.A.AR86 (called AR86 here-
after) and a closely related strain, GirdwoodS.A. (called Gird-
wood hereafter). In adult mice, a virus derived from the infec-
tious clone of AR86 (S300) causes lethal disease following
intracranial inoculation (27, 28, 58, 60), while the closely re-
lated Girdwood virus (clone G100) is avirulent, even though
both S300 and G100 replicate to similar levels within the CNS
of mice at early times postinfection (60). The difference in
virulence is mediated by four genetic determinants within
ARS86, which result in a gain of full virulence when introduced
into the avirulent G100 background. Here we report that the
adult mouse virulence potential of SINV strains S300, G100,
and TR339 correlates directly with the relative abilities of
these viruses to disrupt the activation of Jak proteins and/or
STAT1/2 in response to both IFN-f and IFN-vy. Strikingly, we
found that a single virulence determinant unique to ARS86, a
threonine at nsP1 position 538, is both necessary and sufficient
for rapid and efficient inhibition of STAT1 activation. The
previously demonstrated importance of this determinant for
adult mouse neurovirulence and for avoiding clearance from
the CNS (27, 60) suggests that inhibition of Jak/STAT signal-
ing contributes to alphavirus pathogenesis, perhaps through
downregulation of the response to type I IFNs and/or through
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TABLE 1. SINV infectious clones used for this study

Virus Background strain and mutations

....................... Wild-type S.A.AR86

...................... Wild-type GirdwoodS.A.

....Wild-type A.R.339

...................... ARS6 nt 43 to 6411 in Girdwood background

....................... Girdwood nt 43 to 6411 in AR86 background

....................... ARS86 with nsP1 position 538 mutation (Thr—lIle),
18-aa insertion of G100 nsP3 aa 386 to 403 (un-
A), Cys—opal mutation at AR86 nsP3 position
537, and Ser—Leu mutation at E2 243

S340...ieieiiine ARS6 with nsP1 position 538 mutation (Thr—lle)

S343 e ARB86 with 18-aa insertion of G100 nsP3 aa 386 to
403

S344 ..o ARB86 with Cys—opal mutation at nsP3 position
537

GI19..iiiiiee Girdwood with nsP1 position 538 mutation
(Ile—Thr)

G120 Girdwood with opal—Cys mutation at nsP3
position 555

(€357 SR Girdwood with deletion of nsP3 aa 386 to 403

suppression of noncytolytic SINV clearance from CNS neu-
rons, which involves IFN-vy signaling (5-8).

MATERIALS AND METHODS

Cell culture and reagents. Vero-81 cells (designated Vero cells; ATCC CCL-
81) and BHK-21 cells were grown at 37°C under 5% CO,. Vero cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)-F-12 medium
(Gibco) supplemented with 10% fetal bovine serum (HyClone), L-glutamine
(0.29 mg/ml; Gibco), nonessential amino acids (1X; Gibco), penicillin-strepto-
mycin (1X; Gibco), and sodium bicarbonate (final concentration of 1.2 g/liter;
Gibco). BHK-21 cells were maintained in a-minimal essential medium (a-MEM)
(Gibco) containing 10% donor calf serum (DCS; HyClone) and 10% tryptose
phosphate broth (Sigma) and supplemented with L-glutamine and penicillin-
streptomycin as described above. For virus and replicon production in BHK-21
cells, fetal bovine serum (10%; Lonza) was used in place of DCS. Recombinant
human IFN-B (Calbiochem) was resuspended in sterile DMEM containing 10%
fetal bovine serum, and aliquots were stored at —80°C. The biologic activity of
each IFN-B preparation was determined by a type I IFN bioassay on A549 cells,
where protection from encephalomyocarditis virus (EMCV)-induced cytopathic
effect was scored relative to that of the NIH human IFN-B standard (Gb23-902-
531), as previously described (54). Recombinant human IFN-y was used at the
activity reported by the manufacturer (R&D Systems).

Virus and replicon production. The infectious clone-derived viruses used are
listed in Table 1, which annotates the mutations that each clone carries. Viruses
were generated from plasmid templates named with a “p” prefix (i.e., S300 virus
was generated from plasmid pS300). S300, G100, S350, G106, S363, S340, S343,
and S344 were all generated as previously described (60). Both pS300 and pS55,
which differ only in the linearization site used, encode wild-type ARS86; thus,
S300 and the previously designated S55 strain (27, 28) are synonymous. Similarly,
S51 is synonymous with S340 (27, 60). Primer-directed mutagenesis of pG100 was
used to construct clones pG119, pG121, and pG120 as described previously (60).
pTR339, which carries the consensus A.R.339 sequence, was generated previ-
ously by replacing cell culture-adaptive mutations in the E2 gene and is repre-
sentative of the original virulent A.R.339 natural isolate (34, 42).

Infectious SINV clones contained the viral cDNA inserted between an SP6
promoter and a unique restriction site, either Pmel or Xbal, used for lineariza-
tion. In brief, linearized cDNA templates were used for SP6 in vitro transcription
reactions (Ambion). Capped, polyadenylated transcripts were then electropo-
rated into BHK-21 cells, and after 24 h, supernatants were harvested and clar-
ified at 3,000 rpm for 15 min and the virus was concentrated through 20%
sucrose at 24,000 rpm for more than 4 h at 4°C. Virus pellets were resuspended
in virus diluent (1X Dulbecco’s phosphate-buffered saline [DPBS; Gibco] sup-
plemented with 1% DCS, 0.122 mg/ml CaCl,, and 0.10 mg/ml MgCl), aliquoted,
and stored at —80°C. All concentrated full-length virus stocks were titrated by
plaque assay on BHK-21 cells.

