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West Nile Virus Infections Suppress Early Viral RNA Synthesis and
Avoid Inducing the Cell Stress Granule Response

S. C. Courtney, S. V. Scherbik, B. M. Stockman, and M. A. Brinton
Department of Biology, Georgia State University, Atlanta, Georgia, USA

West Nile virus (WNV) recently became endemic in the United States and is a significant cause of human morbidity and mortal-
ity. Natural WNV strain infections do not induce stress granules (SGs), while W956IC (a lineage 2/1 chimeric WNV infectious
clone) virus infections produce high levels of early viral RNA and efficiently induce SGs through protein kinase R (PKR) activa-
tion. Additional WNV chimeric viruses made by replacing one or more W956IC genes with the lineage 1 Eg101 equivalent in the
W956IC backbone were analyzed. The Eg-NS4b+ 5, Eg-NS1+3+4a, and Eg-NS1+4b+5 chimeras produced low levels of viral
RNA at early times of infection and inefficiently induced SGs, suggesting the possibility that interactions between viral nonstruc-
tural proteins and/or between viral nonstructural proteins and cell proteins are involved in suppressing early viral RNA synthe-
sis and membrane remodeling during natural WNV strain infections. Detection of exposed viral double-stranded RNA (dsRNA)
in W956IC-infected cells suggested that the enhanced early viral RNA synthesis surpassed the available virus-induced membrane

protection and allowed viral dsRNA to activate PKR.

est Nile virus (WNV) is maintained in nature in a mosquito-

bird transmission cycle and has recently become endemic in
the United States. Humans and horses are occasionally infected
but are dead-end hosts (10, 35). Infections in humans are usually
asymptomatic, but some individuals develop fever and/or flu-like
symptoms, and a few of these progress to central nervous system
disease (10, 35). WNV belongs to the family Flaviviridae, genus
Flavivirus, which includes other mosquito-borne human patho-
gens such as dengue virus, yellow fever virus (YFV), and Japanese
encephalitis virus. The WNV genome is a positive-sense, single-
stranded RNA of ~11,000 nucleotides (nt) that contains a 5’ cap
but no 3’ poly(A) tail (35). It encodes a single polyprotein that is
co- and posttranslationally processed by both host and viral pro-
teases into three structural (capsid [C], membrane [M], and en-
velope [E]) and seven nonstructural (NS1, NS2a, NS2b, NS3,
NS4a, NS4b, and NS5) proteins (35). Most of the more than 70
strains of WNV are classified in either lineage 1 or lineage 2 (5, 6,
28, 33). Lineage 1 WNV strains are endemic in northern Africa,
Europe, the Middle East, and parts of Asia and the Americas, while
lineage 2 WNV strains are typically found in sub-Saharan Africa
(5,6,28,33).

In response to several types of cellular stress, eukaryotic trans-
lation initiation factor 2 alpha (eIF2a) Ser51 is phosphorylated by
one of four kinases: protein kinase R (PKR), activated by double-
stranded RNA (dsRNA) (viral infection); heme-regulated inhibi-
tor kinase (HRI), activated by oxidative stress; PKR-like endoplas-
mic reticulum kinase (PERK), activated by unfolded proteins in
the endoplasmic reticulum (ER); and general control nonre-
pressed 2 (GCN2), activated by amino acid starvation (2). Phos-
phorylation of eIF2« reduces the amount of available eIF2-GTP-
tRNA complex and thus inhibits translation initiation, resulting in
polysome disassembly through ribosome runoff. RNA-binding
proteins such as TIA-1, TIAR, and G3BP can then bind to the 5’
end of the mRNA with a stalled initiation complex and aggregate
with other mRNA-bound proteins, forming microscopically visi-
ble stress granules (SGs) (2, 3). SGs recruit many additional pro-
teins, including RNA-stabilizing proteins (2, 9). Although cap-
dependent translation is suppressed in stressed cells, translation
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from internal ribosome entry site (IRES) elements and alternative
open reading frames (ORFs), such as those in the mRNAs of heat
shock proteins, chaperones, and some transcription factors (i.e.,
ATF4), still occurs (51). If a cell survives the stress, SGs dissociate
and the mRNAs resume translation (9). However, if a cell is unable
to recover and enters apoptosis, stalled mRNAs in SGs are trans-
ported to and degraded by processing bodies (PBs) (46, 48). Some
virus infections have been shown to suppress SG formation (15,
38, 54). Lineage 1 WNV Eg101 infections in BHK cells were pre-
viously reported not to induce SGs and to inhibit SG induction by
arsenite treatment (17). A subsequent study showed that infec-
tions with the lineage 2/1 infectious chimeric W956IC virus acti-
vated PKR, while WNV Eg101 infections did not (16).

In the present study, SG induction by infections with addi-
tional natural lineage 1 or lineage 2 WNV strains and induction by
infections with W9561C were compared in BHK cells. None of the
natural lineage 1 or lineage 2 WNV strains tested induced SGs by
24 h after infection, while W956IC virus infections efficiently in-
duced SGs starting at 12 h after infection. All SG-positive, WNV-
infected cells had elevated levels of phosphorylated elF2a (p-
elF2a). PKR was identified as the kinase phosphorylating eIF2« in
WNV-infected cells. Data from mapping experiments done with a
set of WNV chimeric viruses associated SG formation with two
different combinations of nonstructural proteins, suggesting that
interactions between viral nonstructural proteins and/or between
viral nonstructural proteins and cell proteins regulate the level of
early viral RNA synthesis. Increased levels of SG-positive, chime-
ric virus-infected cells correlated with higher levels of early viral
RNA synthesis and the presence of viral dsSRNA that was not pro-
tected by intracellular membranes.
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MATERIALS AND METHODS

Cells. All cell lines used were maintained at 37°C in 5% CO,. Baby ham-
ster kidney 21 strain W12 (BHK) cells (49) and a C3H/He mouse embryo
fibroblast (MEF) cell line (44) were maintained in minimal essential me-
dium (MEM) supplemented with 5% heat-inactivated fetal bovine serum
(FBS), glutamine, and 10 ug/ml gentamicin. C57BL/6, PERK ™/,
PKR /", PERK /", GCN2™/", and HRI"/~ MEFs were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
FBS, glutamine, and 10 pg/ml gentamicin. The PERK/~, GCN2™/, and
HRI™/~ cells are allelic knockouts, while the PKR ™/~ cells express a non-
functional PKR due to a deletion of the RNA-binding domain located in
exons 2 to 4 (57). The PERK™'*, PERK™'~, GCN27'~, and HRI™/~
MEFs were provided by David Ron (New York University School of Med-
icine, New York, NY), and the PKR™/~ MEFs were provided by Robert
Silverman (Lerner Research Institute, Cleveland Clinic, Cleveland, OH).

