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Abstract

Most previous studies of interferon-alpha/beta (IFN-a/B) response antagonism by alphaviruses
have focused upon interruption of IFN-a/p induction and/or receptor signaling cascades. Infection
of mice with Venezuelan equine encephalitis alphavirus (VEEV) or Sindbis virus (SINV) induces
serum IFN-a/p, that elicits a systemic antiviral state in uninfected cells successfully controlling
SINV but not VEEV replication. Furthermore, VEEV replication is more resistant than that of
SINV to a pre-existing antiviral state in vitro. While host macromolecular shutoff is proposed as a
major antagonist of IFN-a/p induction, the underlying mechanisms of alphavirus resistance to a
pre-existing antiviral state are not fully defined, nor is the mechanism for the greater resistance of
VEEV. Here, we have separated viral transcription and translation shutoff with multiple
alphaviruses, identified the viral proteins that induce each activity, and demonstrated that VEEV
nonstructural protein 2-induced translation shutoff is likely a critical factor in enhanced antiviral
state resistance of this alphavirus.
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Introduction

The Alphavirus genus of the Togaviridae family of viruses consists of positive-sense single-
stranded RNA viruses broadly classified into arthritogenic (e.g. Sindbis virus (SINV) and
chikungunya virus (CHIKV)) and encephalitic (e.g. Venezuelan and eastern equine
encephalitis viruses (VEEV, EEEV)) disease-causing groups. Members of this genus are
responsible for millions of annual infections and ongoing epidemic outbreaks in several
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parts of the world, such as the current CHIKV epidemic in the Indian Ocean region (1)
which has recently spread to the Caribbean, United States and Central and South America
(2-4). Infection with arthritogenic alphaviruses causes a febrile illness, which can lead to
arthralgia/arthritis lasing for months or years after infection (5). In contrast, encephalitic
alphavirus infection results in prodromal disease of varying duration and severity which can
progress to fatal encephalitis in a significant number of cases depending upon the virus (6).

Alphavirus replication and disease severity in mouse models is dependent on their resistance
to or avoidance of the antiviral state generated following IFN-a/g induction, and it has been
proposed that human disease severity is also associated with resistance to or avoidance of the
antiviral effects of IFN (6-8). Infection of mice with VEEV elicits the highest levels of
induced systemic IFN-a/p while significantly lower levels are observed following SINV
infection (6), and little to no IFN is induced by EEEV infection (9). For CHIKYV, robust IFN
induction is observed in the serum of infected patients (10, 11), and infected non-human
primates (12), whereas little IFN is detected in the serum of infected mice (6). However,
non-hematopoietic cells are the primary source of IFN during CHIKYV infection (13). Mice
with functional IFN-a./p responses efficiently control SINV (14-16) and CHIKYV infection
(1, 5). In contrast infection with VEEV (17, 18) or EEEV (19, 20) is usually fatal. While the
severity of EEEV infection is linked to its avoidance of replication in myeloid lineage cells
and consequent suppression of IFN and other innate immune responses (21, 22), mortality
and disease progression observed following VEEV infection is proposed to reflect greater
resistance to the antiviral state induced by IFN (8).

IFN signaling upregulates hundreds of Interferon stimulated genes (ISG’s), many of which
possess antiviral activities (23, 24), of which several have been shown to inhibit alphavirus
replication (25-27). Notably, in conditions where replication of other alphaviruses is highly
restricted by IFN-a/p priming, successful replication of VEEV can be observed (8, 28). The
resistance of VEEV to many antiviral effectors which comprise the antiviral state in IFN-
primed cells suggests a global mechanism that overcomes their inhibitory activities, rather
than resistance to the activity of each ISG individually. To suppress the induction of cell
stress responses, alphaviruses have been shown to block host cell transcription (29, 30) and
translation (8, 31), and it is possible that the induction of one or more such processes during
infection of IFN-primed cells by VEEV is able to suppress the pre-existing antiviral state.
The Old world alphaviruses mediate host transcription and translation shutoff through an
activity of the nonstructural protein nsP2 (8, 31, 32), while the capsid protein of New world
alphaviruses shuts off host cell transcription (30, 33). The viral protein involved in host
translation arrest during New World alphavirus infection has not been determined
conclusively.

Most previous studies exploring the mechanisms of alphavirus mediated IFN-a/f
antagonism were performed in unprimed cells, cells treated with IFN-a/B post infection, or
cells over-expressing individual 1SGs such as Interferon-inducible protein with
tetratricopeptide repeat 1 (IFIT1) (26, 34-36). However, rapid induction of serum IFN-a/p in
mice after VEEV and SINV infection upregulates an antiviral state in most cells at sites
where the infection has not progressed, causing the of majority cells infected by these
viruses /n vivoto be primed to resist infection. Thus, previous /n vitrowork in unprimed
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cells primarily represents the few cells initially infected after inoculation of mice. The
interaction of VEEV and SINV with a pre-established antiviral state was explored in recent
studies (6, 8), which demonstrated that VEEV was far more resistant to a pre-existing
antiviral state than SINV.

Previous studies have also focused on the effect of a generalized shutoff, or when specific,
virus-induced transcription shutoff on induction of IFN-a/f responses (32, 34), while the
role of translation shutoff in antiviral state antagonism has not been emphasized. For SINV,
both transcription and translation shutoff are induced by the same protein (31), and the
relative contribution of these functions in resisting the antiviral state is difficult to explore.
Similarly, most previous work with VEEV or EEEV has implicated capsid induced
transcription shutoff to play a major role in suppression of IFN-a/p induction, despite the
temporally deferred synthesis of this viral protein during infection (35, 37). Induction of host
translation shutoff by VEEV has been localized to the nonstructural protein region of the
genome, which is translated before the capsid region during infection (8), suggesting a role
for this activity in the antiviral state resistance of VEEV.

Here we have examined possible mechanisms underlying resistance of VEEV to an IFN-a./p
induced, pre-established antiviral state and identified/confirmed the proteins that mediate
host transcription and translation shutoff with CHIKV, SINV, VEEV and EEEV through
individual protein expression. In /n vitrotesting, VEEV was more resistant than SINV,
CHIKYV and EEEV to the global antiviral state in mouse and human cells, and this resistance
became evident at a point after initial translation of the incoming virus genome.
Furthermore, a panel of mutant viruses deficient in host macromolecular synthesis shutoff
demonstrated that sensitivity to the antiviral state was correlated with slower rates of this
activity. Using a plasmid expression system to study host macromolecular synthesis shutoff
independent of virus replication rates, we found that expression of VEEV, CHIKV or SINV
nsP2, or VEEV or EEEV capsid expression, but not control nsPs or GFP was sufficient to
block host translation, with VEEV and EEEV capsid translation blockade likely secondary
to transcription shutoff. VEEV and EEEV nsP2 did not inhibit transcription. VEEV or
EEEV capsid and CHIKV or SINV nsP2 expression directly inhibited host transcription.
EEEV nsP2 also failed to block host translation revealing a stark difference between VEEV
and EEEV. Importantly, in the absence of transcription shutoff, host translation in IFN-
primed cells was inhibited more efficiently by VEEV nsP2 than that of SINV nsP2.
Furthermore, when VEEV nsP2 was expressed in IFN-primed cells, levels of ISG’s were
lower, and replication of an unrelated IFN-sensitive virus (yellow fever virus 17-D) was
enhanced over IFN-primed control cells. Overall, we conclude that VEEV nsP2-induced
host translation shutoff early after infection downregulates the antiviral state by decreasing
levels of ISG’s and creating an environment more permissive for viral replication.