For replicon particle packaging, a tripartite helper system has been described
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previously (26). The replicon RNA genomes used in this study carried the green
fluorescent protein (GFP) gene in place of the viral structural genes and were
thus capable of GFP expression from the subgenomic 26S RNA promoter but
were propagation defective. Construction of the AR86-based pREP89 (26) and
Girdwood-based pRgird (29) replicon clones was described previously, and the
GFP gene was inserted 3’ of the 26S promoter 5'-untranslated region (5'-UTR)
by use of the Clal site, as described previously for insertion of other foreign genes
(29). Helper transcripts for the capsid helper construct pCAP86 (26) and the
glycoprotein helper pGIRDGLY (29) were generated as previously described.
Replicon particles were packaged by coelectroporating BHK-21 cells with tran-
scripts of replicon genomes and helper RNAs, and particles were harvested and
concentrated as described above. The resulting replicon particles, REP89-gfp
(AR86-based) and Rgird-gfp (Girdwood-based), contained equivalent coats and
were titrated on Vero cells by counting GFP-positive cells. The packaging of
VRP, which carry the wild-type (V3000) nonstructural genes but contain adap-
tive mutations in the E2 glycoprotein gene (pV3014 coat) to maximize tissue
culture infectivity, was described previously (57).

Metabolic labeling. To assess relative amounts of de novo protein synthesis,
Vero cells were infected with S300 or G100 at a multiplicity of infection (MOI)
of 20 PFU per cell or with diluent alone (mock) for the indicated times. Prior to
each indicated harvest time, cells were starved for 2 h with DMEM deficient in
cysteine-methionine (Gibco) and then labeled for 1 h with medium containing
35S-labeled cysteine-methionine (33 wCi; Amersham Pro-Mix). Cells were then
rinsed in ice-cold 1X PBS and lysed in NP-40 lysis buffer (50 mM Tris-HCI [pH
8.0], 150 mM NaCl, 1% Igepal CA-630 [Sigma], Complete Mini protease inhib-
itors [Roche]). Lysates were clarified by centrifugation, and equal volumes were
resolved by 8% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis. The gel was fixed in buffer containing 10% acetic acid and 40% methanol and
then was dried and exposed to a phosphorimager screen, which was scanned
using an FX personal molecular imager (Bio-Rad). To quantify relative de novo
host protein synthesis, a host protein that resolved at the expected molecular
weight of actin was quantified using Quantity One software (Bio-Rad), and each
value was normalized to the average signal of this band for three mock-infected
samples.

Virus infections and IFN treatment. For all experiments, Vero cells were
infected for 1 h at 37°C with inocula containing the indicated viruses or replicon
particles prepared in virus diluent. After virus binding, warm medium was added
to cells without removing the inocula. At the indicated hpi, cell supernatants
were replaced with medium containing IFN-B or IFN-y prepared immediately
prior to stimulation. Cells were treated for 20 min with IFN and washed once or
twice with ice-cold 1X PBS, and extracts were prepared as described below.

Immunoblot analysis. For direct immunoblotting, Vero cells were lysed in
ice-cold radioimmunoprecipitation assay buffer (50 mM Tris-HCI [pH 8.0], 150
mM NaCl, 1 mM EDTA, 1% Igepal CA-630, 0.1% SDS, 0.5% deoxycholate,
Complete Mini protease inhibitor cocktail tablets, phosphatase inhibitor cocktail
[Sigma]) on ice for more than 5 min, after which cells were scraped, lysates were
clarified for 10 min at 4°C, and total protein content was quantified using a
Coomassie Plus protein assay (Thermo). Equal amounts of total protein from the
samples were denatured for 5 min at 95°C in SDS sample buffer, resolved by
SDS-polyacrylamide gel electrophoresis (8%), and transferred to a polyvinyl-
idene difluoride (PVDF) membrane (Bio-Rad). Membranes were blocked for
1 h in 5% nonfat dry milk in PBS-T (137 mM NaCl, 2.7 mM KClI, 0.88 mM
KH,PO,, pH 7.5, 0.1% Tween 20), exposed to primary antibody overnight at 4°C,
washed five times in PBS-T, incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room temperature, developed with
ECL-Plus detection reagent (Amersham), and exposed to film. Dilutions of the
following primary antibodies were prepared as recommended by the manufac-
turer: STATI (total), phopho-STAT1 (Tyr701), Tyk2 (total), phospho-Tyk2
(Tyr1054/1055), Jak2 (total), and phospho-Jak2 (Tyr1007/1008) antibodies were
all purchased from Cell Signaling Technology; STAT2 (total) and phospho-
STAT2 (Tyr689 of mouse STAT2) antibodies were purchased from Upstate;
Jakl (total) antibody was from BD Transduction Laboratories; and phospho-
Jakl (Tyr1022/1023) antibody was from Biosource. Actin antibody was pur-
chased from Santa Cruz. Goat anti-VEEV nsP2 was kindly provided by Al-
phavax, Inc., and monospecific anti-SINV nsP2 rabbit polyclonal serum was a
generous gift from Charles Rice. HRP-conjugated IgG secondary antibodies
were purchased from Amersham (anti-rabbit and anti-mouse) and Sigma (anti-
goat). For detection of immunoprecipitated protein, light-chain-specific HRP-
conjugated IgG (anti-rabbit and anti-mouse) secondary antibodies were pur-
chased from Jackson ImmunoResearch Laboratories, Inc.

