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Abstract

Autophagy is a lysosomal degradation pathway that is implicated in many viral infections. However, its role in West
Nile virus (WNV) infection remains controversial. In the present study, we examined the relationship between WNV
infection and autophagy in infected cells. We demonstrated that LC3-II expression, a molecular marker for
autophagosomal membranes, was enhanced in WN V-infected cells 6 h post-infection. LC3-1I expression was further
enhanced in WNV-inoculated cells when treated with a lysosomal protease inhibitor. Meanwhile, WNV replication
in cells lacking A#g5, an essential factor for autophagy, was increased compared with replication in wild-type cells. In
addition, WNV replication was inhibited in cells lacking Azg5 when they were transfected with an ATG5 expression
plasmid. These results suggest an antiviral role for autophagy in WNV-infected cells. We also examined which viral
replication stages were affected by autophagy by using a Tat-beclin 1 peptide to induce autophagy and
pseudo-infectious WNYV reporter virus particles (WNV-RVPs) that monitor viral genome replication and gene
expression stages via GFP expression. We found that autophagy induction in HeLa cells by Tat-beclin 1 peptide 3 h
after WNV inoculation inhibited viral replication, and GFP expression was significantly inhibited in wild-type cells
when compared with cells lacking Azg5. Taken together, these results suggest that autophagy is induced by WNV

infection, and that this induction inhibits WNV replication at the viral genome replication and gene expression stages.
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1. Introduction

West Nile virus (WNV) is a single-stranded, positive-sense RNA virus in the Flaviviridae family that causes
West Nile encephalitis and death in humans and horses (Kobayashi et al., 2012; Suthar et al., 2013). The viral
genome encodes a single polyprotein that is processed by host and viral proteases into three structural proteins (C,
prM, and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (Samuel and
Diamond, 2006). To initiate the WNV replication life cycle, WNYV attaches to host cell receptor(s). Thereafter, WNV
is endocytosed, fused with the endosomal membrane, and the viral genome is delivered into the cytoplasm (Makino
et al., 2014; Medigeshi et al., 2008). Viral RNA and protein synthesis occurs in association with endoplasmic
reticulum-associated membranes (Fernandez-Garcia et al., 2009). In flavivirus infection, these stages take place as
early as 3 h post-infection (hpi) (Lindnbach et al., 2007). Synthesized structural proteins and viral RNA are
assembled and transported through the host secretory pathway, and infectious virions are released from the infected
cell by exocytosis (Samuel and Diamond, 2006). WNV replication appears dependent on the availability of host
factors to interact with viral proteins, but the interaction between host factors and viral proteins is not fully
understood.

Macroautophagy (herein referred to as autophagy) is a highly conserved, intracellular degradation system (Dong
and Levine, 2013). Cytoplasmic components are sequestered by autophagosomes and degraded upon fusion with
lysosomes to maintain cellular homeostasis (Morishita et al., 2013). Genetic studies in yeast have identified a set of
autophagy-related genes (4#g) genes that are required for autophagy (Mizushima et al., 2011). For instance, A7g5 and
Atg1?2 are required for autophagosome formation (Mizushima et al., 1998; Mizushima et al., 2001). The presence of
ATGS and its proper conjugation with ATG12 are essential for elongation of the autophagic isolation membrane
(Mizushima et al., 1998; Mizushima et al., 2001). In mammalian cells, autophagy is involved in starvation, quality
control of intracellular proteins and organelles, and elimination of intracellular microbes including viruses (Dong and
Levine, 2013; Shoji-Kawata and Levine, 2009).

The autophagic pathway can play an antiviral role by restricting the replication of some viruses, such as vesicular
stomatitis virus and Chikungunya virus (Joubert et al., 2012; Shelly et al., 2009). Autophagic antiviral function may
be summarized as the following: (1) digestion of intracytoplasmic viral components (virophagy); and (2) activation
of innate and adaptive immunity by presentation of viral molecules (Dong and Levine, 2013). In contrast, some

viruses such as poliovirus, dengue virus, and hepatitis C virus, have evolved mechanisms to escape host autophagy
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and use components of the autophagic machinery for replication (Dreux et al., 2009; Heaton and Randall, 2010;
Jackson et al., 2005).