Materials and Methods

Cell culture

Neuro 2a, Vero and Huh?7 cells (acquired from American Type Culture Collection (ATCC))
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 200mM L-glutamine (L-glut; Sigma, 10,000 units/mL penicillin
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(Sigma), and 10 mg/mL streptomycin (Sigma). Tetracycline-inducible murine embryonic
fibroblasts (MEF; Clontech) were maintained in the above medium supplemented
additionally with 50 mg/mL G418. The generation of, and target gene induction from,
tetracycline-inducible murine embryonic fibroblasts overexpressing GFP, IFIT1 and
Interferon-stimulated gene 20 (1SG20) has been previously described (38). BHK-21 cells
(ATCC) were maintained in RPMI supplemented with 10% donor bovine serum (DBS), 10%
tryptose phosphate broth (TPB), and supplements as above. All cells were grown at 37°C
with 5% CO,.

replicons

Construction of cDNA clones for VEEV ZPC738 (18), EEEV FL93-939 (39), SINV TR339
(40) and CHIK-LR (41) has been previously described. Mutant VEEV viruses P713G,
P713S, P713K and Q739L were generated by site-directed mutagenesis using appropriate
overlapping primers and Quikchange kit and according to manufacturer’s guidelines
(Agilent). VEEV mutants CD and CD/nsP2 739L were generated similarly by deleting
amino acids 64-68 from capsid using site-directed mutagenesis. Yellow fever virus (YFV)
vaccine strain 17-D was used to construct a reporter virus expressing Nano-luciferase (nLuc)
(42) by inserting the nLuc gene followed by the Thosea asigna virus (Tav) 2A-like protease
in frame between Capsid and prM, as previously described for alphaviruses (43). Viruses
were generated by electroporation of capped /n vitro-transcribed RNA (mMessage
mMachine; Ambion) into BHK-21 cells (20). Titer was determined using a BHK-21 plaque
assay. Construction and packaging of VEEV, EEEV and SINV replicons expressing the
firefly luciferase gene (fLuc) has previously been described (9). A CHIKYV replicon
expressing fLuc, was constructed using methods similar to those previously described. Nano
luciferase activity on lysates from 17-D nLuc infected cells was measured using the Nano-
Glo Luciferase Assay kit (Promega). Protein levels were quantified using a BCA assay
(Pierce) and data expressed as relative light units (RLU)/ug of cell protein.

Protein expression plasmids

Individual virus proteins were cloned into the pCAGGS vector containing a hemagglutinin
tag at the N-terminus proximal to the insertion site (gift from Chris Basler) (44). The nsP
and capsid proteolytic cleavage sites were chosen as the boundaries of the protein genes and
a stop codon was added at the end of each gene. Viral genes were PCR-amplified from full-
length cDNA clones using suitable primers with Not1 and Nhel/Xmal restriction sites
added at the 5’ and 3’ ends respectively. Additionally, GFP was PCR-amplified from a
previously constructed plasmid using suitable primers with Not1 and Nhel restriction sites
added at the 5” and 3’ ends respectively. PCR products and pCAGGS vector were digested
and ligated, and individual clones were selected and confirmed by restriction digestion and
sequencing. Huh7 and MEF cells were transiently transfected with plasmids (10 pg per
plasmid) using the Nucleofector 1l machine and manufacturer’s protocols (Amaxa). Huh7
cells (1x108 per reaction) were nucleofected using Kit V and protocol T-022. MEF cells
(1x10°8 per reaction) were nucleofected using Kit V and protocol T-020. Each transfection
reaction was divided into two or three wells. A GFP-expressing plasmid was used as
transfection control and reactions were used for experiments if GFP positive cells numbered
>90%.

Virology. Author manuscript; available in PMC 2018 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhalla et al.

Page 5

Translation reporters

Reporters were constructed as described (27, 45, 46). Briefly, the firefly luciferase (fLuc)
gene was fused in frame with 5’ and 3" NTR and poly (A) tail from SINV, CHIKV, VEEV or
EEEV, such that reporter RNA would initiate translation of fLuc from authentic virus
translation start sites. RNA was synthesized using /n vitro transcription kits (mMessage,
mMachine; Ambion). Cells were electroporated with virus derived reporter RNA’s (5ug per
reaction) using a BioRad Gene Pulser 1l machine (for each reaction, two pulses at 220 \Volts
and 1 mFarad). Each electroporation reaction was divided into three wells. Lysates were
collected in passive lysis buffer (Promega). Firefly or Renilla luciferase activity was
measured using the Dual Luciferase Reporter Assay kit (Promega). Protein levels were
quantified by bicinchoninic acid assay (BCA, Pierce) and data expressed as RLU/ug.

Virus infections

Cells were seeded in plates overnight before infections. Viruses were diluted to the
multiplicity of infection (MOI) indicated in figure legends in virus diluent (PBS with
Calcium and Magnesium, supplemented with 1% DBS). Cells were infected for one hour at
37°C, following which medium was added to cells. Supernatants were collected at indicated
times and viral titers were determined as described above. For semi-quantitative PCR
measuring viral replication, lysates were collected using Trizol reagent and total cellular
RNA was extracted using manufacturer’s protocols (Ambion). 100ng total RNA was
reverse-transcribed into cDNA using a virus specific primer for VEEV (5’-
GCGTAATACGACTCACTATACTGGTACTAGATTTATGCGC -3’), EEEV (5°-
GCGTAATACGACTCACTATATGACAACCAACGAGTGTGGG-3), SINV (5’-
GCGTAATACGACTCACTATACGTGAGGAAGATTGCGGTTC-3") and CHIKYV (5’-
GCGTAATACGACTCACTATAGCTGTCTAGATCCACCCCATACATG-3"). For the semi-
quantitative step, a primer for T7 (5’-GCGTAATACGACTCACTATA-3’) and virus specific
primers for VEEV (5’-TCCGTCAGCTCTCCCGCAGG-3’), EEEV (5’-
AGAGTGGCTGACGTTCGCAC-3’), SINV (5’-CTGGGAAGGGCACACAACTT-3’) and
CHIKV (5’-GGCAGTGGTCTCAGATAATTCAAG-3’) were used. Additionally, 100ng
RNA was reverse-transcribed using random hexamers, and 18S primers were used as loading
control (sense, 5’-CGCCGCTAGAGGTGAATTTCT-3’; antisense, 5’-
CGAACCTCCGACTTTCGTTCT-3"). Values obtained were normalized to 18S levels using
the ddCT method (47). DNA contamination was ruled out by performing reactions excluding
reverse transcriptase.

Interferon (IFN) bioassay and ELISA

The concentration of biologically active mouse IFN was measured using a bioassay as
previously described (48). Briefly, 3x10% 929 cells were seeded per well in a 96-well plate.
Samples (200 pL) were acidified to pH 2.0 using 1M HCI for 24h at 4°C. Samples were then
neutralized to pH 7.0 using 2M NaOH and 100 uL was added to the first well in duplicate.
Samples were diluted 2-fold across the plate and incubated at 37°C for 24h. EMCV (4x103
PFU/well) was added to each well and incubated 24h at 37°C and then stained with crystal
violet. The IFN concentration in samples (cell supernatants or mouse sera) was set as the
dilution of sample required for 50% protection from cytopathic effect (CPE), compared with
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protection conferred by an IFN standard. The IFN-a. ELISA was performed on mouse sera
as per manufacturer’s instructions.

Western blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 150
mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1
mM EDTA, 1 mM EGTA) supplemented with protease inhibitors (1 mM
phenylmethylsulfonyl fluoride, 1ug/ml leupeptin, and 1 pg/ml pepstatin), and a phosphatase
inhibitor cocktail (Sigma). Protein concentrations were determined as above. Equal amounts
of protein (25 ug) from each lysate was resolved on an 8% SDS-polyacrylamide gel (SDS-
PAGE) and transferred to a PVDF membrane (BioRad). Membranes were blocked for 1h in
5% milk in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBST) and incubated overnight
with primary antibody at 4°C. Primary antibodies were diluted in 3% BSA-TBST.
Membranes were washed in TBST four times (15min each) and incubated for 1h in
appropriate horseradish peroxidase-conjugated secondary antibody (Thermo Fisher) diluted
in 2% milk-TBST. Membranes were washed in TBST four times and probed with an ECL
chemiluminescence kit (Pierce). Densitometry was performed using Image J software.
Membranes were probed with following antibodies: rabbit polyclonal against IFIT1 (1:1000,
Sigma), goat polyclonal against TGTP (1:250, Santa Cruz) and mouse monoclonal against
actin (1:5000, Millipore) and HA-tag (1:1000, Thermo Scientific).