Where indicated, membranes were stripped for 30 min at 50°C in stripping
buffer (62.5 mM Tris-HCl, pH 6.7, 2% SDS, 100 mM B-mercaptoethanol),
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washed at least four times with PBS-T, and then blocked and reprobed as
described above.

To ensure the linearity of immunoblotting parameters, 2-fold dilutions of
extracts from mock-, S300-, and G100-infected cells treated with IFN-f at 8 h
postinfection were resolved by SDS-PAGE and transferred to PVDF membranes
as described above. The membranes were probed for p-STAT1, total STATI,
and total Jakl, and then densitometry analysis was performed with ImageJ
software (http://rsb.info.nih.gov/ij/). At the antigen quantities loaded in these
experiments (25 to 50 pg total protein), detection of p-STATT in virally infected
lysates was within the linear range, but when the membranes were stripped and
reprobed to assess total STAT1 levels, the resulting signal demonstrated satu-
ration at this antigen concentration. However, a dilution series of mock-, S300-,
and G100-infected lysates verified that there was no difference between total
STATT1 levels at lower antigen concentrations that fell within the linear range.
Finally, where indicated, quantitation of total Jakl levels from input lysates was
performed under linear conditions (<30 ng total protein; 1:500 dilution of
anti-Jak1 primary antibody).

Immunoprecipitations. To analyze activation of Jaks through tyrosine phos-
phorylation, Vero cells were seeded in 6-well plates, infected and treated with
IFN-B as described above, and incubated on ice with 200 .l of phosphorylation
lysis buffer (47) (0.5% Triton X-100, 150 mM NaCl, 10% glycerol, 1 mM EDTA,
50 mM HEPES [pH 7.4], 200 pM sodium orthovanadate, 10 mM sodium pyro-
phosphate, 100 mM NaF, Complete protease inhibitor tablets [Roche]) per well
for at least 10 min. Wells were scraped at 4°C, lysates were harvested, pooled (2
wells per group), and clarified, and total protein content was quantified as
described above. Equivalent amounts of lysate (0.5 to 0.8 mg total protein) were
precleared with protein G agarose (Sigma) plus preimmune normal serum for 2 h
at 4°C and then exposed to the indicated total Jak antibody overnight at 4°C.
Pull-down assays were performed at 4°C for 2 h with protein G agarose, and the
immunoprecipitates (IPs) were washed five times with phosphorylation lysis
buffer prior to dissociation with 2X SDS sample buffer. IPs were subjected to
immunoblotting with the indicated antibodies as described above, with the ex-
ception that Tyk2 (total) antibody from BD Transduction Laboratories was used
for immunoprecipitation and Tyk2 (total) antibody from Cell Signaling Tech-
nology was used for immunoblotting. As a negative control, lysates from a
mock-infected and IFN-treated group were subjected to immunoprecipitation
with isotype-matched controls: normal mouse IgG2a, IgG2b (eBiosciences), and
normal rabbit IgG (Sigma). A portion of the input lysates (5 to 7% of that used
for immunoprecipitation) was subjected to direct immunoblot analysis to assess
the levels of total Jak, phospho-STAT1, and SINV nsP2 as described above.

IFA. To assess the percentage of infected cells in all STAT1 activation assays,
parallel cultures in each experiment were stained at 10 h postinfection in an
indirect immunofluorescence assay (IFA). Infected cells were washed twice with
ice-cold 1X PBS, fixed in ice-cold methanol for 10 min at —20°C, air dried, and
stored at 4°C until being stained. Cells were incubated for 15 min in PBS-glycine
(100 mM [pH 7.2]) and then blocked for 1 h at room temperature in blocking
buffer (10% normal goat serum [Sigma], 3% bovine serum albumin [BSA],
0.05% Tween 20 prepared in 1X PBS). Cells were then stained with anti-SINV
hyperimmune serum for 1 h at room temperature, washed three times in IFA
wash buffer (3% BSA, 0.05% Tween 20 prepared in 1X PBS), and then stained
with Alexa Fluor 488-goat anti-mouse IgG (Invitrogen) and DAPI (4',6-di-
amidino-2-phenylindole [Roche]; 10 pg/ml). The percentage of infected cells was
calculated by acquiring fluorescent images and counting the number of positively
stained cells (green) relative to the total number of DAPI-positive nuclei. Since
threonine at nsP1 position 538 is associated with delayed expression of 26S RNA
(28), cells infected with viruses encoding this determinant (e.g., S300) gave lower
fluorescence signals and their calculated infectivities were most likely underes-
timated.

RESULTS

Differential regulation of STAT1 phosphorylation by strains
of SINV. The alphaviruses VEEV and SINV have previously
been reported to antagonize IFN-«/B and IFN-y responses by
limiting the accumulation of tyrosine-phosphorylated STAT1/2
after stimulation with these cytokines (57, 63). To determine
whether SINV strains that have different mouse neuroviru-
lence profiles differ in the ability to disrupt type I and type II
IFN-mediated STAT activation, we assessed STAT phosphor-
ylation in cells infected with SINV strain ARS86 (infectious
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FIG. 1. SINV neurovirulent strain ARS86 efficiently inhibits
STAT1/2 activation in response to type I and type II IFNs. Vero cells,
which respond to but do not secrete type I IFNs, were infected at an
MOI of 10 PFU/cell with SINV strains AR86 (S300), TR339, and
Girdwood (G100). At 6, 8, or 10 hpi, the cells were treated with IFN-8
or IFN-y (1,000 U/ml) for 20 min, after which whole-cell lysates were
prepared. Equivalent protein from the samples was then subjected to
immunoblotting using the indicated antibodies. Four independent ex-
periments yielded results consistent with the data shown. *, the phos-
pho-specific STAT2 antibody used (Upstate) is directed against mouse
STAT2 phosphorylated at tyrosine 689 but cross-reacts with the cor-
responding position of human (primate) STAT2 (pY-690).