The role of autophagy in WNV infection is less clear, as conflicting results have been reported (Beatman et al.,
2012; Shoji-Kawata et al., 2013; Vandergaast and Fredericksen, 2012). No difference in WNV replication in mouse
embryonic fibroblasts (MEFs) lacking A#g5 has been observed at a multiplicity of infection (MOI) of 3 or 0.1
(Beatman et al., 2012; Vandergaast and Fredericksen, 2012). However, the autophagy-inducing peptide, Tat-beclin 1,
decreases WNV replication and reduces mortality in mice infected with WNV (Shoji-Kawata et al., 2013).

In the present study, we examined LC3-II expression, a marker for autophagosomal membranes, in
WNV-infected cells. The effects of autophagy on WNV replication in A7g5” MEFs were evaluated to better
understand the role of autophagy in WNV infection. Furthermore, we examined the WNV viral replication stages
that are affected by autophagy using Tat-beclin1 and pseudo-infectious WNV reporter virus particles (WNV-RVPs)
able to infect susceptible cells without producing progeny virions (Pierson et al., 2006), to address how autophagy is

involved in WNV replication cycle.
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2. Materials and Methods

2.1 Cells and viruses

Human neuroblastoma cells (SK-N-SH cells) and Vero E6 cells were grown in minimal essential medium
(MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 2 mM L-glutamine (Sigma, St.
Louis, MO). HEK-293T cells were grown in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Sigma)
supplemented with 10% FBS. Arg5"" and A1g5” MEFs (Kuma et al., 2004) were provided by the RIKEN
BRC (Tsukuba, Japan) through the National Bio-Resource Project of the MEXT, Japan. HeLa cells were
obtained from the Health Science Research Resource Bank (Osaka, Japan). Atg5"* MEFs, Atg5” MEFs,
and HeLa cells were grown in DMEM supplemented with 10% FBS, penicillin, streptomycin, and 2 mM
L-glutamine. The WNV 6-LP strain, previously established by plaque purification of the WNV NY99-6922 strain
isolated from mosquitoes in 1999 (Shirato et al., 2004a; Shirato et al., 2004b), was provided by Dr. 1. Takashima
(Hokkaido University, Japan). Indicated cell line cultures were infected with WNV at specified MOL After 1 h at
37 °C, the inoculum was replaced with culture medium and cells were incubated at 37 °C. Cells and
culture supernatants were harvested at indicated time points. All experiments with WNV were performed at
the Biosafety Level-3 facility at Hokkaido University in accordance with institutional guidelines. Azg5"" and
Atg5” MEFs were infected with Herpes Simplex virus type-1 (F strain) at MOI=0.01. After 1 hat 37 °C, the
inoculum was replaced with culture medium and the cells were incubated at 37 °C. Cells and culture

supernatants were harvested at the indicated time points.

2.2 Antibodies, plasmids, and reagents

Mouse anti-LC3, rabbit anti-LC3, and rabbit anti-ATGS5 polyclonal antibodies were purchased from MBL
(Nagoya, Japan). A rabbit anti-LC3 monoclonal antibody was purchased from Cell Signaling Technology (Beverly,
MA). The anti-JEV serum that crossreacted with the structural proteins of WNV was prepared from rabbits
immunized by 2 intravenous inoculations of JEV (JaGAr-01 strain) (2 x 10° plaque-forming units / rabbit) (Kimura et
al., 1994; Kobayashi et al., 2012). The mouse anti-actin monoclonal antibody was purchased from Millipore
(Billerica, MA). For the expression of murine ATG5 in A7g5” MEFs, pCl-neo-mApg5 (plasmid 22956), and
pCl-neo-mApg5 (K130R) (plasmid 22957) were obtained from Addgene (Cambridge, MA) (Mizushima et al.,

2001). To make WNV-RVP, WNV structural genes were cloned into pCXSN, which was generated from



© 0 I O T b W N R

MO N MMM NN NN DN H L
© ® T 66 A ® N B S © ® I 6 Ok WM Rk O

pCMV-myc (Clontech, Mountain View, CA) by replacing the sequence of the myc tag and multicloning site with
restriction enzyme sites X%ol, Sall, and Notl (Kobayashi et al., 2013). The resultant plasmid was designated
pCXSN-CME (Hasebe et al., 2010). The WNV replicon cDNA construct, pWNIIrep-GFP, was generously provided
by Dr. Robert W. Doms (Pierson et al., 2006). E64d and pepstatin A, the lysosomal protease inhibitor, were
purchased from the Peptide Institute (Osaka, Japan). The Tat-beclin1 peptide
(YGRKKRRQRRRGGTNVFNATFEIWHDGEFGT) and the Tat-scrambled peptide
(YGRKKRRQRRRGGVGNDFFINHETTGFATEW) were synthesized and purified to 95% by Sigma as described
previously (Shoji-Kawata et al., 2013). Peptides were dissolved in phosphate buffered saline (PBS) (20 mM) and
stored at —80 °C. For peptide treatment, cells were washed with PBS and treated with peptides (10 pM) dissolved in