Metabolic labeling

Cells were infected with viruses or transfected with plasmids for the times indicated in
figure legends. Thirty minutes before labeling, growth medium was replaced with starvation
medium (Cys/Met free DMEM (Cellgro) supplemented with 1% FBS, L-glut, PS). Next,
cells were incubated in starvation medium complemented with 100uCi/mL [3°S] Cys/Met
(MP Biomedicals) for 2h at 37°C. Cells were washed with phosphate-buffered saline (PBS)
and lysed in RIPA buffer. An equal volume of sample was resolved on an 8% SDS-PAGE
gel. Gels were fixed and dried and exposed to photographic film (GE Healthcare) for 7 days
at —80°C for visualizing labeled proteins. Densitometry was performed as described above.
As a loading control, equal volumes of lysate were resolved and stained for levels of actin
using western blot.

Immunofluorescence

MEF cells were pre-treated with 1501U/mL mouse IFN for 16h and transfected with
expression plasmids as described above. Cells were fixed at 24h post-transfection in 4%
paraformaldehyde (PFA) overnight at 4°C and permeabilized with ice-cold methanol or
0.1% Triton X-100 at room temperature for 15 min. Cells were blocked with blocking buffer
(BB, PBS supplemented with 1% bovine serum albumin and 0.3% Triton X-100) mixed with
10% donkey serum for 1h at room temperature. Primary antibody was diluted in BB and
incubated overnight at 4°C. Next, cells were washed in PBS and incubated in fluorophore-
conjugated secondary antibody in the dark for 1h at room temp. DAPI (10pL per well) was
added before cells were observed with a confocal fluorescence microscope. The following
primary antibody was used: mouse monoclonal anti-HA tag (1:200, Thermo Fisher).
Secondary antibody used was Alexa 488 donkey anti-mouse (1:1000, Jackson
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Immunological). Images were acquired using Olympus Fluoview 1000 microscope at a
magnification of 60x using Fluoview software version 3.1.

Transcription shutoff analysis

Lysates were collected from transfected cells using Trizol reagent and total cellular RNA
was extracted using manufacturer’s protocols (Ambion). 100 ng total RNA was reverse-
transcribed into cDNA using random hexamers. Primers were designed to detect levels of
human gamma actin intron #3 (sense, 5’-TTCTTTCGCTGTTCCAGGCT-3’; antisense, 5’-
AGGCTTCAGGGAGGAAATGC-3%) or mouse gamma actin intron #3 (sense, 5’-
ACAGAACGCAAGCAGAAACG-3’; antisense, 5’-TGGCATTTCCTCCCTGAAGC-3’).
18S primers were used as loading control (sense, 5’-CGCCGCTAGAGGTGAATTTCT-3’;
antisense, 5’-CGAACCTCCGACTTTCGTTCT-3’). Actinomycin D treatment (15 pg/mL
treatment for 6h) was used as a positive control for transcription shutoff.

In vivo experiments

Statistics

Inocula (10pL) containing 100 or 1000 PFU virus or PBS was administered subcutaneously
to the hind leg footpad of CD-1 mice using a 27 gauge needle and a gastight Hamilton
syringe. Mice were observed and scored for degree of sickness at 24h intervals and average
survival times (AST) and percent mortality were calculated.

Statistical tests used were Student’s t-test, one-way ANOVA, two-way ANOVA, as indicated
in figure legends. Graph Pad Prism software was used for all statistical analyses.

Ethics statement

Results

All animal research was performed in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All
animal procedures were performed according to a protocol (Protocol no. 101195) approved
by the Institutional Animal Care and Use Committee of the University of Pittsburgh. For
viral infections, mice were anesthetized with Isoflurane. Mice reaching euthanasia criteria
were euthanized by Isoflurane overdose and cervical dislocation. For serum collection, mice
were overdosed with Isoflurane and exsanguinated by cardiac puncture.

VEEV is more resistant to the IFN-induced antiviral state than other alphaviruses

Previously, we compared the relative resistance of SINV and VEEV to an IFN-induced anti-
viral state in primary mouse neurons (8). Treatment of primary neuron cultures with 1000 1U
IFN a/p post-infection had limited effect on viral growth; however, pre-treatment with 1000
IU IFN a/p for 24h prior to infection substantially inhibited growth of SINV but not VEEV
(8). Here we determined the relative resistance of multiple Old world (SINV and CHIKV)
and New world (VEEV and EEEV) alphaviruses to a pre-existing antiviral state in both
mouse and primate cells.
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Treatment of Vero cells with 5000 U human leukocyte IFN for 24h prior to infection
significantly (P<0.0005) reduced the growth of all tested alphaviruses at 6h post-infection
(p.i.) (Fig 1A). By 24h p.i., this early blockade on virus growth was subsequently overcome
by VEEV and replication in IFN-pretreated cells was comparable to untreated cells. In
contrast, the antiviral effects of IFN significantly (P<0.0005) virus growth of all other tested
alphaviruses. Similar results were obtained in mouse embryonic fibroblast (MEF) cells (data
not shown), indicating that the resistance phenotype of VEEV is not mouse- or primate-
specific. These results indicate that VEEV is resistant to a global IFN-induced anti-viral
state.

We next tested the ability of alphaviruses to replicate in the presence of individually
overexpressed IFN effectors that had been previously shown to possess anti-alphaviral
activity (38). Tet-inducible MEF cells over-expressing IFIT1 and 1SG20 were infected with
VEEYV, EEEV, SINV and CHIKYV and viral replication was measured using gRT-PCR at 24h
p.i. Similar to pre-treatment experiments, VEEV replicated successfully; in contrast, EEEV,
CHIKYV and SINV were significantly inhibited (P<0.001, Fig 1C). Taken together, these
results indicate that VEEV is resistant to both a global anti-viral state and individual IFN
induced effector proteins.

During alphavirus infection, nonstructural proteins are produced first, and are required for
production of structural proteins (49). To identify the role of nonstructural proteins in the
resistance phenotype of VEEV, we used VEEV, SINV, CHIKV and EEEV replicons lacking
structural proteins and expressing fLuc. Luciferase activity in MEF cells pre-treated with
IFN was reduced during infection of all replicons when compared to untreated cells.
However, luciferase activity in IFN primed cells infected with Vrep Luc was significantly
higher (P<0.0003) than those infected with other replicons (Fig 1D). We concluded that the
resistance phenotype of VEEV is localized, at least in part, to the nonstructural protein
region of the genome.

Translation of incoming genomes of all tested alphaviruses is similarly affected by IFN

The previous experiments demonstrated the ability of VEEV to more efficiently initiate
replication in the presence of an antiviral state compared to other tested alphaviruses and
suggested a role for noncoding regions or nonstructural proteins in the antiviral state
resistance of VEEV. Subsequently, we sought to determine the step(s) in the replication
cycle where VEEV escaped suppressing effects of the antiviral state. Possible points where
upregulated antiviral effectors could potentially block alphavirus replication initiation are
virus entry, virion envelope fusion with the endosomal membrane, sequestration/degradation
of incoming viral RNA and suppression of initial translation of the incoming viral genome.
We previously observed that translation of mMRNA messages entering an IFN-primed cell
across the cytoplasm was substantially reduced, while that of nuclear originating mRNA was
not (46). Additionally, this block was at the step of initial translation of the mRNA.
Furthermore, recent work using chimeric alphaviruses has shown that, in general,
attachment, entry and nucleocapsid dissociation are not affected by IFN (36). Therefore, we
speculated that the IFN induced antiviral state might block virus replication at the point of
initial genome translation. We used capped and poly-adenylated reporter RNA molecules in
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which the fLuc gene was flanked by authentic 5’ and 3’ non-translated regions (NTR) and
fused to truncated nsP1 of VEEV, EEEV, CHIKV and SINV (Fig 2A) to measure the effect
of antiviral activity on translation of incoming virus genomes as previously described (46).
Translation of reporter RNA mimics initial translation of an incoming viral genome as the
reporter is incapable of replication. In addition, electroporation of reporter RNA’s bypasses
the entry and fusion steps of the viral infection cycle by delivering RNA directly into the
cytoplasm.