6 hpi — e G— —

8 hpi
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clone S300), which is nearly 100% lethal in adult mice (27, 58),
and two SINV strains that do not cause disease in adult mice—
TR339 and Girdwood (clone G100). Since various alphaviruses
induce quantitatively different amounts of type I IFN both in
vivo and in vitro (10, 18, 33, 50), it was important to normalize
the amount of IFN present in each culture. For this reason,
Vero cells were infected, since these cells are highly permissive
for alphavirus infection, are unable to synthesize endogenous
type I IFN due to a defective genetic locus (13, 43), and are
therefore widely used to compare virus-mediated IFN antag-
onism specific to the IFN signaling pathway (4, 32, 48, 57, 63).
After 6, 8, or 10 h of infection with each virus, Vero cells were
stimulated with recombinant IFN-$ or IFN-y to assess STAT1
activation, as indicated by phosphorylation at tyrosine 701,
which is required for STAT1 to form transcriptionally active
dimers (38) (Fig. 1). Strikingly, infection with the neuroviru-
lent S300 strain resulted in a more rapid and more complete
disruption of STAT1/2 activation in response to IFN-B and of
STAT1 activation in response to IFN-y than those for infection
with nonneurovirulent G100 or TR339 virus (Fig. 1). Repeated
experiments demonstrated that by 8 h postinfection, S300 in-
hibited IFN-B- and IFN-y-mediated STAT1 activation simi-
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larly at a range of doses (50 to 2,000 U per ml; data not shown).
Total STAT levels were not affected by infection with any virus
at any time point, indicating that the loss of STAT1 phosphor-
ylation did not result from a decrease in STAT1 expression or
from specific STAT1 degradation (Fig. 1). Moreover, differen-
tial STAT1 phosphorylation between SINV-infected cultures
cannot be explained by differences in infectivity, since G100
and TR339 each infected >95% of cells, as indicated by indi-
rect immunofluorescence staining of parallel cultures at 10 hpi,
using anti-SINV hyperimmune serum (data not shown). These
data corroborate those previously reported by Yin et al. (63)
and indicate that SINV TR339 and G100 partially inhibit the
activation of STAT1/2 in response to IFN-«/B. Thus, it appears
that several SINV strains are capable of inhibiting Jak/STAT
signaling, but importantly, a strain with enhanced virulence
exhibits more potent activity.

S300 and G100 initiate shutoff of de novo protein synthesis
with similar kinetics. Activation of STAT1 by IFN occurs in
the absence of de novo gene expression (15, 16, 44), and we
previously demonstrated that the mechanism by which VRP
disable Jak/STAT activation does not involve nonspecific shut-
off of host transcription/translation, which occurs within sev-
eral hours after VRP infection (57, 63). However, since max-
imal STAT1/2 inhibition occurs slightly later during S300
infection than during infection with VRP (8 versus 6 hpi, re-
spectively), it is possible that shutoff of host gene expression
could impact STAT1/2 activation at these later times due to
turnover of IFN receptor complex components. Therefore, to
rule out the possibility that enhanced STAT1 inhibition reflects
an ability of S300 to shut off host protein synthesis more effi-
ciently than a nonvirulent SINV, we metabolically labeled
Vero cells at various times after infection with S300 and G100.
As shown in Fig. 2A, S300 and G100 both inhibited de novo
protein synthesis, with similar kinetics. In fact, when a host
protein that migrated at the expected molecular weight of actin
was quantified, G100 showed a slightly more rapid and com-
plete shutoff (Fig. 2B), indicating that nonspecific inhibition of
gene expression is very unlikely to explain the enhanced ability
of S300 to downregulate STAT1/2 tyrosine phosphorylation.
This analysis, however, does not rule out the possibility that
S300 specifically inhibits expression of a factor required for
STAT1 activation but otherwise downregulates global gene
expression similarly to G100.