Viruses. WNV Egl01 was prepared by infecting BHK cell monolayers
at a multiplicity of infection (MOI) of 0.1 and harvesting culture fluid at
32 h after infection. Clarified culture fluid was aliquoted and stored at
—80°C. W956IC RNA (1 pg/2 X 10° cells) in vitro transcribed as previ-
ously described (7) was transfected into BHK cells using DMRIE-C ac-
cording to the manufacturer’s protocol (Invitrogen). Clarified culture
fluid harvested at 32 h after infection was aliquoted and stored at —80°C.
Aliquots of WNV NY99, Tx113, B956, Mg78, and SPU were provided by
Robert Tesh (University of Texas Medical Branch, Galveston, TX), and
virus stocks were grown in BHK cells as described for Eg101. The titers of
these stocks were as follows (in PFU/ml): Eg101, 1 X 108 W956IC, 5 X
107; NY99, 1 X 10% Tx113, 5 X 107; B956, 1 X 107; Mg78, 3 X 10% and
SPU, 7 X 107. Virus infectivity was assessed by plaque assay on BHK
monolayers as previously described (45).

Construction of chimeric viruses. The construction of the
956D117B3/Eg101 infectious clone SPEWNEg3'/Xba, here referred to as
WOI56IC, was described previously (56). The capsid, NS1, NS2a, NS3-
NS4a, NS4b, and NS5 lineage 2 gene regions or combinations of these
gene regions were replaced in the W9561C backbone with the correspond-
ing lineage 1 genes from Eg101. RNA was purified from WNV Egl101, and
specific cDNA fragments were amplified by reverse transcription-PCR
(RT-PCR) using specific primers and a SuperScript one-step RT-PCR
system with Platinum Taq DNA polymerase (Invitrogen). The primers
were designed based on the Eg101 sequence (GenBank accession no.
AF260968). Nucleotide changes, which did not alter the amino acid se-
quence, were included in some primers to introduce unique restriction
sites present in the W956IC sequence. The nucleotide coordinates indi-
cated below are from the 956D117B3 sequence (GenBank accession no.
M12294). To create a W956IC chimera with a capsid gene from Eg101
(Eg-C), an 89- to 484-nt fragment containing a unique BglII site was
amplified from Egl01 RNA, and a 465- to 918-nt fragment containing an
Mfel site was amplified from W956IC; a BglII-Mfel fragment was ob-
tained by overlapping PCR and cloned into W956IC. Additional chimeras
were created by amplifying the following fragments from Eg101 RNA and
cloning them into W956IC: Eg-NS1, a Munl (nt 2393)-Nsil (nt 3513)
fragment (this clone contains sequence encoding the C-terminal 23
amino acids [aa] of E); Eg-NS2a+2b+3" (referred to as Eg-NS2a+2b),
an Nisil (nt 3513)-BstB1 (nt 5135) fragment (this clone contains sequence
encoding Eg101 NS2a, NS2b, and the first 178 aa of NS3); Eg-NS3C+4aN
(referred to as Eg-NS3+4a), a BstB1 (nt 5135)-Sphl (nt 6777) fragment
(this clone contains the C-terminal 439 aa of NS3 and the N-terminal 105
aa of NS4a); Eg-NS4a“+4b™ (referred to as Eg-NS4b), an Sphl (nt 6777)-
Fsel (nt 7021) fragment (this clone contains sequence encoding the
C-terminal 42 aa of NS4a and the N-terminal 40 aa of NS4b); and Eg-
NS4b©+5 (referred to as Eg-NS4b+5), an Fsel (nt 7021)-AvrII (nt 8901)
fragment (this clone contains sequence encoding the C-terminal 214 aa of
NS4b as well as NS5). For the Eg-NS14+3“+4a™ (referred to as Eg-
NS1+3+4a) chimera, a Munl (nt 2393)-Nsil (nt 3513) fragment was
amplified from Eg101 and cloned into the Eg-NS3+4a chimera, and for
the Eg-NS1+4b“+5 (referred to as Eg-NS1+4b+5) chimera, a Munl (nt
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2393)-Nisil (nt 3513) fragment was amplified from Eg101 and cloned into
the Eg-NS5 chimera. All of the chimeric clones were validated by sequenc-
ing. The sequences of the primers used in this study are available upon
request.

Confocal microscopy. Cells were rinsed in phosphate-buffered saline
(PBS) and then fixed for 10 min at room temperature in 4% paraformal-
dehyde in PBS. After fixation, cells were permeabilized with 0.1% Triton
X-100 in PBS for 10 min at room temperature. After blocking in 5% horse
serum in PBS for 1 h at room temperature, the cells were incubated with
antibody. Virus-infected cells were detected with anti-dsRNA antibody
(English & Scientific Consulting, Szirak, Hungary). SGs were detected
with anti-G3BP antibody (Ras-GAP-SH3-binding protein) (Abcam and
Sigma-Aldrich). Anti-Dcpla antibody (a gift from J. Lykke-Anderson,
University of Colorado, Boulder, CO) was used to detect PBs. Alexa Fluor
488- or Alexa Fluor 594-labeled secondary antibodies (Invitrogen) were
diluted in blocking buffer containing 0.5 ug/ml Hoechst 33258 dye (Mo-
lecular Probes) to detect nuclei. Images were taken using an LSM 510
confocal microscope (Zeiss, Oberkochen, Germany) with either a 63X
water immersion or a 100X oil immersion objective. Images were ana-
lyzed with Zeiss LSM Image Browser software.