The activity of fLuc in electroporated MEF cells pre-treated with IFN revealed a dose
dependent decrease in translation of incoming RNA independent of the origin of the reporter
(Fig 2B), similar to published observations using chimeric viruses (36). Activity was
significantly lower (reduced >100 fold; P<0.0015) in cells pre-treated with the highest dose
of IFN (1000 1U) compared to untreated cells for all viral reporter RNA’s. We conclude that
replication of alphaviruses is significantly diminished in IFN-primed cells after entry and at
the point of initial translation of the genome and production of nsPs. Notably, translation of
all reporter RNA’s, while being heavily suppressed was not completely ablated even in cells
receiving the highest dose of IFN. While, recently, IFIT-1 activity was demonstrated to
inhibit translation differentially between alphaviruses (36), VEEV does not appear more
resistant to the overall effect of IFN priming in this assay. This suggests that low-level
translation of viral nonstructural proteins occurs following infection of IFN-primed cells.
Based upon this result, and consistent with replicon data (Fig 1D), we hypothesized that an
activity or activities of one or more VEEV nsPs may contribute to the antiviral state
resistance of VEEV.

Phenotypes of mutant VEE viruses suggest a role for host macromolecular synthesis
shutoff in antiviral state antagonism

Alphaviruses can inhibit host macromolecular synthesis by causing transcription and
translation shutoff in many replication-permissive cells (8, 33, 39, 50). We hypothesized that
VEEV induces host macromolecular synthesis shutoff in IFN-primed cells to inhibit the
antiviral state during infection. To test this hypothesis, we created a panel of VEEV viruses
incorporating published mutations in the nsP2 or capsid of VEEV and other alphaviruses
known to reduce host macromolecular synthesis shutoff (Table 1). The wild-type nsP2
sequences of most alphaviruses contain a conserved proline residue at amino acid position
713 in VEEV, 726 in SINV and 718 in CHIKYV, with the notable exception of EEEV which
possesses a lysine at the analogous position. Published data with mutations at or near this
position (SINV P726G, CHIKV P718S, VEEV Q739L) have been reported to decrease host
macromolecular synthesis shutoff or, with Q739L, cytopathic activity, which may reflect
shutoff efficiency (32, 51-53). In addition, a five amino acid deletion in VEEV capsid
greatly reduces its ability to shut off host cell transcription (33, 54).

We measured the following phenotypes of the panel of mutant viruses: 1.) replication in
unprimed and IFN-primed cells; 2.) the ability to shutoff host macromolecular synthesis by
measuring translation shutoff and IFN induction; and 3.) replication efficiency in IFN-
primed cells compared to WT VEEV. We reasoned that a correlation of one or more mutant
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phenotypes with the ability of mutants to replicate in the presence of an antiviral state would
implicate those activities in the antiviral state resistance of WT VEEV.

We introduced these mutations into an enzootic wild-type VEEV virus (Table 1) and tested
their effects on viral replication by performing a one-step growth curve in untreated and IFN
pre-treated Vero cells (Fig 3A and B). The rate and efficiency of infection was similar
between WT and mutant viruses. In untreated cells the mutants divided into two groups (Fig
3A); slower growing mutants (Q739L, CD/739L) which significantly (P<0.0001) lagged WT
VEEV replication at early times p.i., and mutants which grew to levels and at rates not
significantly different from WT VEEV (CD, P713G, P713S). Most mutants achieved levels
of replication similar to WT VEEV by 24h p.i. Substitution of the conserved proline at
position 713 in VEEV nsP2 with glycine had no impact on replication Kinetics, in stark
contrast to the substantial effect of the analogous mutation in SINV (52). Additionally, the
effect of the capsid deletion mutation on viral replication was observed only in conjunction
with Q739L. The replication of mutants in IFN-primed cells (Fig 3B) was similar to that
observed in unprimed cells. 713G and 713S replication was not significantly different from
VEEV WT. The mutant CD was slower significantly only at 6h and 24h p.i. (P<0.0001)
compared to VEEV WT. In contrast, growth of 739L and CD/739L was significantly
(P<0.0001) inhibited compared to VEEV WT at all times p.i., and similar to the effect
observed in unprimed cells, the combined effect of two mutations significantly inhibited
viral replication. Finally, we titered all viruses on multiple cell types (BHK, Vero and Huh7,
data not shown). We observed different titers between cell types, but crucially, the difference
between WT and mutant titers was similar in each cell type, suggesting that the viral
infectivity was similar between WT and mutant viruses.

We next tested the ability of mutant viruses to shut off host macromolecular synthesis,
measured in this case as translation shutoff which represents cumulative inhibition of
transcription and translation activities. Neuro 2a cells were used as a substitute for primary
neurons, which were previously used to study the resistance of VEEV to the antiviral state
(8). Infected Neuro 2a cells were labeled with [3°S] Cys/Met for 2h at 6h and 18h p.i and
lysates were resolved on polyacrylamide gels to measure total protein synthesis (Fig 4A and
B). As previously reported, WT VEEV efficiently shut off host translation by 6h. Shutoff
induced by mutants 713G and 713S was not significantly different from WT VEEV early or
late after infection. The mutants 739L, CD and CD/739L were significantly (P<0.01)
impaired at inducing shutoff early after infection, and while the extent of shutoff achieved by
739L was not significantly different from WT VEEV by 18h, CD and CD/739L were unable
to induce a complete shutoff even by 18h p.i. (P<0.0001). Shutoff induced by CD/739L was
significantly lower than CD alone both early (P<0.05) and late (P<0.0001) p.i., reflecting the
combined effects of the two mutations present in the virus. Similar results were obtained in
BHK and Huh7 cells (data not shown).

IFN induction following infection can result in upregulation of an antiviral state via
autocrine or paracrine signaling (55). The ability of VEEV to shutoff host macromolecular
synthesis would also prevent IFN production and subsequent establishment and sustenance
of an antiviral state. We explored the role of host macromolecular synthesis shutoff in
antagonism of IFN induction by measuring secreted IFN levels following infection of MEF
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cells with WT and mutant VEEV viruses as this might affect rates of virus replication in cell
types competent for IFN production. MEF cells were chosen as they are capable of secreting
IFN following treatment with appropriate stimuli. VEEV WT infection did not result in IFN
secretion at early or late times p.i. (Fig. 5A and B). IFN was only detected in CD and CD/
739L supernatants at both early and late times p.i. (Fig 5A and B). CD/739L induced
slightly, but not significantly, greater amounts of IFN than CD early (3h; 8301U vs 3301U),
and significantly (P<0.0001) greater amounts late during infection (24h; 80001U vs 40001U).
Notably, while 739L infected cells did not secrete IFN, CD/739L infected cells secreted the
greatest amount of IFN at all measured times p.i, suggesting that different components of the
host macromolecular synthesis shutoff mechanism have a combined effect on antiviral state
antagonism. Taken together, these results suggest, consistent with previous reports with
SINV (34), that host macromolecular synthesis shutoff plays a role in suppression of IFN
induction in fibroblast type cells by VEEV. These results also demonstrate that both VEEV
nsP2 and capsid contribute to this suppression during infection

We tested the ability of VEEV mutant viruses to replicate in the presence of a pre-
established antiviral state in order to identify whether macromolecular synthesis shutoff
played a role in antiviral state resistance. Vero cells were selected as they are incapable of
producing IFN upon stimulus (56, 57); thus the antiviral state generated by IFN pre-
treatment would be equivalent for all VEEV mutants and would not be affected by virus
induced IFN. Vero cells were pre-treated with 5000 IU human leukocyte IFN for 24h and
infected with VEEV WT and mutants at equal M.O.I. The fold reduction in replication in
IFN-treated cells versus replication in untreated cells was used to determine the sensitivity of
VEEV mutants to IFN-priming (Fig 6A). The mutants CD, 713G and 713S were not
significantly different from WT VEEV in resisting the effects of the anti-viral state, whereas
739L and CD/739L were significantly (P<0.0001) more sensitive than VEEV WT at late
times p.i. Additionally, CD/739L was significantly (P<0.0001) more sensitive to the antiviral
state than 739L, reflecting the presence of mutations affecting both components of
macromolecular synthesis shutoff. Growth of 739L and CD/739L was also significantly
inhibited (P<0.05) in cells over-expressing single antiviral effector proteins IFIT1 or ISG20
(Fig 6B) when compared to VEEV WT.