OPTI-MEM (Life Technologies, Rockville, MD) acidified with 0.15% (v/v) 6N HCL

2.3 Immunocytochemistry

To observe viral antigen positive cells, SK-N-SH cells were seeded at 200,000 cells per well in a 24-well dish, in
which each well contained a 12-mm cover glass, and the cells were then WNV inoculated (MOI = 0.01) for 6 h. The
WNV infected and mock-infected cells were fixed with 4% paraformaldehyde for 10 min, before washing with PBS.
The cells were permeabilized in 100 png / ml digitonin for 15 min, blocked with 1% bovine serum albumin
(BSA)-PBS, and then stained with mouse anti-LC3 monoclonal antibody and anti-JEV rabbit serum in
1% BSA-PBS for 3 h at room temperature. The immune complexes were visualized by incubating with
either Alexa Fluor 488-conjugated or Alexa Fluor 594-conjugated secondary antibodies (Life Technologies).
The cells were then observed using a Zeiss 780 LSM confocal microscope (Jena, Germany).
Immunopositive foci were confirmed by observing each cover glass. The number of punctate structures of LC3 per

cell was counted from different microscopic fields.

2.4 Immunoblotting

For immunoblotting, cells were harvested at indicated time points after WNV infection and
transfection, lysed in TNE buffer [10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10% glycerol,
1% Triton X-100] supplemented with Complete Protease Inhibitor Cocktail (Roche Diagnostics,
Indianapolis, IN). Cell lysates were fractionated by SDS-PAGE, and separated proteins were transferred

to a PVDF filter (Millipore). The filter was incubated with each antibody, and the immune complexes
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were detected with HRP-conjugated secondary antibodies (Biosource International, Camarillo, CA) and
Immobilon Western HRP Substrate (Millipore). The chemiluminescence signals were visualized with the
VersaDoc 5000MP (Bio-Rad, Hercules, CA), and obtained images were analyzed using Quantity One

software (Bio-Rad).

2.5 RT-PCR

For RNA extraction, cells were collected 3 h after WNV infection. Total RNA was isolated using Trizol (Life
Technologies) and a PureLink RNA Mini Kit (Life Technologies) according to the manufacturer’s protocol. RI-PCR
was performed with a SuperScript III One-Step RT-PCR with Platinum Taq kit (Life Technologies). For detection of
WNV RNA, primer pairs for WNV were 5~ AAGTTGAGTAGACGGTGCTG-3’ and
5’-AGACGGTTCTGAGGGCTTAC-3". Primers corresponding to glyceraldehyde-3-phospate dehydrogenase
(GAPDH) were used as a control (5’-TTCGTCATGGGTGTGAACCA-3’ and
5’-GGTCATGAGTCCTTCCACGATAC-3").

2.6 Plaque assay

Diluted culture supernatants from infected cells were inoculated into monolayers of Vero E6 cells. After 1 h of
incubation at 37 °C with rocking, the inoculums were removed, and overlay medium (MEM containing 5%
FBS and 1.25% methyl cellulose) was added and incubated for 3 days. Plaques were visualized with a 1%

crystal violet solution in 70% ethanol.

2.7 Transfection of wild type and mutant ATG5

Transfection of the control, wild-type ATGS expression plasmid, and the mutant ATGS expression plasmid into
Atg5™" or Atg5” MEFs was performed using TransIT 2020 (Mirus, Madison, WI) according to the
manufacturer’s instructions. For immunoblotting, cells were harvested at 24 h post-transfection (hpt).
Transfected A7g5” MEFs were infected with WNV (MOI=0.01) at 24 hpt, and culture supernatants were

harvested at 48 hpi and relative viral titers were measured by plaque assay.