SG-positive infected-cell quantification. A wide-field immunofluo-
rescence microscope with a 40X objective was used to acquire images of
large fields of WNV-infected cells stained with anti-dsRNA antibody to
detect infected cells and anti-G3BP to detect SG-positive, infected cells at
various times after infection and/or treatment as indicated in the figures.
The percentage of SG-positive, infected cells was calculated by counting
100 cells per field from four or more fields per experiment. Quantification
was done using the percentages obtained from three separate experi-
ments, and statistical significance was determined at a 95% confidence
interval.

Quantification of viral RNA. In vitro-transcribed viral genome RNA
of a known concentration was serially diluted and used to generate a
standard curve (y = —0.2472x + 10.751, where “x” represents the cycle
threshold [C;]) by real-time RT-PCR. This standard curve was then used
to determine the absolute amount of viral RNA in each cell extract sample.
BHK cells were infected with a strain of WNV at an MOI of 1 and lysed 12
h after infection. Total cell RNA was purified using TriReagent (Molecular
Research Center) according to the manufacturer’s protocol and quanti-
fied by spectrophotometry at an optical density at 260 nm (OD,,). The
mean C;. value for each RNA sample was determined by real-time RT-
PCR using a probe targeting the WNV NS1 gene. The mean C value was
plotted on the standard curve to estimate the number of viral genome
copies per 1 ug of total RNA in each cell extract sample.

Western blotting. Western blot analyses were performed as previ-
ously described (44). Primary antibodies used were anti-p-PKR (T451)
(Millipore), anti-PKR (SCBT), anti-p-elF2« (Ser51) and anti-elF2a (Cell
Signaling), and anti-actin (Abcam). The secondary antibodies were anti-
rabbit horseradish peroxidase (HRP) and anti-mouse HRP (Cell Signal-
ing). All antibodies were diluted in 5% nonfat dry milk, except for anti-
p-PKR and anti-p-eIlF2«, which were diluted in 5% bovine serum
albumin (BSA) in TBS+Tween 20 buffer (50 mM Tris, 150 mM NaCl, pH
7.6, and 0.05% Tween 20).

Plaque assay. Virus titers were determined as previously described
(45).

Cell viability assay. Confluent monolayers in 96-well plates were in-
fected with W956IC at an MOI of 1. Virus was adsorbed for 1 h at room
temperature, and the cells were then incubated in fresh media containing
different concentrations of 2-aminopurine (2-AP) or dimethyl sulfoxide
(DMSO) (solvent control) for 24 h at 37°C in 5% CO,. A 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to
assess cell viability was done using a CellTiter 96 nonradioactive cell pro-
liferation assay kit (Promega) according to the manufacturer’s protocol.
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FIG 1 Stress granule induction by different strains of WNV. (A) BHK cells were infected with a lineage 1 or lineage 2 WNV strain at an MOI of 1, fixed at 36 h
after infection, and analyzed by confocal microscopy. Anti-G3BP antibody (green) was used to detect SGs, anti-dsRNA antibody (red) to detect WNV-infected
cells, and Hoechst dye (blue) to detect nuclei. Merged images are shown. (B) BHK cells were infected with either Eg101 (lineage 1) or W956IC (lineage 2/1-based
infectious clone) virus at an MOI of 1 and analyzed for SGs and dsRNA at the indicated times after infection as described for panel A. Merged images are shown.
(C) The total number of infected cells and the number of SG-positive, infected cells were counted, and the percentage of Egl01- or W956IC-infected cells
containing SGs was determined as described in Materials and Methods. *, significance compared to mock-infected cells at a 95% confidence interval (P < 0.05);
**, significance compared to Egl01-infected cells at a 95% confidence interval (P < 0.05). (D) BHK cells were infected with either Eg101 or W956IC at an MOI
of 1 and analyzed for PBs. Anti-Dcpla antibody (green) was used to detect PBs, anti-dsRNA antibody (red) to detect virus-infected cells, and Hoechst dye (blue)
to detect nuclei. Merged images are shown. (E) PBs were counted to determine the average number per infected cell. *, significance compared to mock-infected
cells at a 95% confidence interval (P < 0.05). Bars indicate * standard deviations (SD).

RESULTS
Efficiency of SG formation induced by different strains of WNV.

Egl01, NY99, or Tx113, with WNV lineage 2 strain B956, Mg78,
or SPU, or with lineage 2/1-based chimeric WNV infectious clone

It was previously reported that lineage 2-based W956IC virus in-
fections induced PKR phosphorylation while lineage 1 WNV
Egl01 infections did not (16). WNV Egl01 infections were previ-
ously reported not to induce SGs (17). To determine whether
different strains of WNV varied in the efficiency with which they
induced SGs, BHK cells were infected with WNV lineage 1 strain
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WOI56IC virus. Cells were fixed at 36 h after infection and analyzed
by confocal microscopy. Less than 3% of the infected cells were SG
positive by 36 h after infection with each of the lineage 1 and 2
WNV strains tested (Fig. 1A), confirming our previous results
(17). In contrast, W956IC infections induced SGs in ~30% of the
infected BHK cells by 36 h after infection (Fig. 1A and C).
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The time course of SG formation in Egl01- and W956IC-
infected cells was next analyzed. BHK cells were infected with
either WNV Egl101 or W956IC (MOI of 1) and then fixed and
analyzed for SGs at various times after infection. Less than 0.5% of
the mock-infected cells contained SGs at either 24 or 36 h after
infection (Fig. 1B and C). No SG-positive, WNV Eg101-infected
cells were detected at either 6 or 12 h after infection, whereas
SG-positive W956IC-infected cells were observed by 12 h. By 24 h
and 36 h, respectively, less than 1% and less than 3% of Eg101-
infected cells contained SGs (Fig. 1B and C). In contrast, ~25% of
the W956IC-infected cells were SG positive at 24 h after infection,
and ~35% were SG positive by 36 h (Fig. 1B and C). Differential
efficiency of SG induction by Eg101 and W956IC virus infections
was also observed in C3H/He MEFs, C57BL/6 MEFs, and HEK
293T cells (data not shown). Although the numbers of SG-positive
infected cells and the times at which they initially appeared dif-
fered among the cell lines tested, W956IC infections consistently
induced SGs at earlier times after infection in a higher number of
infected cells than did Eg101 infections.