Reduced STAT1 phosphorylation in S300-infected cells cor-
relates with defects at the level of or upstream of Jak activa-
tion. IFN-mediated activation of STAT proteins requires up-
stream activation of the receptor-associated kinases Jak1/Tyk2
(IFN-o/B) or Jak1/Jak2 (IFN-y) (11, 55, 56, 61). Therefore, we
assessed whether S300 infection interfered with activation of
these kinases following IFN treatment. Vero cells were in-
fected with either S300 or G100 and stimulated with either
IFN-B or IFN-y after 8 h of infection, a time that gave nearly
maximal STAT1/2 inhibition by S300. After stimulation, total
Jak protein was immunoprecipitated and subjected to immu-
noblotting using phosphotyrosine-specific Jak antibodies. As
shown in Fig. 3, STAT1 inhibition (measured by immunoblot-
ting of input lysates) was directly correlated with reduced ac-
tivation of Tyk2/Jakl in response to IFN-@ (Fig. 3A and C) and
with reduced Jak1/Jak2 phosphorylation in response to IFN-y
(Fig. 3B and D). Moreover, though G100 infection resulted in
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FIG. 2. S300 and G100 initiate shutoff of de novo protein synthesis
with similar kinetics. To measure de novo protein synthesis, Vero cells
were infected with diluent (mock), S300, or G100 (MOI = 20 PFUj/cell)
and then labeled with medium containing 33 wCi >*S-labeled cysteine-
methionine per ml for 1 h prior to harvest at the indicated times postin-
fection (hpi). Prior to each labeling period, cells were starved for 2 h with
medium deficient in cysteine-methionine. Extracts of the radiolabeled
cells were prepared and resolved by SDS-polyacrylamide gel electro-
phoresis. (A) The gel was dried, fixed, and exposed to phosphorimaging
(Bio-Rad) as described in Materials and Methods. A host protein band
that resolved at the expected molecular size of actin (arrow) was quanti-
fied using Quantity One software (Bio-Rad). (B) Densities of this band
were normalized to those of mock-infected samples and plotted to com-
pare de novo host protein synthesis in S300- versus G100-infected cells.
These data are representative of two independent experiments.

some inhibition of Tyk2/Jakl and Jak1/Jak2 phosphorylation
compared to that in mock-infected cells, inhibition of tyrosine
phosphorylation of both STAT1 and Jak proteins was notably
greater in S300- than in G100-infected cells. Total Tyk2 and
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Jak2 protein levels were similar between S300- and G100-
infected cells, as determined by direct immunoblotting of input
lysates (Fig. 3C and D, input IB panels) and by stripping and
reprobing of blots of immunoprecipitated total Jak protein
(Fig. 3C and D, IP:IB panels) with antibodies that interact with
both the phosphorylated and unphosphorylated forms. Quan-
titation of total Jakl protein from input lysates over multiple
experiments indicated that total Jakl levels in S300-infected
cells were reduced by as much as 50% relative to levels mea-
sured after G100 infection (Fig. 3A and B, input IB panels).
However, reduced levels of immunoprecipitated total Jakl
alone cannot explain the reduction in tyrosine-phosphorylated
Jakl, since p-Jakl1 levels in S300-infected cells were 17% (stan-
dard deviation [SD] = 6%) of those measured in G100-in-
fected cells (average over 5 experiments) (Fig. 3A, IP:IB
panel). Further experiments are required to evaluate whether
the moderate reduction in total Jakl level within virally in-
fected cells is critical for S300-mediated Jak/STAT signaling
inhibition. Taken together, these data are consistent with the
hypothesis that S300 infection antagonizes IFN signaling up-
stream of or at the level of IFN receptor-associated Jak acti-
vation.

Efficient disruption of STAT1 tyrosine phosphorylation re-
quires determinants within the nonstructural genes of S300.
In order to further define the mechanisms by which SINV
strain AR86 (S300) efficiently inhibits STAT1 signaling and
IFN receptor complex activation, we first focused on identify-
ing the viral determinants of this activity. Initially, we evaluated
infection with S300/G100 chimeric viruses which carry heter-
ologous nonstructural and structural genes. As shown in Fig. 4,
phosphorylation of STAT1 at Tyr-701 was again efficiently
inhibited in response to IFN-B by 8 h in cells infected with
wild-type S300 as well as in cells infected with the chimera
carrying the S300 nonstructural genes (G106). Conversely,
even though both G100 and the chimera encoding the G100
nonstructural proteins infected >95% of cells (data not
shown), neither virus efficiently inhibited STAT1 activation.
These data indicate that AR86 (S300) determinants that en-
able efficient Jak/STAT signaling inhibition are encoded by the
viral nonstructural genes. In support of this, STAT1/2 activa-
tion by IFN-B was inhibited more efficiently by replicon parti-
cles carrying the S300 nonstructural genes than by G100-based
replicons (data not shown), again indicating that the enhanced
inhibition of STAT1/2 activation by the adult mouse neuro-
virulent AR86 (S300) virus is mediated by determinants within
the viral nonstructural genes.

The presence of threonine at S300 nsP1 position 538 is
required for efficient inhibition of STAT1 activation. Results
from the chimeric virus and replicon studies indicated that
determinants within the nonstructural protein coding region
mediate the effects on STAT activation. To further define
these determinants, we next evaluated whether any of the three
previously defined S300 determinants of adult mouse neuro-
virulence in this region (60) was required for STAT1 inhibi-
tion, either individually or in combination. Two of these viru-
lence determinants reside within nsP3—an 18-amino-acid
deletion present in the C-terminal region of S300 nsP3 and a
cysteine that replaces the G100-carried opal termination codon
just upstream of the nsP3/4 cleavage domain. A third virulence
determinant, a threonine at nsP1 position 538, is unique to the
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FIG. 3. Reduced STAT1 phosphorylation in S300-infected cells correlates with defects in Jak activation by type I and type II IFNs. Vero cells
were infected (MOI = 10 PFU/cell) with S300, G100, or diluent alone (mock) and then treated for 20 min with 1,000 U IFN-8 (A and C) or IFN-y
(B and D) per ml. Cell extracts were then prepared as described in Materials and Methods, and total protein content was quantified. Equal amounts
of total protein were then subjected to immunoprecipitation with antibodies directed against total Jakl (A and B), total Tyk2 (C), or total Jak2
(D), and to assess activation, the immunoprecipitates were resolved by SDS-PAGE and immunoblotted using the indicated phospho-specific Jak
antibody (IB:IP panels). These blots were then stripped and reprobed using an antibody recognizing the appropriate total Jak. A portion of the
input lysates (5 to 7%) was subjected to direct immunoblot analysis to assess total Jak protein levels (input IB panels). These blots were stripped
and reprobed consecutive times with phospho-specific STAT1 (Tyr701) and anti-SINV nsP2 polyclonal serum. The data shown in panel A are
representative of 5 independent experiments. Data in panels B to D are representative of at least 2 experiments totaling at least 4 independent

samples per infection group.