Summarizing the results of /in vitro experiments with the VEEV mutants (Table 2), we found
that the efficiency of replication early during infection was the viral phenotype most closely
associated with resistance to the antiviral state during late stages of infection, and was
positively associated with host shutoff. Lesser shutoff of host macromolecular synthesis
likely contributed to the reduced growth of 739L and CD/739L observed in IFN-primed
cells. Viruses containing mutations negatively affecting host macromolecular synthesis
shutoff (739L and CD/739L) were thus more sensitive to the antiviral state, while mutations
that had a negligible to slightly positive, albeit non-significant, effect on these viral activities
(713G, 713S) were similarly resistant as VEEV WT to the antiviral state.

VEEV nsP2 promotes host translation shutoff

Due to the potential for pleiotropic effects of nsP2 and/or capsid mutations on multiple viral
activities confounding interpretation of virus infection experiments, we developed a plasmid
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expression system similar to that previously described (58) to assess the role individual
VEEV proteins in host macromolecular synthesis shutoff and their involvement in antiviral
state resistance. To ensure the observed effects of mutations in viral proteins were not due to
differential expression levels in this system, we measured expression levels of WT and
mutant nsP2 and capsid and VEEV nsP1 and nsP3 following transfection of plasmids (Fig
7A). There were no apparent differences observed between WT and mutant VEEV, SINV
and CHIKV or WT EEEV nsP2. The expression level of EEEV capsid appeared lower than
that of VEEV capsid, while VEEV nsP1 and nsP3 expression levels appeared similar to each
other.

We had previously observed shutoff of host translation, but not transcription, in cells
infected with a VEEV replicon expressing only nsPs (8), and hypothesized that one or more
VEEV nsPs induced this activity during infection. We transfected Huh7 cells with plasmids
encoding capsid and WT/mutant nsP2 proteins from different alphaviruses, and measured
their ability to repress host translation using [3°S] pulse-labeling to detect steady-state
translation. Expression of VEEV/EEEV capsid and VEEV/SINV/CHIKY WT nsP2 was
sufficient to significantly (P<0.0001) diminish host translation (by >50%) when compared to
GFP expressing control cells (Fig 7B and C). The extent of translation shutoff is lower than
that observed during replicating virus infections (Fig 4), likely due to lower efficiency of the
transfection process and/or additional effects of infection on host cell viability. Additionally,
the viral proteins expressed from plasmids likely arrest their own transcription/translation.
VEEV nsP2 739L delayed induction of host translation shutoff during viral infection, but
exhibited only a consistent, but non-significant decrease in translation shutoff compared to
VEEV nsP2 WT when expressed from plasmid. SINV nsP2 726G did not shutoff host cell
translation. VEEV nsP1 and VEEV nsP3 did not affect host translation (Fig 7B). Notably,
expression of WT EEEV nsP2 was also unable to shutoff host translation, in contrast to WT
VEEV nsP2.

We also observed ablation of host translation in cells expressing VEEV capsid. In order to
determine if translation shutoff by viral proteins was an independent activity, or potentially
caused by shutoff of host transcription, we tested the ability of individually expressed viral
proteins to induce host transcription shutoff. We used a quantitative RT-PCR (qRT-PCR)
assay to measure levels of an intron from a highly expressed, constitutively active gene
whose half-life in cells is thought to be in the order of minutes. This allows use of intron
levels as a measure of pol 1l transcription levels in a cell (59) and this type of assay has
previously been used to analyze transcription of the human insulin gene (59, 60) and to
measure transcription shutoff during La Crosse virus infection (61, 62). We transfected
Huh7 cells with plasmids expressing SINV, CHIKV, EEEV and VEEV nsP2 and VEEV and
EEEV capsid proteins and used gRT-PCR to measure levels of gamma actin intron #3 (61) at
12h post-transfection (Fig 7D). Levels of this intron were reduced 10-fold (P<0.0001) with
6h of Actinomycin D treatment as a control for pol Il transcription inhibition. SINV and
CHIKYV nsP2 and EEEV and VEEV capsid significantly inhibited transcription (by >50%;
P<0.02) when compared to a GFP control. In contrast, EEEV and VEEV nsP2 did not
inhibit transcription in transfected cells. These observations with individually expressed
proteins confirm and extend published observations using viruses (29, 31, 32, 39, 63). From
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our results we concluded that VEEV nsP2 was the viral nsP responsible for host translation,
but not transcription shutoff.

Induction of host translation shutoff by VEEV nsP2 in IFN pre-treated cells contributes to
its resistance to the antiviral state

Our previous experiments using propagation-competent viruses indicated a role for both
components of host macromolecular synthesis shutoff in the antiviral state resistance of
VEEYV, mediated by nsP2 (translation shutoff) and capsid (transcription shutoff). As the
nonstructural proteins are produced earlier than structural proteins during viral infection
(49), we addressed the role of translation shutoff in the antiviral state resistance of VEEV in
a context independent of replication rates and absent other viral proteins using the nsP
overexpression system. MEF cells were used in these experiments as they establish a potent
antiviral state in response to IFN treatment in contrast to Huh7 cells. MEF cells were pre-
treated with mouse IFN for 16h and transfected with plasmids encoding GFP (control) or
VEEV/SINV WT nsP2. Cells were labeled with [3°S] Cys/Met at 24h post transfection.
Similar to data in untreated Huh7 cells, host translation in untreated MEF cells was
significantly inhibited by the expression of either VEEV or SINV nsP2 WT when compared
to GFP expressing control cells (data not shown). However, a significant reduction in host
translation in IFN-primed cells (>50%; P<0.0004) was only observed in VEEV nsP2 WT
transfected cells (Fig 8A and B), indicating that VEEV was capable of inhibiting translation
despite the presence of an antiviral state, whereas SINV nsP2 was not. This is consistent
with the published observation that VEEV successfully induced global translation shutoff
during infection of IFN-primed cells (8). This data, in conjunction with the observation that
VEEV successfully replicates in the presence of an antiviral state (Fig 1), and our mutant
virus studies (Table 2) supports the conclusion that the ability of VEEV nsP2 to induce
translation shutoff in IFN-primed cells contributes to a host cell environment permissive to
virus replication. We also tested the ability of VEEV nsP2 739L to shutoff translation in
IFN-primed cells. Similar to observations made in untreated cells, VEEV nsP2 739L
expressed from plasmid was successful at inducing translation shutoff (Fig 8A and B).

We speculated that if this model were correct, expression of VEEV nsP2 in IFN-primed cells
should result in modulation of the cellular environment to favor viral replication by
decreasing protein levels of antiviral ISG’s. Several ISG’s have been shown to have short
half-lives (64-67) between 6-18h, which makes the antiviral state potentially vulnerable to a
sustained translation shutoff. In order to test this hypothesis, we quantified protein levels of
two ISG’s in IFN-primed MEF cells transfected with plasmids expressing VEEV nsP2 and
SINV nsP2 (Fig 8C and D). IFIT1 levels in VEEV nsP2 expressing MEF’s were
significantly (by 40-50%; P<0.05) lower than levels in GFP expressing control cells, while
levels in SINV nsP2 expressing cells did not significantly differ from those of GFP
expressing cells. Similarly, levels of TGTP were significantly lower (by 25%; P<0.001) in
VEEV nsP2 expressing MEF’s when compared to GFP and SINV nsP2 expressing cells (Fig
8C and D). This data taken together with the resistance of VEEV to individual
overexpressed antiviral proteins (Fig 1C) suggests the resistance phenotype of VEEV is at
least partially mediated through a global effect such as host macromolecular synthesis
shutoff rather than the presence of multiple separate viral resistance factors.
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To demonstrate the functional significance of host translation shutoff in diminishing the
antiviral state, we measured the replication of an IFN sensitive virus, yellow fever virus
(YFV) 17-D strain, engineered to express nano-Luciferase (nLuc) as a cleavable fusion with
the YFV capsid protein (described in Watson et.al., manuscript in preparation) in IFN-
primed Huh7 cells transfected with plasmids expressing GFP (control) or virus nsP2
proteins. Replication of 17-D virus was inhibited 50% in Huh7 cells primed with only 51U
IFN when compared to replication in untreated cells (data not shown). Huh7 cells were
treated with 2000 IU IFN for 16h and infected with 17-D nLuc 8h post transfection. The
replication level of 17-D in VEEV nsP2 expressing IFN-primed cells was significantly
(P<0.002) higher than that observed in GFP or VEEV nsP1 expressing control cells (Fig
8E). In contrast, 17-D replication in SINV nsP2 expressing cells was not significantly
different from replication in controls. Similar results were observed in Vero cells (data not
shown). We conclude that VEEV nsP2 induced translation shutoff in primed cells reduces
the efficacy of the antiviral state, supporting the replication of an IFN-sensitive virus.