2.8 WNV-RVPs preparation

HEK-293T cells were cultured in 100-mm dishes and were transfected with 6 ug pWNIIrep-GFP and 18 pg
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pCXSN-CME using Lipofectamine 2000 according to the manufacturer’s instructions (Life Technologies).
After 48 h, supernatants were collected and cell debris was removed with 0.45 um pore size filters.
Supernatants containing WNV-RVPs were purified with a sucrose gradient [8 ml 10% sucrose in 50 mM
Tris-HCI (pH 8.0), 8 ml 25% sucrose, and 35.7% Meglumine lotalamate (Daiichi-Sankyo, Tokyo, Japan)
in 50 mM Tris-HCI (pH 8.0)] by ultracentrifugation in a Beckman SW32Ti rotor at 4 °C for 2.5 h at
76,800 g. The samples were fractionated from the bottom into 14 fractions of 1.5 ml each. HA titers for
fractions 5 to 10 were determined and high HA titer fractions were stored at —80 °C. Each fraction was
subjected to a serial 2-fold dilution in PBS containing 0.2% BSA (pH 8.0) and mixed with pigeon red blood cells in
0.2 M PBS. The HA assay was performed at pH 6.5 and incubated for 1 h at 37 °C, followed by microscopic

observation.

2.9 Infection of Azg5"* and Atg5” MEFs with WNV-RVPs

Atg5"" and Atg5”” MEFs were inoculated with WNV-RVPs (2® HA/200 pl) for 24 h. GFP signals was
observed with an inverted fluorescence microscope (IX70, Olympus, Tokyo, Japan) and images were
processed using DP Manager software (Olympus). Cells were washed twice with PBS and were dissociated
with 0.25% trypsin. WNV-RVP-infected cells were counted by measuring GFP signals with a FACS

Canto system (BD Biosciences, San Diego, CA).

2.10 Quantitative RT-PCR

For RNA extraction, cells were collected at indicated time points after WNV infection. Total RNA was extracted
using Trizol (Life Technologies) and a PureLink RNA Mini Kit (Life Technologies) according to the manufacturer’s
protocol. Quantitative RT-PCR was performed with Brilliant III Ultra-Fast QRT-PCR Master Mix (Agilent
Technologies, Palo Alto, CA) with the CFX96 real-time PCR detection system (BioRad). The WNV primer and
probe sequences used were as follows: WNV forward, 5’-~ AAGTTGAGTAGACGGTGCTG-3’; WNV reverse,
5’-AGACGGTTCTGAGGGCTTAC-3’; and WNV probe, FAM-5’-GCTCAACCCCAGGAGGACTGG-3’-BHQ.
Endogenous control primers and probes for mouse actin were purchased from Applied Biosystems (Foster City,

CA).
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3. Results

3.1 Autophagy is induced by WNYV infection

To determine whether WNV infection regulates autophagy, we examined the lipidated,
autophagosome-associated form of LC3 (LC3-II). When the autophagy occurs, LC3-I is conjugated with
phosphatidylethanolamine (PE), converting into the autophagic form, LC3-1I (Mizushima et al., 2011). During
autophagy, LC3-II is recruited to autophagosomal membranes and is monitored by visualizing punctate structures in
the cytoplasm (Klionsky et al., 2012). SK-N-SH cells were infected WNV (MOI = 0.01) for 6 h, and punctate
structures of LC3 were analyzed by confocal microscopy. The punctate structures of LC3 were increased in WNV
antigen positive cells compared to mock-infected cells or viral antigen negative cells (Fig. 1a and 1b), suggesting that
WNV infection induces autophagosome formation. We also examined the levels of LC3-II in SK-N-SH cells
infected with WNV (MOI = 0.01) by immunoblotting. At 6 hpi, LC3-II levels in WN V-infected SK-N-SH cells were
enhanced compared with those seen in mock-infected cells (Fig. 1c, lanes 5 and 6), whereas at 1 and 3 hpi the LC3-II
levels were similar in the mock-infected and the WN V-infected cells (Fig.1c, lanes 1 to 4). Because LC3-I1 is subject
to lysosomal degradation during autophagy, it was unclear whether increased LC3-1I levels indicated that WNV
infection enhanced autophagy flux or inhibits lysosomal degradation. To precisely interpret the increased expression
of LC3-II by WNV infection, we measured LC3-II levels in both mock-infected and WNV-infected SK-N-SH cells
treated with E64d and pepstatin A, which inhibit lysosomal proteases and interfere with autolysosomal digestion. In
this assay, increasing LC3-II expression with inhibitors indicated that WNV enhanced autophagy flux, whereas no
change of LC3-II expression levels in the presence of inhibitors indicated inhibition of autophagosomal degradation
by WNV infection. LC3-II levels were increased in inhibitor-treated SK-N-SH cells (Fig. 1d, lanes 2 and 4). At 6 hpi,
increased LC3-II levels were observed in WN V-infected cells compared with those of mock-infected cells (Fig. 1d,
lanes 1 and 3) and in inhibitor-treated WN V-infected cells compared with non-treated WN V-infected cells (Fig. 1d,
lanes 3 and 4). WNV infection was confirmed by RT-PCR by amplifying the WNV genome (Fig. 1d). Densitometry
analysis of the LC3-II band, corrected for actin, also showed that LC3-II levels were significantly increased in
WNV-infected cells compared with mock-infected cells and in inhibitor-treated WNV-infected cells compared with
inhibitor-treated mock-infected cells (Fig. 1e). In addition, inhibitor-treated WNYV infected cells had significantly
higher levels of LC3-II compared with non-treated WNV-infected cells (Fig. 1e). Together, these results suggest that