During stress, stalled pre-mRNA complexes are held in SGs,
and when the fate of the cell is decided, either mRNA translation is
reinitiated or the mRNAs are transferred to PBs for degradation
(2, 8, 46). Alterations in PB number occur in response to various
stress stimuli (48), and our lab previously reported that the num-
ber of PBs in WNV Eg101- and dengue 2 virus-infected BHK cells
was reduced by 24 h after infection (17). To determine the effect of
a W956IC virus infection on PBs, W956IC-infected BHK cells
were fixed at 36 h after infection and analyzed by confocal micros-
copy. Mock-infected cells contained an average of ~70.93 PBs/
cell, whereas EglOl-infected cells had ~47.5 PBs/cell and
WOI56IC-infected cells had ~39.03 PBs/cell (Fig. 1E). The results
showed that both Eg101 and W956IC infections reduced PB num-
bers in infected cells, with a slightly greater reduction seen in the
WO956IC-infected cells. PB numbers were also reduced in BHK
cells infected with the NY99, Tx113, B956, Mg78, and SPU strains
of WNV compared to numbers in mock-infected cells (data not
shown).

SG formation in WNV-infected cells is PKR dependent. The
phosphorylation of elF2«, which leads to SG formation in mam-
mals, is mediated by four kinases, PKR, PERK, GCN2, and HRI
(2). To determine which of these four eIF2« kinases mediates SG
induction in WNV-infected cells, the eIF2« kinase knockout MEF
cell lines PKR ™', PERK /7, GCN2™/~, and HRI"'~ (24, 26, 57)
were mock infected or infected with WNV Eg101 or W956IC at an
MOI of 1 and then fixed at 24 h after infection and analyzed by
confocal microscopy. C57BL/6 (B6) and PERK ™™ (27) MEFs that
express all four of the elF2« kinases were used as controls. SGs
were detected in Eg101- and W956IC-infected control, PERK /7,
GCN27/7, and HRI'/~ MEFs (Fig. 2A). Quantification of the
number of SG-positive, infected cells indicated that the control,
PERK /~, GCN2 /7, and HRI "/~ MEF cultures each contained 8
to 12% SG-positive, EglOl-infected cells or 15 to 20% SG-
positive, W9561C-infected cells at 24 h (Fig. 2B). However, no SGs
were observed in PKR™~ cells infected with either virus (Fig. 2A
and B), indicating that SG induction in WNV-infected cells is PKR
dependent. Unlike BHK cells, which were reported not to produce
or respond to type I interferon (IFN) (4,31, 32,41), MEFs are type
ITFN competent. It was previously reported that signaling by type
I IFN induces elevated levels of both PKR and phosphorylated
PKR in MEFs (16, 47). The increased levels of SGs observed in
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WNV-infected MEFs compared to those in IFN-incompetent
BHK cells are therefore likely to be due to activation of PKR by
IFN. However, W956IC infection still induced higher levels of
SG-positive, infected MEFs than Eg101 infection. BHK cells were
used for the remainder of the experiments in this study to avoid a
contribution of IFN to PKR activation.

As an alternative means of showing that PKR is the kinase
responsible for the formation of SGs in WNV-infected cells, BHK
cells were incubated with 2-aminopurine (2-AP), a purine analog
that is a potent PKR inhibitor (29, 37). BHK cells were infected
with W956IC virus (MOI of 1) for 1 h and then incubated in media
containing 2-AP or DMSO (solvent control) for 24 h. While ap-
proximately 20% of the W956IC-infected cells were SG positive in
untreated, DMSO-treated, and 0.2 mM 2-AP-treated cultures,
only 10% of W956IC-infected cells were SG positive in the 1 mM
2-AP-treated cultures, and 3% were SG positive in 5 mM 2-AP-
treated cultures (Fig. 2C). An MTT assay showed a <4% decrease
in cell viability after 0.2 mM 2-AP treatment, a <6% decrease after
1 mM 2-AP treatment, and an ~25% decrease after 5 mM 2-AP
treatment of W956IC-infected cells (Fig. 2D). These results sug-
gest that the dose-dependent decrease in SG formation observed
with 2-AP treatment was not due to a decrease in cell viability and
further confirm that PKR is the kinase responsible for SG forma-
tion during infection.

To determine whether the increased SG formation by W9561C
virus infections had a negative effect on virus production, wild-
type C57BL/6 and PKR ™/~ MEFs were infected with W9561C vi-
rus at an MOI of 1. Clarified culture fluids collected at various
times after infection were analyzed for viral infectivity by plaque
assay. The yields of W956IC virus from PKR '~ MEFs were sig-
nificantly higher than those from the control MEFs (Fig. 2E).
These results suggest that PKR activation leading to SG formation
during WNV infections has an antiviral effect, but the previously
reported involvement of PKR in IFN-B production in WNV-
infected cells could also contribute to the decrease in virus pro-
duction observed (20).