ARSG6 strain (S300) among Sindbis viruses. As shown in Fig. 5,
introducing the four defined attenuating mutations into S300
(S363) abrogated enhanced STAT1 inhibition, giving results
equivalent to those seen during G100 infection. When we eval-
uated the individual contributions of the three nonstructural
virulence determinants, we found that threonine at nsP1 posi-
tion 538 was required, since S340 (encoding the consensus
isoleucine at that position) also failed to inhibit STAT1 acti-
vation effectively. Conversely, introduction of either of the
G100-carried nsP3 attenuating mutations (S343 and S344) did
not result in a major loss of STAT1 inhibition relative to that
with S300. We obtained similar results by measuring STAT1
activation in response to IFN-y (data not shown). While we
cannot rule out that other differences between the S300 and
G100 nonstructural genes are required for Jak/STAT signaling
inhibition, these data clearly demonstrate that threonine at
nsP1 position 538 is absolutely required for the enhanced in-
hibition seen in S300-infected cells.

Presence of threonine at nsP1 position 538 is sufficient for
inhibition of STAT1 activation during S300 infection. Our
loss-of-function analysis demonstrated that threonine at nsP1
position 538, which is unique to the adult mouse neurovirulent
ARSG6 strain, was required for the enhanced STAT1 inhibition
by S300. We next evaluated whether replacement of the iso-
leucine at nsP1 position 538 in G100 with threonine also re-
sulted in enhanced inhibition or whether other determinants
present within the nonstructural genes were also required for
maximal STAT1 inhibition. Vero cells were infected with the

wild-type G100 virus or mutants encoding the AR86 virulence
determinant at nsP1 position 538 (isoleucine to threonine), the
18-amino-acid deletion in nsP3, or the opal-to-cysteine change
near the nsP3 C terminus. Strikingly, introduction of threonine
at nsP1 position 538 into the G100 background (G119) was
sufficient to enhance STAT1 inhibition by G100 to the level
seen during S300 infection (Fig. 6), while introduction of either
nsP3 virulence determinant had no effect. G119- and S300-
mediated inhibition was also comparable when we measured
STATI activation after IFN-y treatment (data not shown).
Therefore, the virulence determinant at nsP1 position 538 is
necessary and sufficient for enhanced STAT1 inhibition by the
adult mouse neurovirulent S300 virus.

Modulation of STAT1 activation by threonine at nsP1 posi-
tion 538 correlates with upstream inhibition of Jakl activa-
tion. The data in Fig. 5 and 6 clearly implicate threonine at
nsP1 position 538 as a critical determinant of the S300-medi-
ated STAT1 inhibition. To evaluate whether this determinant
is also involved in the inhibition of Jakl activation previously
described for Fig. 3, we infected Vero cells with S300 and S340,
which encodes isoleucine at nsP1 position 538, as well as with
G100 and G119, which encodes threonine at nsP1 position 538.
After IFN-B stimulation at 8 hpi, we found that the degree of
inhibition of STATI activation by each virus (Fig. 7, input 1B
panel) correlated tightly with the relative inhibition of Jakl
tyrosine phosphorylation (Fig. 7, IP:IB panel). As discussed in
relation to Fig. 3, levels of total Jakl within S300- and G119-
infected cells were lower than those measured in S340- and
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FIG. 4. Efficient disruption of STAT1 tyrosine phosphorylation re-
quires determinants encoded by the S300 nonstructural genes. Vero
cells were infected for 6, 8, or 10 h with the indicated viruses (MOI =
15 PFU/cell) prior to 20 min of stimulation with 1,000 U IFN-B/ml.
Whole-cell extracts were prepared and analyzed as described in the
legend to Fig. 1. The schematic of the SINV genome indicates the
origin of the nonstructural/structural gene chimeras, where black in-
dicates genes of S300 origin and white indicates genes of G100 origin.
Three independent experiments with this chimeric panel yielded re-
sults consistent with the data shown.

G100-infected cells, which may play a role in the mechanism by
which viruses encoding threonine at nsP1 position 538 effec-
tively inhibit downstream STAT1 activation, but this possibility
requires further study. These data clearly indicate that a single
determinant previously demonstrated to be essential for adult
mouse neurovirulence is involved in the potent inhibition of
tyrosine phosphorylation of both STAT1 and its upstream ac-
tivating kinase, Jakl1.