autophagy was enhanced in WN V-infected cells.
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3.2 Autophagy inhibits WNV replication

ATGS conjugates to the ubiquitin-like molecule ATG12, and A#g5 deficient cells are unable to undergo
autophagy (Mizushima et al., 2001). Azg5-deficient cells are frequently used to analyze the relationship between viral
infection and autophagy (Alexander et al., 2007; Gannagg et al., 2009; Orvedahl et al., 2007; Orvedahl et al., 2010;
Zhao et al., 2007). To examine the effect of autophagy on WNV replication, we used Atg5”* and Atg5” MEFs
(Kuma et al., 2004). Cells were infected with WNV and analyzed for expression levels of LC3-II and viral
production. There was no significant difference in viral titers of the culture supernatants between Azg5 ™" and Atg5”
MEFs at 12 and 24 hpi when a high infectious dose was used (MOI = 1) (Supplemental Fig. S1). At a low infectious
dose (MOI =0.01), however, the viral titer was significantly higher in 47g5” MEFs when compared with Ag5”"
MEFs at 24 and 48 hpi (Fig. 2a). There was no difference in viral titer at 72 hpi. These results indicate that autophagy
inhibits WNV replication when low amounts of WNV are used to inoculate MEFs. To address the specificity of
autophagy’s effect upon viral replication we also infected cells with HSV-1 at MOI = 0.01 and analyzed viral
production. HSV-1 has previously been shown not to increase the viral infectivity of 4zg5” MEFs (Alexander et al.,
2007; Dong and Levine, 2013). Our results were consistent with the previous report (Alexander et al., 2007): the viral
titer of the culture supernatants in 41g5” MEFs was comparable to that of 47g5"" MEFs at 24 and 48 hpi
(Supplemental Fig. S2). To further confirm the specificity of the relationship between autophagy and WNV
replication, we complemented Atg5” MEFs with wild type ATG5 (WT) or mutant ATG5 (K130R), a protein that is
incapable of conjugating with ATG12 and is unable to form autophagosomes (Mizushima et al., 2001). These
complemented A7g5” MEFs were infected with WNV at MOI = 0.01. In MEFs expressing WT, conjugation of
ATGS to ATG12 and LC3 conversion (LC3-I to LC3-II) were observed (Fig. 2b, lane 3), although conjugation and
conversion were weaker than observed for A7g5”" MEFs (Fig. 2b, lanes 1 and 3). The K130R mutant did not
conjugate with ATG12 and was incapable of LC3 conversion, while expression of ATGS was observed (Fig. 2b, lane
4). At 48 hpi, the viral titer in the culture supernatants was significantly lower in the Atg5” MEFs transiently
expressing WT ATG5 compared with the viral titer in MEFs transfected with a control plasmid (Fig. 2c). In contrast,
the viral titer in the culture supematants of MEFs transiently expressing the ATGS K130R mutant was similar to that

of control MEFs (Fig. 2¢). Together, these results suggest that autophagy plays an antiviral role in WNV replication.