WO956IC infections induce higher levels of phosphorylated
PKR and phosphorylated eIF2a in BHK cells at early times after
infection. Consistent with the higher number of SG-positive cells
in W956IC-infected BHK cultures, higher levels of activated PKR
(phosphorylated at Thr451) and phosphorylated elF2« in these
cultures than in WNV Egl01-infected cultures are also expected.
Cell lysates collected at various times after infection with WNV
Eg101 or W956IC were analyzed by Western blotting for total and
phosphorylated PKR and elF2a. PKR phosphorylation was not
detected in any of the WNV EglO1-infected lysates; however,
phosphorylated PKR was detected in the W9561C samples from 16
through 28 h after infection (Fig. 3A). eIF2a phosphorylation in
WOI56IC-infected cells was detected starting at 16 h after infection
(Fig. 3A). Because a more sensitive Western blot detection system
was used in this study than in our previous study (17), some phos-
phorylated elF2a was detected at 24 and 28 h after infection with
WNV Egl01. In contrast, similar levels of total eIF2a were de-
tected by 16 h after infection with either virus. The increase in
phosphorylated elF2« at later times of infection correlated with
the increase in SG-positive, WNV Eg101-infected BHK cells from
<1% at 24 h to <3% at 36 h after infection. Increased elF2a
phosphorylation in Egl01-infected BHK cells in the absence of
PKR phosphorylation suggested that this was due to the activation
of another elF2« kinase.
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(PKR /7, PERK /7, GCN2 /", and HRI /") were infected with WNV Eg101 or W956IC at an MOI of 1, fixed at 24 h after infection, and analyzed by confocal
microscopy. SGs were detected with anti-G3BP antibody (green), WNV-infected cells with anti-dsRNA antibody (red), and nuclei with Hoechst dye (blue).
Arrowheads indicate SG-positive cells. Merged images are shown. (B) The total number of infected cells and the number of SG-positive, infected cells were
counted, and the percentage of infected cells containing SGs was determined as described in Materials and Methods. *, significance compared to PERK™/*
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phosphorylated PKR (Thr541), PKR, phosphorylated eIF2« (Ser51), elF2e, and actin. M, mock. (B) BHK cells were infected with WNV Eg101 or W956IC at an
MOI of 1, fixed at 24 h after infection, and analyzed by confocal microscopy. Anti-G3BP antibody (green) was used to detect SGs, and anti-p-elF2« antibody

(white) was used to detect p-elF2c.. More than 95% of the cells were infected.

To determine whether SG-positive, infected cells contained el-
evated levels of phosphorylated elF2«, BHK cells were infected
with WNV Egl01 or W956IC, fixed at 24 h after infection, and
analyzed by confocal microscopy. The level of p-elF2a was in-
creased in all cells that were SG positive (Fig. 3B). However, not all
p-elF2a-positive cells contained SGs (data not shown), suggesting
that there may be a threshold level of p-elF2a needed for SG
induction or that additional cell factors/conditions may also be
involved in SG formation.

Mapping the viral determinants involved in enhanced SG in-
duction by W956IC virus infection. The W9561C cDNA plasmid
is very stable in bacteria and has been a useful tool for recovering
WNV genomes with engineered mutations (7). The W956IC
c¢DNA was constructed from a highly passaged WNV B956 virus
stock, designated 956D117B3 (56). The 956D117B3 sequence dif-
fers from that of B956 by 32 single nucleotide substitutions within
the coding region (55, 56). Although 956D117B3 cDNA was used
to construct the majority of the W956IC infectious clone, the C
terminus of the NS5 gene through the 3’ untranslated region
(UTR) was amplified from WNV Egl01 genomic RNA (56). To
identify viral components associated with less efficient SG induc-
tion, additional chimeric W956IC genomes were made by replac-
ing one or more W956IC genome regions with the Eg101 equiva-
lent as described in Materials and Methods. Eg101 sequence was
used because it was hypothesized that the different phenotype of
W9561C might be due to the presence of the 3’ end of the NS5 gene
and that adding additional Egl01 regions to “match” the
C-terminal region of NS5 would restore the natural virus pheno-
type. Eg-C (capsid), Eg-NS1, Eg-NS2a+2b, Eg-NS3+4a, Eg-
NS4b, Eg-NS4b+5, Eg-NS1+3+4a, and Eg-NS1+4b+5 chime-
ric viruses were constructed (Fig. 4). All of the chimeric WNV
infectious clones constructed contained the 3" UTR from Egl01,
and all but the Eg-NS4b+5 and Eg-NS1+4b+5 clones contained
a 956D117B3/Egl101 hybrid NS5 gene. The capsid gene was re-
placed by Eg101 sequence in the Eg-C chimera. These sequences
differed by 12 aa. The C-terminal 23 aa of E through the end of
NS1 were replaced with Eg101 sequence in the Eg-NS1 chimera.
One ofthe 23 Eaaand 31 of the 351 NS1 aa differed between Eg101
and W956IC. The Eg-NS2a+2b chimera contained Egl01 se-
quence encoding all of NS2a and NS2b as well as the N-terminal
178 aa of NS3. The Egl01 and W956IC sequences differed at 26 of
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230 NS2a aa, 2 of 130 NS2b aa, and 4 of 178 N-terminal NS3 aa.
The Eg-NS3+4a chimera contained Eg101 sequence encoding the
C-terminal 439 aa of NS3 and the N-terminal 105 aa of NS4a.
Twenty-two NS3 aa and 8 NS4a aa differed between Egl01 and
W956IC. The Eg-NS4b chimera contained Egl01 sequence en-
coding the C-terminal 42 aa of NS4a and the N-terminal 40 aa of
NS4b. One NS4a aa and 12 NS4b aa differed between Eg101 and
W956IC. The Eg-NS4b+5 chimera contained Eg101 sequence en-

Eg101

5'UTR 3'UTR

W956IC
5UTR NS [ NS NS [ NS IUTR
_|C|MI E |NS1|25|2bI NS3 I4a|4b| NS5 l—
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c |m| E s [ | NS3 I e | P NS5 l—
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3 UTR

E

26 2 4
e I Ta] = o Rl = B
Eg-NS3¢+4aV
(referred to as Eg-NS3+4a) 22 8
5'UTR FUTR
[o ] e Joo [ [50 | NSSRISI[SE] v |
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(referred to as Eg-NS1+4b+5) 1 31 9 24
5 UTR NS | Ns NS FUTR
Cc M E 2a | 2 NS3 42