To determine if the difference in functionality between these proteins was due to altered
localization or activity in IFN pre-treated cells, we investigated whether a change in
localization of VEEV/SINV nsP2 occurred in response to IFN pre-treatment (Fig 9A and B).
In unprimed cells, SINV nsP2 was present in the nucleus and cytoplasm, which is consistent
with published observations (68). Similarly, VEEV nsP2 was present mainly in the
cytoplasm in most transfected cells (69) (Fig 9A). Pre-treatment with IFN did not noticeably
alter the distribution of SINV nsP2 (Fig 9B). Surprisingly, VEEV nsP2 localized to the
nucleus in nearly all primed and transfected cells (Fig 9B). This raised the possibility that
nucleus-localized VEEV nsP2 induced transcription shutoff in IFN-primed cells which
indirectly ablated host translation (Fig 8A and B). However, expression of SINV nsP2
significantly (P<0.003) inhibited host transcription compared to GFP expressing control in
unprimed cells, while VEEV nsP2 did not (Fig 9C). However, no inhibition of host
transcription was observed upon expression of VEEV or SINV nsP2 in primed cells (Fig
9D). Therefore, the movement of VEEV nsP2 into the nucleus in IFN-primed cells does not
induce host transcription shutoff.

VEEV nsP2 or capsid mutants are attenuated in mice but do not increase systemic IFN

induction

To determine if alterations in translation shutoff were attenuating /7 vivo, we infected mice
with VEEV WT, CD, 739L and CD/739L viruses. Morbidity and mortality profiles and
disease phenotypes demonstrated that attenuation co-varied with replication rates and IFN
sensitivity measured /in vitro (Fig 1 and 6; Fig 10A and B). IFN-a.4 induction in the serum of
infected mice at 12h p.i. (peak IFN is typically 12-18h p.i. (6)) as measured by ELISA was
similar between viruses, while IFN-a/p measured by bioassay showed the mutant viruses to
induce generally lower levels than the WT (Fig 10C), likely reflecting more limited
replication. Therefore, systemic IFN induction appears to be independent of differential
macromolecular synthesis shutoff characteristics /7 vivo and unlikely to determine virulence
between viruses.
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Discussion

Interaction of VEEV with the IFN-induced antiviral state

During infection of mice, and presumably humans, most alphaviruses initially interact with
myeloid cells which are likely the major source of systemic serum IFN (9, 15, 70). Notably,
VEEV infection induces the highest levels of serum IFN of all alphaviruses tested, with
lower levels observed during SINV infection (6), while EEEV or CHIKYV infection results in
little to no IFN production (6, 9). IFN induction during CHIKYV infection occurs from non-
hematopoietic cells (13). This induction of large amounts of IFN during VEEV infection,
and lesser amounts during SINV infection, occurs within 12h of inoculation /n vivo (6),
upregulates 1ISG’s and establishes an antiviral state at uninfected sites distal to the initial
infection site, including the central nervous system (71, 72) an important site of replication
during VEEV infection. Thus, it is likely that most, if not all, cells infected by VEEV (and
possibly SINV) following the initial round of infection /7 vivo have already been exposed to
IFN and are primed to resist infection.

The ability of the IFN induced antiviral state to limit virus infection is believed to be closely
associated with severity of alphavirus induced disease and mortality. Alphaviruses overcome
the antiviral state by either preventing its activation (EEEV; (9, 21)) or by resisting its
inhibitory effects on viral replication (VEEV, SINV; (6)). Previous reports have suggested
that the balance between virus replication and IFN secretion/response early during infection
determines the severity of disease (34). However, those studies were performed using an /n
vitro model of SINV infection and did not take into account the induction of large amounts
of IFN from myeloid cells following /n vivo inoculation, which rapidly primes uninfected
cells /n vivo. Alphaviruses resistant to this priming successfully replicate, infect the brain
and cause disease (VEEV), while the replication of sensitive alphaviruses is controlled (e.g.,
SINV). It is notable that SINV infection in normal adult mice is completely controlled with
no visible signs of disease observed during the course of infection (15), while VEEV
infection leads to essentially uniform mortality (17).

Our data show that VEEV replication is most resistant to the effects of IFN priming among
all alphaviruses tested, and that this resistance localizes at least in part to the nonstructural
protein/non-translated regions of the genome. VEEV replication in IFN-primed cells
approached levels observed in untreated cells, while other alphaviruses were 10-4000 times
more sensitive to the antiviral state. VEEV replication in IFN-primed cells lags by ~6h
compared to replication in unprimed cells, which suggests VEEV modulates the cellular
environment to favor viral replication during this phase. Using reporter RNA’s that
mimicked initial translation of the incoming viral genome in an infected cell, we found that
the antiviral state suppressed VEEV, EEEV, SINV and CHIKYV replication at the point of
initial translation, in agreement with and extending published observations (36, 45, 46).
Nevertheless, low-level translation of reporters in primed cells indicates that the nsPs of
alphaviruses that infect IFN-primed cells are indeed produced. This suggests that an activity
or activities of one or more nsPs of VEEV would be present to successfully antagonize, in
whole or in part, the antiviral state, while the activities of other tested alphavirus nsPs do so
to a lesser degree.
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NsP2 is a suppressor of multiple host responses but activity varies between alphaviruses

Previous studies, primarily with SINV, have demonstrated that mutations in the C-terminal
region of nsP2 can impact shutoff of transcription and translation (31, 33, 52). With VEEV
and EEEV New World viruses, the capsid protein affects host transcription (30, 54), which
we confirm but our data suggest that this activity is delayed versusthe translation inhibiting
activity of nsP2. Additionally, data from CHIKV and SINV (31, 73) indicates that
translation shutoff occurs before shutoff of transcription during infection, and the activities
are mediated through distinct mechanisms (i.e. transcription shutoff does not directly
mediate translation shutoff).

With SINV, a single mutation (726G) can render the virus defective in abrogation of each of
these activities (34, 52). A widely conserved “PGG” domain in which the 726G (SINV) or
718S (CHIKV) mutation substitutes the proline has been suggested to be the critical site for
these activities of nsP2 (32, 34, 52). We confirm that the “P-G” mutation at aa 726 affects
each activity of the SINV TR339 consensus strain using both viruses and individually
expressed nsP2 (nsP2 726G transcription shutoff data not shown). For CHIKYV, in contrast to
published data with P718S which suggest this mutation abrogates nsP2 mediated host
macromolecular synthesis shutoff (32), our data indicates P718S has no effect on this
activity of CHIKYV nsP2 (data not shown). The substitution of “G” or “S” for “P” in the
VEEV “PGG” domain (713G), analogous to the SINV/CHIKV mutations had no effect on
these activities. Indeed it had a slight enhancing effect on translation shutoff (current studies
and data not shown) as well as virulence in mice (not shown). EEEV does not have the
canonical “PGG” domain; rather its sequence is “KGG.” It is tempting to speculate that the
sequence differences result in the failure of EEEV nsP2 to inhibit translation. However,
substitution of the “K” residue for “P” in the “PPG” site of VEEV had no effect on
transcription or translation shutoff (data not shown). This along with the 713 “G” and “S”
mutant data, suggest that this is not a critical residue with New World viruses and, perhaps,
Old World viruses other than SINV. The 739L mutation of VEEV, selected for limited
cytopathogenicity in BHK cells (53), lessened translation shutoff in the context of virus
infection but the individually expressed protein affected translation shutoff in a reproducible
but ultimately non-significant manner. Studies with WT and 739L VEEV replicons were
inconclusive due to low infectivity of Vrep 739L (data not shown) for multiple cell types. It
is possible that the effects of 739L on translation shutoff only manifest in the context of
virus infection, and not when VEEV nsP2 is expressed alone. While VEEV nsP2 739L shut
off host translation when expressed from a plasmid, the delayed induction of translation
shutoff in VEEV 739L virus infected cells compared to VEEV WT implies that this
mutation may be at least partially deficient at this activity independent of its effect on viral
replication. While VEEV 739L virus replicated more slowly than WT, replication in 739L
infected cells suggests that nsP2 levels were presumably sufficient to induce translation
shutoff during infection. We conclude that the C-terminal region of New world alphavirus
nsP2 but not the “PGG” domain is directly involved in translational shutoff, in contrast to
the critical requirement of the “P” residue for efficient function of SINV nsP2. Further, the
importance of the “PGG” domain or “P” residue appears to be limited to SINV nsP2,
suggesting that activities attributed to nsP2 may be localized to unique regions of the protein
in different alphaviruses.
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Effects of VEEV induced translation shutoff on the antiviral state