DISCUSSION

The importance of the type I IFN system in the immediate
control of virus replication is illustrated by the quantity and
diversity of mechanisms carried by most (if not all) virus fam-
ilies to antagonize the production of and/or cellular response
to this family of cytokines. In the case of alphaviruses, this is
further illustrated by the finding that avirulent SINV strains
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FIG. 5. The presence of threonine at S300 nsP1 position 538 is
required for efficient inhibition of STAT1 activation. For a loss-of-
function analysis, Vero cells were infected with the indicated viruses
for 6, 8, or 10 h (MOI = 15 PFU/cell) and then stimulated for 20 min
with 1,000 U IFN-B/ml. Whole-cell lysates were harvested and then
subjected to Western blotting as described in the legend to Fig. 1. The
schematic of the SINV genome denotes the locations of four attenu-
ating mutations of G100 origin (white) that were inserted individually
or in combination into the wild-type S300 background (black): isoleu-
cine (I) at nsP1 position 538, within the nsP1/2 cleavage domain,
replaces threonine encoded by wild-type S300; an 18-amino-acid in-
sertion (un-A) replaces a deletion present in wild-type S300, at nsP3
positions 386 to 403; an opal termination codon replaces the wild-type
S300-encoded cysteine at nsP3 position 537; and a leucine (L) replaces
a serine encoded by wild-type S300 at position 243 of the E2 glyco-
protein. These data are representative of three independent experi-
ments.

become fully virulent in mice deficient in the type I IFN re-
sponse (IFNAR ™/~ mice) (50, 51), suggesting that SINV must
downregulate IFN production and/or signaling to some extent
in order to cause disease in immunocompetent mice. Previous
work has suggested that alphaviruses, including SINV, antag-
onize type I IFNs through global shutoff of host macromolec-
ular synthesis (3, 17, 19, 20). Recent work from our group and
others demonstrated that VEEV and SINV infections result in
a failure of cultured cells to respond to type I and II IFNs, as
indicated by reduced STATI tyrosine phosphorylation (57,
63); however, in one study, inhibition of host macromolecular
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FIG. 6. The presence of threonine at nsP1 position 538 is sufficient
for inhibition of STAT1 activation during S300 infection. To assay for
gain of function, Vero cells were infected for 6, 8, or 10 h with the
indicated viruses (MOI = 15 PFU/cell) and then stimulated for 20 min
with 1,000 U IFN-B/ml. Whole-cell extracts were prepared and ana-
lyzed by Western blotting as described in the legend to Fig. 1. The
diagram indicates the locations of four virulence determinants of S300
origin (black) which were individually introduced into the avirulent
G100 background (white). Threonine (T) replaced the G100-encoded
isoleucine at nsP1 position 538, within the nsP1/2 cleavage domain;
nsP3 positions 386 to 403 were deleted from wild-type G100 (A); and
the wild-type opal termination codon at G100 nsP3 position 555 was
replaced with cysteine (C). Three independent experiments yielded
results consistent with the data shown.

synthesis was proposed to play the dominant role in IFN an-
tagonism, since STAT1 inhibition did not result in reduced
ISG transcription in cultured mouse neurons infected with
VRP (63). In light of these previous results, we set out to test
whether there was any correlation between the in vivo viru-
lence profiles of different SINVs and their ability to antagonize
STAT activation. Importantly, we found that SINV strain
ARS86 (S300), which causes lethal disease in adult mice, dem-
onstrated more complete and rapid inhibition of STAT1 acti-
vation than two avirulent SINV strains, Girdwood (G100) and
TR339, which only partially inhibited STAT1 activation (as

J. VIROL.

previously reported for TR339 [63]). AR86 and Girdwood
each downregulated host protein synthesis, with similar kinet-
ics, and enhanced STAT1 inhibition mapped to a single deter-
minant, nsP1 position 538, known to modulate AR86 neuro-
virulence (27, 60) but not shutoff of host transcription/
translation (12). These results suggest that Jak/STAT signaling
inhibition, not host cell shutoff, contributes to the enhanced
virulence profile of ARS86.

Though we do not yet understand the mechanism by which
ARS86 inhibits IFN-a/B and IFN-vy signaling, analysis of the
type I and type II IFN receptor complexes clearly demon-
strated that defective STAT1 activation was associated with
defects at the level of Jak protein activation at both receptor
complexes. Decreased Jak activation could result from an in-
hibition of Jak kinase activity, from protein tyrosine phos-
phatase activity, or from a loss of receptor-ligand interaction
(e.g., via decreased IFN receptor surface expression). Addi-
tional studies are required to determine whether the virus
interferes with the ability of receptor complexes to associate
with and/or maintain expression at the cell surface. It is inter-
esting that total Jakl protein levels, but not levels of Jak2 and
Tyk2, were reduced in S300-infected cells relative to those
measured in G100-infected cells (as much as 50%) (Fig. 3). If
the moderate reduction of total Jakl protein during S300 in-
fection (and G119 infection) (Fig. 7) specifically represents the
fraction of Jakl that participates in signal transduction at the
IFN receptor complexes, this could explain the much larger
reductions in levels of tyrosine-phosphorylated Jakl, Jak2,
Tyk2, STATI1, and STAT2, but further studies are required to
evaluate this possibility. Previous studies with VRP infection
indicated that Tyk2/Jakl activation by IFN-B was normal at
times of maximal STAT1 inhibition, but IFN-y-mediated Jak1/
Jak2 phosphorylation was reduced without a major decrease in
IFNGR?2 surface expression (57). These results suggest that
while both VEEV and ARS86 inhibit STAT1 activation by
IFN-B and IFN-v, these viruses may act through distinct mech-
anisms.