FIG 4 Schematic representation of the WNV W956IC-Eg101 chimera ge-
nomes. Egl01 sequences are indicated by dark-gray and W956IC sequences by
light-gray shading. The majority of the W956IC genome sequence is from
956D117B3, but the C terminus of NS5 and the 3" UTR are from Eg101 (56).
Additional chimeric viruses were created by replacing one or more W956IC
gene regions with the Eg101 equivalent on the W9561C backbone. The number
of amino acid differences between Eg101 and W956IC is indicated above each
replaced gene segment.
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FIG 5 Higher levels of early viral RNA synthesis correlate with increased early virus yields and more SG-positive, infected cells. (A) BHK cells were infected with
a chimeric virus at an MOI of 1, fixed at 36 h after infection, and analyzed by confocal microscopy. SGs were detected with anti-G3BP antibody (green),
WNV-infected cells with anti-dsRNA antibody (red), and nuclei with Hoechst dye (blue). Merged images are shown. (B) The total number of infected cells and
the number of SG-positive, infected cells were counted, and the percentage of infected cells containing SGs was determined as described in Materials and
Methods. ¥, significance compared to W956IC at a 95% confidence interval (P < 0.05). (C) BHK cells were infected with a chimeric virus atan MOI of 1, and virus
yield was determined by plaque assay at the indicated times after infection. (D) BHK cells were infected with a chimeric virus at an MOI of 1, and total cell RNA
was extracted and purified at 12 h after infection. The number of viral genome copies in each sample was determined by real-time RT-PCR using probes targeting
the viral NS1 gene as described in Materials and Methods. (E) The amount of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA in each sample was
measured by real-time RT-PCR as an internal control for sample variation. Bars indicate = SD.

coding the C-terminal 214 aa of NS4b and the N-terminal 410 aa  induced SGs in <3% of infected cells while W956IC infections
0of NS5. Nine NS4b aa and 24 N-terminal NS5 aa differed between  induced SGs in ~30% of the infected cells at this time after infec-
Eg101 and W956IC. The C-terminal region of NS5in W956ICwas  tion (Fig. 5A and B). The Eg-NS1 (~7%), Eg-NS2a+2b (~15%),
already Eg101 sequence and contained no amino acid changes. Eg-NS3+4a (~8%), Eg-NS4b (~10%), and Eg-C (~20%) chi-

BHK cells were infected with one of the chimeric viruses, fixed meric virus infections induced intermediate numbers of SG-
at 36 h after infection, and analyzed for SGs by confocal micros-  positive, infected cells by 36 h after infection, while the Eg-
copy. Consistent with data shown in Fig. 1, WNV Egl101 infections NS4b+5 (<3%), Eg-NS1+3+4a (<3%), and Eg-NS1+4b+5
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(<3%) chimeric virus infections induced a low number of SG-
positive, infected cells similar to the result seen with Eg101 infec-
tions (Fig. 5A and B). The data indicate that either the replacement
of the C-terminal region of NS4b together with the N-terminal
region of NS5 or the combination of the NS1, NS3, and NS4a gene
regions with Eg101 sequence recreated the WNV Egl01 SG phe-
notype.

The growth kinetics of the various chimeric viruses was ana-
lyzed to determine whether the differential SG phenotypes were
due to differences in the growth efficiencies of these viruses. BHK
cells were infected with WNV Eg101, W956IC, or one of the chi-
meric viruses at an MOI of 1, and culture fluid was collected at
various times after infection. Eg101 and W956IC infections pro-
duced similar virus yields at 24 and 36 h after infection (Fig. 5C).
However, W956IC infections produced significantly more prog-
eny virus than Eg101 infections at 12 h after infection (Fig. 5C).
The yields produced by Eg-C, Eg-NSI, Eg-NS2a+2b, Eg-
NS3+4a, and Eg-NS4b chimeric virus infections at 12 h were sim-
ilar to that produced by a W956IC infection, while the 12-h yields
from Eg-NS4b+5, Eg-NS1+3+4a, and Eg-NS1+4b+5 infec-
tions were comparable to that from an Eg101 infection (Fig. 5C).
Virus yields from the Eg-C, Eg-NS1, Eg-NS2a+2b, Eg-NS3+4a,
and Eg-NS4b chimeric virus infections at 24 and 36 h were similar
to those of both the Egl01 and the W956IC infections (Fig. 5C).
However, the Eg-NS4b+5 and Eg-NS1+3+4a chimeric virus in-
fections produced slightly reduced virus yields at 24 and 36 h after
infection. Although the yield of Eg-NS1+4b+5 virus was slightly
decreased at 24 h, levels comparable to those seen with Eg101 and
WO956IC virus infections were observed by 36 h (Fig. 5C). These
data indicate that the replication efficiencies of none of the chime-
ric viruses were significantly compromised.

Since PKR is activated by double-stranded regions of viral RNA
(19), the levels of early intracellular viral RNA replication were as-
sessed in Eg101-, W956IC-, and chimeric virus-infected cells. BHK
cells were infected with WNV Eg101, W956IC, or a chimeric virus at
an MOI of 1, and total cellular RNA was collected at 12 h after infec-
tion. The number of viral genome copies per 1 ug of total RNA was
quantified as described in Materials and Methods. Consistent with
the 12-h viral yields, W956IC infections synthesized the highest levels
of viral RNA by 12 h after infection, while Egl01 infections synthe-
sized the lowest (Fig. 5D). The Eg-C, Eg-NS1, Eg-NS2a+2b, Eg-
NS3+4a, and Eg-NS4b chimeric virus infections produced higher
levels of early intracellular viral RNA, as did a W956IC infection,
while the Eg-NS4b+5, Eg-NS1+3+4a, and Eg-NS1+4b+5 infec-
tions produced lower levels of early viral RNA similar to those seen
with an Egl01 infection (Fig. 5D). The results indicate that more
efficient SG induction in infected cells correlates with increased levels
of viral RNA synthesis at early times after infection. The data further
indicate that a single viral protein is not responsible for regulating
early viral RNA synthesis in cells infected with natural WNV strains
or involved in inducing SGs.