Our virus mutagenesis data suggest that replication efficiency of VEEV is most closely
associated with antiviral state resistance /in7 vitro, which itself positively associates with
macromolecular synthesis shutoff. The sensitivity of mutants to IFN priming correlates with
their growth rates /n vitro, suggesting that an inability to efficiently shutoff host
macromolecular synthesis reduces the growth of mutant viruses and renders mutants more
sensitive to cell stress responses. The viruses grow more slowly in cells that do not make
IFN but other stress responses could be active as well as constitutive 1ISG induction. Our data
show host macromolecular synthesis shutoff through its ability to prevent synthesis of new
ISG’s, control IFN induction and enhance viral growth in infected cells plays a role in
resistance to the anti-viral state, as defective mutants (739L and CD/739L) are more
sensitive to the antiviral state when compared to mutants (713G, 713S) having no effect on
this process.

During alphavirus infection, the nonstructural proteins including nsP2 are produced first,
and are required for production of structural proteins including capsid from the subgenomic
promoter (49). Thus it is likely that virus induced trans/ation shutoffin IFN-primed cells is
important early during resistance of VEEV to the antiviral state, and the effect of capsid
mediated transcription shutoff on the antiviral state is additive to, and very likely delayed
versus, the activity of nsP2 due to temporally deferred synthesis of capsid during infection.
We demonstrate that VEEV nsP2 induces translation shutoff in IFN-primed cells while
SINV nsP2 is unable to shutoff host translation or transcription. As expected, we observed
lower levels of measured ISG’s in IFN-primed cells expressing VEEV nsP2 when compared
to SINV nsP2. Translation shutoff also supports the replication of Yellow Fever vaccine
strain 17-D, a virus highly susceptible to IFN priming, as replication of 17-D virus in IFN-
primed cells expressing VEEV nsP2 approaches replication levels in unprimed cells. Our
data suggest VEEV nsP2 induced translation shutoff in IFN-primed cells early after
infection is an important factor in the resistance phenotype of VEEV by decreasing levels of
pre-existing ISG’s and reducing production of new ISG molecules, which engenders a
cellular environment permissive to viral replication. In contrast, the inability of SINV nsP2
to shutoff transcription or translation in IFN pre-treated cells likely explains in part its
sensitivity to IFN priming /n vitro, and lack of disease in immunocompetent adult mouse
models where SINV induces significant serum IFN. It is unclear whether one or both these
activities contributes to antiviral state resistance, and whether or not one predominates, as
both are localized to a single domain of nsP2 in SINV. Nonetheless, the inhibition of nsP2
activity by IFN likely results in the sensitivity of SINV to the antiviral state. Similarly, the
sensitivity of other alphaviruses to the antiviral state may in part result from their inefficient
induction of translation shutoff early after infection. Interestingly, although EEEV nsP2 is
unable to induce host translation shutoff, EEEV demonstrates mortality similar to VEEV in
mice (9, 22), and is far more virulent in humans than VEEV (74). While EEEV capsid can
shutoff transcription in cells (30), EEEV mediated suppression of systemic innate immune
responses /n vivo involves avoidance of lymphoid tissue targeting through heparan sulfate
binding (22) as well as suppression of replication in myeloid cells via virus genome binding
to a hematopoietic cell-specific microRNA, miR142-3p (21). Thus, very closely related
alphaviruses utilize very different strategies to overcome innate immunity. Furthermore, our
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current and previous results suggest the efficacy of innate immunity suppression as major
factors in the relative virulence of arthritogenic alphaviruses (rarely fatal), VEEV
(occasionally fatal) and EEEV (frequently fatal).
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Highlights
VEEV is the alphavirus most resistant to the IFN-induced antiviral state.

Transcription and translation shutoff are independently mediated viral
activities.

VEEV nsP2 shuts off host translation but not transcription.
VEEV nsP2, but not SINV nsP2, shuts of host translation in IFN-primed cells.

NsP2-mediated translation shutoff is critical for the resistance phenotype of
VEEV.
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Fig 1. VEEV is resistant to a pre-established anti-viral state and to individual overexpressed IFN

effectors

(A and B) Vero cells mock-treated or pre-treated with 5000 IU human leukocyte IFN for 24h
were infected in triplicate with indicated viruses (M.O.l. = 2.5). Supernatants were collected
at 6h (A) and 24h (B) p.i. and virus replication was quantified using plague assays. ****,
P<0.0005 using t-test. Data is representative of two independent experiments. (C) Tet-
inducible mouse embryonic fibroblasts (MEFs) stably expressing IFIT1, ISG20 and GFP
(control) were infected in triplicate with indicated viruses (M.O.l. = 1). Cell lysates were
collected at 24h p.i and viral RNA levels were measured using RT PCR as described in
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Materials and Methods. Data is viral RNA levels from IFIT1 or ISG20 expressing cells as a
fold change of viral RNA levels from GFP expressing cells. ****, P<0.0001; ***, P<0.001
using One-way ANOVA. All error bars are standard deviations. (D) MEF cells were mock-
treated or pre-treated with 2000 1U mouse IFN for 24h and infected with indicated replicons
(equal dilution). Lysates were collected in passive lysis buffer at 16h p.i. and luciferase
activity was measured. Data is RLUs per pg total protein expressed as a fold change over no
IFN for each replicon. Fold change for Vrep was set as 100% and all replicons were
compared to Vrep. Infection was performed in triplicate. ****, P<0.0001; ***, P<0.0003
using t-test.
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Fig 2. Translation of incoming genomes is attenuated in IFN pre-treated cells
(A) Schematic of translation reporter RNA with wild-type virus 5” and 3° NTRs. (B). MEF

cells were untreated or pre-treated with 0, 10, 100 or 1000 IU mouse IFN for 16h and
electroporated with reporter RNAs of indicated viruses as described in Materials and
Methods. Cells were lysed 2h post-electroporation and luciferase activity was measured.
Data is RLUs per pg total protein expressed as a fold change over no IFN; average of three

experiments for per treatment. ***, P<0.0015; ****, P<0.0001 using One way ANOVA. All

error bars are standard deviations.
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Fig 3. Growth characteristics of VEEV mutants
Vero cells untreated (A) or pre-treated with 5000 I1U IFN (B) were infected with indicated

viruses (M.O.l. = 2.5) and supernatants were collected at 6, 12, 18 and 24h p.i. Virus
replication was quantified using plaque assays. ****, P<0.0001 using Two-way ANOVA.
All error bars are standard deviations. Data is representative of two independent
experiments.
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Fig 4. Host macromolecular synthesis shutoff by VEEV mutants
(A-D) Neuro 2a cells were infected with indicated viruses (M.O.l. = 2.5) and labeled with