Mapping studies (Fig. 5 and 6) revealed that a single S300
determinant, nsP1 position 538, is necessary and sufficient for
enhanced Jak/STAT signaling inhibition. This determinant has
previously been shown to play an essential role in adult mouse
neurovirulence by the AR86 virus (27, 60). Recently, we dem-
onstrated that SINV nsP1 position 538 modulates type I IFN
induction independent of its effects on Jak/STAT signaling
(12), which suggests that this determinant regulates both the
induction and signaling arms of the type I IFN response, each
of which could be important for virulence. A possible link to
type I IFN disruption is the ability of this determinant to
modulate cleavage of the nonstructural polyprotein precursor.
The nsP1 position 538 determinant lies within the nsP1/2 cleav-
age domain, and relative to the SINV consensus isoleucine at
this position, the virulence-associated threonine residue delays
the kinetics by which polyprotein intermediates are processed
into mature nsPs (28). Interestingly, when we compared our
various panels of mutant viruses, potent STAT1 inhibition
correlated tightly with viruses that maintained expression of
proteins corresponding to polyprotein precursors (data not
shown). Therefore, we are currently evaluating whether en-
hanced STAT1 inhibition by viruses carrying threonine at nsP1
position 538 is a direct result of delayed polyprotein processing
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FIG. 7. Modulation of STAT1 activation by threonine at nsP1 position 538 correlates with upstream inhibition of Jak1 activation. Vero cells
were infected for 8 h with S300, S340 (isoleucine at nsP1 position 538), G100, or G119 (threonine at nsP1 position 538) at an MOI of 15 PFU/cell
and then stimulated for 20 min with 1,000 U IFN-B/ml. Separate immunoblots of immunoprecipitated Jakl and input lysates were then performed
as described in the legend to Fig. 3. The data are representative of three separate experiments totaling 5 independent samples per infection group.

and, if so, whether inhibition might be mediated by a P123
precursor or some other cleavage intermediate.

We cannot rule out the possibility that the threonine codon
modulates Jak/STAT inhibition independent of its effects on
polyprotein processing. Furthermore, although the threonine
codon is essential for efficient inhibition of STAT activation,
the fact that viruses lacking threonine at this position retain
partial inhibitory activity suggests that other determinants con-
tribute to STAT inhibition. Interestingly, mutating TR339
nsP1 position 538 from an isoleucine to a threonine (39nsl),
which also enhances neurovirulence (27), resulted in enhanced
inhibition of STAT1 phosphorylation (data not shown); how-
ever, this inhibition did not reach the magnitude seen when
threonine at nsP1 position 538 was introduced into G100
(G119), suggesting that other differences between TR339 and
Girdwood (G100), which is more closely related to AR86, also
contribute to the inhibitory mechanisms. When combined with
previous results with VEEV (57, 63), these data implicate the
viral nonstructural proteins as mediators of Jak/STAT signal-
ing inhibition. However, while we observed no role for the
structural proteins in Jak/STAT inhibition, it is clear that de-
terminants within alphavirus structural proteins (1, 59) and
noncoding regions (62) also contribute to the resistance of
alphaviruses to type I IFN.

Antagonism of Jak/STAT signaling is a feature of other
encephalitic viruses, including the flaviviruses Japanese en-
cephalitis virus, tick-borne encephalitis virus, and West Nile
virus (WNV), all of which have been shown to inhibit re-
sponses to IFN-a/B and/or IFN-y (4, 25, 39). Recently, expres-
sion of the NS5 protein of the virulent WNV strain NY99, but
not of NS5 from the attenuated WNV strain Kunjin, was
shown to effectively disrupt STATT1 activation by IFN-o/p and
IFN-y. Effective STAT1 inhibition by the Kunjin strain could
be rescued by the introduction of a single amino acid encoded
by the virulent NY99 strain (NS5 S653F) (35), in a manner
analogous to our findings with SINV. At least in the case of
SINV ARS6 infection, the importance of the determinant at
nsP1 position 538 for both adult mouse neurovirulence and
Jak/STAT inhibition suggests that this inhibition contributes to
pathogenesis. We previously reported that S300 (wild type

nsP1 [Thr 538]) and S340 (mutant nsP1 [Ile 538]) establish
infection and replicate within the CNS to similar levels at early
times. However, by day 6 postinfection, when S300-infected
mice begin to succumb to infection, S300 continues to replicate
within the CNS, while the S340 virus is largely cleared (27),
suggesting that the differences in virulence between these
strains result in part from an ability of S300 to avoid viral
clearance (27, 60). Antiviral antibody and IFN-y mediate non-
cytolytic clearance of nonpathogenic SINV from the CNS (5, 8,
36, 37), and IFN-y treatment of SINV-infected rat neuronal
cultures results in the clearance of infectious virus, a reduction
in viral protein synthesis, and restored cellular protein synthe-
sis within 24 h (7), effects that were later determined to require
Jakl-dependent signaling (6). Since ARS86 is a potent inhibitor
of IFN-y-mediated STAT1 activation, it is possible that this
virus is more resistant to mechanisms of IFN-y-dependent viral
clearance from the CNS, which ultimately leads to the induc-
tion of lethal neurologic disease. Studies are under way to
directly assess this possibility.

In summary, we have demonstrated that an adult mouse
neurovirulent strain of Sindbis virus exhibits an enhanced abil-
ity to interfere with Jak/STAT activation by either type I or
type II IFNs and that this effect is mediated by a virulence
determinant at nsP1 position 538. These studies strongly sug-
gest that the ability to block Jak/STAT signaling contributes to
alphavirus virulence. Therefore, additional studies are needed
to both define the molecular mechanisms underlying Jak/
STAT antagonism by alphaviruses and investigate the relative
role of inhibition of either type I or type II IFN receptor
signaling in the pathogenesis of alphavirus-induced disease.
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