Enhanced early viral RNA synthesis in W956IC-infected cells
results in cytoplasmic exposure of viral dsRNA. Viral dsRNA in
infected cells is sensed by the pathogen recognition receptors
(PRRs) PKR, retinoic acid inducible gene I (RIG-I), and mela-
noma differentiation factor 5 (MDAS5) (19, 30). Replicating
flavivirus RNAs are thought to evade detection by cell RNA
sensors by localization within ER membrane vesicles (42). It
was previously reported that treating cells with 0.01% Triton
X-100 permeabilizes the plasma membrane but leaves the in-
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tracellular ER membranes intact, while 0.1% Triton X-100
solubilizes both plasma and ER membranes (39). Differential
membrane permeabilization was used to assess viral dsSRNA
membrane association at early times after infection. BHK cells
were infected with WNV Eg101 or W956IC at an MOI of 5 and
fixed at 12 h after infection. After 4% paraformaldehyde fixa-
tion, cells were permeabilized with either 0.1% or 0.01% Triton
X-100 and analyzed for the presence of viral dsSRNA and SGs by
confocal microscopy. Viral dsSRNA was detected in the majority
of Egl01- and W956IC-infected cells permeabilized with 0.1%
Triton X-100 (Fig. 6A). Most cells in the W9561C-infected cul-
tures appeared to have higher levels of viral dsRNA than the
cells in Egl01-infected cultures. After permeabilization with
0.01% Triton X-100, viral dsRNA was detected in ~25% of the
WO956IC-infected cells but in only ~4% of the Egl01-infected
cells (Fig. 6B). The W956IC-infected cells that contained ele-
vated levels of exposed viral dsRNA also contained SGs (Fig.
6A), suggesting that when viral dsRNA is not protected by cy-
toplasmic membranes, it can activate PKR, leading to elF2«
phosphorylation and SG formation. Why a maximum of ~35%
of W956IC-infected cells have high levels of early viral RNA is
currently not known. It is possible that additional cell factors
may be involved in the regulation of early viral RNA synthesis.

DISCUSSION

The cytoplasmic PRR PKR can be activated by viral dsRNA. Acti-
vated PKR phosphorylates eIF2c on Ser51, which attenuates cap-
dependent translation and usually leads to the formation of SGs.
Because the WNV genome is capped, its translation is expected to
be inhibited by elF2a phosphorylation. In contrast, because
members of other flavivirus genera, such as pestiviruses and hep-
atitis C virus, initiate translation from an IRES, their translation is
not expected to be affected by elF2a phosphorylation (43). An-
other reason why flavivirus infections would benefit from not in-
ducing the formation of SGs is our previous finding that the SG-
nucleating proteins TIA-1 and TIAR facilitate plus-strand viral
RNA synthesis (18, 34). Although infections with natural lineage 1
and lineage 2 strains of WNV did not activate PKR, infections with
the chimeric W956IC virus did, and SG induction by W956IC
virus infections was shown to be dependent on PKR. A maximum
of ~35% of W956IC virus-infected cells were SG positive. Previ-
ous reports of SG induction through PKR activation also showed
that SGs formed in only a subset of the cells in an infected culture
(25, 37, 52). Similar to our results with natural and chimeric
strains of WNV, infections with a respiratory syncytial virus
(RSV) chimeric virus (LeC) induced a higher number of SG-
positive, infected cells than natural RSV strain infections through
the activation of PKR (22, 25, 36, 37). Although many types of
viruses have evolved mechanisms to inhibit PKR activation (19),a
previous study from our lab showed that WNV Egl01 infections
do not actively inhibit PKR activation but instead do not activate
PKR (16). The slight increase in SG-positive, Eg101-infected type
IIFN-nonresponsive BHK cells observed at later times of infection
(from ~1% at 24 h to ~3% by 36 h) could be due to PERK
activation caused by the induction of an unfolded protein re-
sponse (UPR). Natural WNV infections were previously reported
to induce the UPR at later times of infection (1). The UPR can
activate PERK, another of the eIF2« kinases, and activated PERK
was previously detected in WNV-infected cells at later times of
infection (1).

Journal of Virology


http://jvi.asm.org

A

BHK - 0.1% Triton X-100
W956IC 12 hr

Mock Eg10112hr

— —
20 pm 20 pm
| e —_

BHK - 12 hr - 0.01% Triton X-100

W

40% -
30% -
20% -

10% -

N

Mock Eg101

% Cells with dsRNA Signal

W956IC

Early WNV Viral RNA Levels and SG Induction

BHK - 0.01% Triton X-100
Mock Eg10112hr  W956IC12hr

20um
!

FIG 6 Exposed viral dsRNA was detected in 0.01% Triton X-100-permeabilized W956IC-infected, but not Egl01-infected, cells. (A) BHK cells were infected
with WNV Egl01 or W956IC at an MOI of 5, fixed at 12 h after infection, permeabilized with either 0.1% or 0.01% Triton X-100, and analyzed by confocal
microscopy. Anti-dsRNA antibody (red) was used to detect viral dsRNA, anti-G3BP antibody (green) to detect SGs, and Hoechst dye (blue) to detect nuclei.
Merged images are shown. (B) The total number of cells and the number of dsSRNA signal-positive cells from 0.01% Triton X-100-treated cells were counted, and
the percentage of cells containing detectable dsSRNA was determined. Bars indicate = SD.