100uCi/ml of [35S] Cys/Met for 2h at 6h (A) and 18h (B) p.i. Lysates were collected and
resolved on SDS-PAGE gels and visualized as described in Materials and Methods. (C and
D) Densitometry performed on gels from (A) and (B) respectively. **** P<0.0001; **,
P<0.01; *, P<0.05 using One-way ANOVA, compared to VEEV WT. Ns = not significant.
Data is representative of two independent experiments. All error bars are standard
deviations.
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Fig 5. IFN induction by VEEV mutants
MEF cells were infected with indicated viruses (M.O.I = 5) and supernatants were collected

at early (A) or late (B) times p.i. IFN bioassays were performed as described in Materials
and Methods to determine secreted IFN levels. **** P<0.0001 using Two way ANOVA. Ns
= not significant. Data is the representative of at least two independent experiments for each
virus. All error bars are standard deviations.
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Fig 6. Sensitivity of VEEV mutants to a pre-established anti-viral state
(A) Vero cells were mock-treated or treated with 5000 U human leukocyte IFN for 24h

before infection in triplicate with indicated viruses (M.O.l. = 2.5). Supernatants were
collected at 12h and 24h p.i. and virus replication was quantified using plaque assays. For
each virus, data represents fold change in titer over no IFN. **** P<0.0001 using One-way
ANOVA. Ns = not significant. Data is representative of two independent experiments. All
error bars are standard deviations. (B) Tet-inducible mouse embryonic fibroblasts (MEFs)
stably expressing IFIT1, 1ISG20 and GFP (control) were infected in triplicate with indicated
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viruses (M.O.l. = 1). Cell lysates were collected at 24h p.i and viral RNA levels were
measured using RT PCR as described in Materials and Methods. Data represent viral RNA
levels from IFIT1 or ISG20 expressing cells as a fold change of viral RNA levels from GFP
expressing cells. ***, P<0.0002; **, P<0.006; *, P<0.05 using One-way ANOVA. All error
bars are standard deviations.
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Fig 7. Individually expressed viral proteins block transcription and translation
(A) Huh7 cells were transfected with indicated plasmids and lysates were collected at 18h

post transfection. Western blots for HA-tag were performed as described in Materials and
Methods. (B and C) Huh7 cells were transfected with plasmids coding for indicated viral
proteins and labeled with 100uCi/ml of [33S] Cys/Met for 2h at 8-24h post transfection.
Lysates were collected and resolved on SDS-PAGE gels and visualized as described in
Materials and Methods. (B) Representative image of nsP and capsid induced shutoff
compared to GFP control. (C) Densitometry was performed to quantify the extent of shutoff
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following transfection of indicated plasmids. **** P<0.0001; **, P<0.01 using t-test and
One-way ANOVA. Ns = not significant. Data is the average of four independent
experiments. All error bars are standard deviations. (D) Huh7 cells were transfected with
plasmids coding for indicated viral proteins and lysates were collected in triplicate at 12h
post transfection. RT PCR for human gamma actin intron #3 was performed as described in
Materials and Methods. ****, P<0.0001; ***, P<0.01; **, P<0.02 using t-test. Ns = not
significant. Data is representative of four independent experiments. All error bars are
standard deviations.
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Fig 8. VEEV nsP2 can shut off global host macromolecular synthesis and downregulate the
antiviral state

(A and B) MEF cells were treated with 100-150 IU/mL (10mL total) mouse IFN in a 60mm
dish or 400 IU/mL (10mL total) mouse IFN in a 100 mm dish for 16h and transfected with
indicated plasmids. Cells were labeled with 100uCi/ml of [3°S] Cys/Met for 2h at 24h post
transfection. Lysates were collected and resolved on SDS-PAGE gels and visualized as
described in Materials and Methods. (A) Representative images of nsP2 induced shutoff in
IFN primed cells compared to Mock or GFP control. (B) Densitometry was performed to
quantify the extent of shutoff. ***, P<0.0004 using t-test. Ns = not significant. Data is the
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average of four independent experiments. (C and D) MEF cells were treated with 125-150
IU/mL mouse IFN in a 60mm dish for 16h and transfected with indicated plasmids. Lysates
were collected at 24h post transfection and western blots for ISGs were performed as
described in Materials and Methods. (C) Representative blot of IFIT1 and TGTP levels in
VEEV and SINV nsP2 transfected cells. (D) Densitometry was performed to normalize
IFIT1 and TGTP levels to actin and compared to GFP transfected control. *, P<0.04 using t-
test. (E) Huh7 cells were treated with 2000 1U/mL for 16h and transfected with plasmids
expressing indicated proteins. Cells were infected with 17-D nLuc at 8h following
transfection (MOI = 1.5) and lysates were collected for luciferase assay at 24h p.i. Data is
expressed as RLU/ug in IFN-primed cells as a percentage of untreated cells for each
plasmid. Results are average of three independent experiments. **, P<0.002 using t-test. Ns
= not significant. All error bars are standard deviations.

Virology. Author manuscript; available in PMC 2018 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhalla et al. Page 36

A HA-tagged nsP2 Merge

SINV
nsP2

VEEV
nsP2

=

B HA-tagged nsP2

SINV
nsP2

C 01U -10h D 150U - 10h
ns ns

% GFP
% GFP

50

Fig 9. Localization of VEEV nsP2 is altered in IFN pre-treated MEF cells
(A and B) MEF cells were untreated (A) or pre-treated (B) with 150 IU/mL mouse IFN in a

60mm dish for 16h and transfected with plasmids expressing indicated viral proteins. Cells
were fixed at 24h post transfection and stained for HA tag as described in Materials and
Methods. (C and D) MEF cells were untreated (C) or pre-treated (D) with 150 IU/mL mouse
IFN in a 60mm dish for 16h and transfected with plasmids expressing indicated proteins.
Lysates were collected at indicated times post transfection. RT PCR for human gamma actin
intron #3 was performed as described in Materials and Methods. Results are average of three
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independent experiments. **** P<0.0001; **, P<0.003 using t-test. Ns = not significant. All
error bars are standard deviations.
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Fig 10. VEEV mutants are attenuated in vivo
(A) CD-1 mice were infected subcutaneously in the hind leg footpad with 100 PFU of

indicated viruses and scored for degree of sickness at 24h intervals. (B) CD-1 mice were
infected subcutaneously in the hind leg footpad with 1000 PFU of indicated viruses and
average survival time was determined. 4 mice per group. (C and D) Serum from mice
infected with indicated viruses was collected at 12h p.i. and used to measure IFN-a using
ELISA (C) or used to measure IFN-a/p using a bioassay (D) as described in Materials and
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Methods. **, P<0.006 using One-way ANOVA. Ns = not significant. All error bars are
standard deviations.
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Table 1
Summary of published and generated mutants
Virus Wild Type Phenotype
VEEV WT HLNPGGTCVSIGYGYADRASESIIGAIARQFKF wild type
SINVWT  CLNPGGTLVVKSYGYADRNSEDVVTALARKFVR wild type
CHIKWT LLKPGGSLLIRAYGYADRTSERVICVLGRKFRS wild type
Published mutations in nsP2 and Capsid
SINV P726G  CLNGGGTLVVKSYGYADRNSEDVVTALARKFVR NO”'Cyt(%platgé‘; in cells
CHIKV Does not antagonize
57183 LLKSGGSLLIRAYGYADRTSERVICVLGRKFRS macromolecular
synthesis shutoff (32)
VEEVQ730L  HLNPGGTCVSIGYGYADRASESIIGAIARLFKF N°“'Cy“:‘éﬂ§“(‘ég)'” BHK
VEEV CD Deletion of Amino acids 64-68 in Capsid No transcr(lg;))il)on shutoff
Generated mutations in nsP2 and Capsid
VEEV CD Deletion of Amino acids 64-68 in Capsid No transcr(lg;))il)on shutoff
VEEV . .

CD/739L Deletion in capsid + nsP2 739L Unknown
VEEV P713G ~ HLNGGGTCVSIGYGYADRASESIIGAIARQFKF Unknown
VEEV P713S HLNSGGTCVSIGYGYADRASESIIGAIARQFKF Unknown
VEEV Q739L  HLNPGGTCVSIGYGYADRASESIIGAIARLFKF  Non-cytopathic in BHK

cells (53)

Bold red letters indicate mutated amino acid residues.
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Table 2
Summary of VEEV mutant phenotypes at early and late times p.i.
Early times p.i. (6h) Late times p.i. (18-24h)
No IFN Priming No IFN Priming
Virus Replication ~ Macromolecular ~ IFN Rstaglgtr?t?_ce Replication ~Macromolecular ~ IFN ngl;tnat?_ce
efficiency  synthesis shutoff  induction viral state efficiency  synthesis shutoff  induction viral state
WT +++ +++ None + +++ +++ None +++
nsP2
713G +++ +++ None + +++ +++ None +++
nsP2 +++ +++ None + +++ +++ None +++
7135
nsP2
739L + + None + +++ +++ None +
CD +++ + High + +++ + High +++
CD/739L + + High + ++ + High ++
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