The chimeric junction in the W956IC genome produces a
956D117B3/Eg101 hybrid NS5. This hybrid NS5 did not cause a
reduction in the replication efficiency of the W956IC virus, since
the yields from Eg101 and W956IC infections in BHK cells were
comparable at 24 to 36 h and the chimeric W956IC virus synthe-
sized RNA more efficiently at early times after infection than did
Eg101. The increased levels of early viral RNA synthesis observed
in W956IC-infected cells correlated with an increase in PKR acti-
vation and SG formation. The replication of flavivirus RNA in
infected cells was previously reported to be biphasic (11, 12).
Genomic and complementary minus-strand RNAs are replicated
symmetrically at low levels until about 10 to 12 h after infection.
Thereafter, RNA replication increases exponentially and is asym-
metric, with genome RNA synthesis predominating. The expo-
nential increase in viral RNA replication occurs after sufficient
virus-induced proliferation and remodeling of ER membranes has
occurred (35). Flavivirus infections as well as some other types of
positive-sense RNA virus infections form vesicles in ER mem-
branes that open to the cytoplasm through a small pore and serve
as the sites of exponential viral RNA synthesis. Viral nonstructural
proteins as well as cell proteins have been reported to be involved
in cytoplasmic membrane remodeling (13, 21, 53). Data from
several studies suggest that these vesicles protect replicating viral
RNA from detection by cytoplasmic sensors (13, 21, 42, 50, 53).
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How flavivirus RNA replication is differentially regulated dur-
ing the early and late phases of viral RNA synthesis is not known.
It was previously shown that cyclization of the genome through
base pairing between 3" and 5’ RNA sequences was required for
RNA replication (7, 23, 58). Even though in the chimeric W956I1C
genome, the 3’ cyclization, downstream of the AUG codon
(DAR), and upstream of the AUG codon (UAR) sequences were
from Eg101 and the 5 cyclization, DAR, and UAR sequences were
from W956IC, all of the long-distance 5'-3’ base pairing interac-
tions were completely conserved (data not shown). It has also
been reported that the WNV 5" UTR interacts with the NS5 pro-
tein, which contains an N-terminal methyltransferase domain and
a C-terminal RNA-dependent RNA polymerase domain. Altera-
tion of this RNA-protein interaction dramatically affected the rep-
lication efficiency of WNV (14). The WNV Eg101 and W956IC 5’
UTRs differ by only 1 nt, located in a position that was not previ-
ously shown to be involved in the interaction with NS5, suggesting
that this substitution would not affect viral RNA replication effi-
ciency. Itis possible that the viral nonstructural protein complexes
assume different conformations during the early and late phases
of viral RNA replication. The replication complex conformations
could be mediated by interactions with different cell partners
and/or different cellular membrane microenvironments. The
three WNV chimeras that displayed low levels of early viral RNA
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synthesis and of SG induction similar to those seen with Eg101
were Eg-NS4b+5, Eg-NS1+3+4a, and Eg-NS1+4b+5. Align-
ment of the sequences of the nonstructural regions of the Eg101
and W956IC genomes revealed 31 aa differences in NS1, 22 in
NS3, 8 in NS4a, 9in NS4b, and 24 in the N-terminal region of NS5.
The majority of the 140 aa differences between the Egl101 and
WOI56IC sequences shown in Fig. 4 are conservative changes.
However, the amino acid differences at five sites, 1 in NS1
(G291E), 2in NS4a (G17V and A54V), 1 in NS4b (A100V), and 1
in the N-terminal region of NS5 (V206I), were unique to the
W956IC and 956D117B3 proteins, compared to the other WNV
strains tested in the current study. Analysis of other West Nile
virus strains in the Flavitrack database (40) showed that the NS1
G291E, NS4a G17V, and NS4b A100V amino acid differences
were unique to W9561C and 956D117B3 viruses but that the NS4a
A54V amino acid difference was an A541 substitution in the Ra-
bensburg isolate (WNe97CZmNmX/1-3433) and that the NS5
V2061 amino acid substitution was also observed in the
WNe03AZAmXxX_1623/1-3433 virus strain. The unique change
in NS4b was located at the C terminus of transmembrane domain
2, while the unique NS5 change was in the methyltransferase re-
gion. None of the 5 unique changes were located in a known en-
zymatic motif. However, regions between known motifs may con-
tain contact sites for interactions between replication complex
proteins or between these proteins and cell proteins. Each of the
unique amino acid changes is being tested individually and in
combination for an effect on early viral replication efficiency and
SG induction. The finding that chimeras that encode either the
Egl01 C-terminal region of NS4b and a complete Eg101 NS5 or
the Eg101 NS1, NS3, and NS4a proteins produced low levels of
early viral RNA synthesis suggests that changing particular amino
acids in either the C-terminal region of NS4b and the N-terminal
region of NS5 or in the combined NS1, NS3, and NS4a region can
rescue the “natural” WNV strain phenotype of Eg101 in the con-
text of the W9561C genome with an N-terminal NS5 region. These
data support the hypothesis that the conformation of the replica-
tion complex plays a role in downregulating RNA synthesis early
during natural WNV infections. A previous study that mapped
flavivirus nonstructural proteins involved in inhibiting IFN sig-
naling also did not identify a single viral nonstructural protein
responsible for this function (1). The current study does not rule
out the possibility that genome RNA folding alterations could also
play a role in regulating early viral RNA synthesis.

It is currently not known how viral dsRNA is protected from
cytoplasmic RNA sensors during early low-level symmetric viral
RNA synthesis. The results of the present study indicate that es-
sentially all of the viral dsRNA present at 12 h in the majority of
Egl101-infected cells was associated with cytoplasmic membranes,
while some of the dsRNA in ~25% of W956IC virus-infected cells
was not. This finding suggests that natural strains of WNV are able
to carefully match the level of RNA replication with the degree of
cytoplasmic membrane remodeling. When this coordination is
disregulated, such as in W956IC-infected cells, the higher levels of
early RNA replication exceed the capacity of the available virus-
induced membrane protection, exposing some of the viral dsSRNA
and resulting in PKR activation, eIF2« phosphorylation, and SG
formation. Additional studies with IFN-competent cells infected
with W956IC virus showed that the increased early viral RNA
synthesis also results in the induction of higher early levels of type
I IFN. A manuscript describing these results is in preparation.
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