3.3 Autophagy inhibits WNV genome replication and gene expression

10
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We next examined which stages in the replication cycle of WNV are affected by autophagy. Because Tat-beclin 1,
an autophagy-inducing peptide, is known to inhibit WNYV replication (Shoji-Kawata et al., 2013), we used this
peptide to induce autophagy. We also used a Tat-scrambled peptide as a control. We initially examined the kinetics
autophagy induction by Tat-beclin 1 peptide in HeLa cells (Fig. 3a), as well as the recovery times after removing the
peptides by washing with PBS (Fig. 3b). LC3-II expression was increased 1 h after Tat-beclin 1 peptide treatment
(Fig. 3a). These results indicate that 1 h incubation with the Tat-beclin1 peptide was sufficient to induce autophagy in
HeLa cells. We next examined LC3-II expression levels 1 and 3 h after the removal of the peptides by washing the
HeLa cells with PBS (Fig. 3b). At 1 h after washing with PBS, LC3-II expression was not so different between in
Tat-beclin 1 peptide-treated cells, compared with that in Tat-scrambled peptide-treated cells (Fig. 3b). By 3 h after
washing with PBS, the LC3-II expression levels were similar in Tat-beclin 1 peptide-treated cells and the
Tat-scrambled-treated cells (Fig. 3b). These results indicate that the induction of autophagy through Tat-beclin 1
peptide treatment of HeLa cells had recovered by 3 h after the removal of the peptide. To examine whether
autophagy affects WNV during the early or late stages of infection, HeLa cells were treated with Tat-scrambled or
Tat-beclin 1 peptide at pre- (Fig. 3c) or post-infection (Fig. 3d) for 3 h, the viral titers of the culture supernatants were
quantified using a plaque assay (Fig. 3¢ and 3d). To remove the peptides and the viruses which were not attached to
HeLa cells, the cells were washed using PBS at 1 hpi and 3 h after the peptide incubation. Because it is difficult to
measure viral titer in the supernatants of WN V-infected HeLa cells at low MOI (< 0.1) using a plaque assay, we
applied WNV at a MOI of 1 in this study. Tat-beclin 1 peptide treatment prior to WNV infection did not change the
viral titer (Fig. 3c). In contrast, Tat-beclin 1 peptide treatment resulted in a significant reduction in the viral titer when
the peptide was added at 3 hpi (Fig. 3d). These results suggested that autophagy inhibits the WNV infection at 3—6
hpi, and not at the entry stage.

WNV-RVPs were used to examine whether autophagy affected WNV genome replication, gene expression, or
later stages. WNV-RVPs have replicon RNA that can replicate in the cytoplasm and express the WNV nonstructural
proteins, and GFP that is expressed instead of structural proteins (Pierson et al., 2006). Because of lack of structural
proteins in the replicon RNA, WNV-RVPs are unable to produce progeny particles. However, genome replication

++

and gene expression stages may be monitored via GFP expression. After A7g5"* and 41g5” MEFs were inoculated
with WNV-RVPs, GFP expression was analyzed by fluorescent microscopy and quantified by flow cytometry. A
large number of GFP-positive cells were observed in A7g5 MEFs, whereas few GFP-positive cells were observed in

Atg5™"" MEFs (Fig. 4a). In addition, the ratio of GFP-positive cells in A1g5” MEFs was significantly higher than that

11
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in Atg5”"" MEFs (Fig. 4b). These results suggest that autophagy inhibits WNV genome replication and gene
expression stages prior to viral assembly.

To confirm that autophagy affected WNV genome replication and gene expression, we measured the amount of
viral genome present in Atg5"”* MEFs and A¢g5” MEFs infected with WNV at 3 or 6 hpi. The rate of genome
replication at 3 and 6 hpi was measured using quantitative RT-PCR. We found that the relative amount of WNV

4+

genome in A¢g5” “ MEFs was significantly higher than that in Azg5™" MEFs (Fig. 4¢). This result provides convincing

evidence that WNV genome replication is suppressed by autophagy.

12



© 0 I O T b W N R

MO N MMM NN NN DN H L
© ® T 66 A ® N B S © ® I 6 Ok WM Rk O

4. Discussion

In the present study, we demonstrate that autophagy is induced in WN V-infected cells and WNYV replication is
inhibited at the genome replication and gene expression stages. Our results provide evidence for a protective role of
autophagy in antiviral host defense against WNV.

It has previously been reported that autophagy deficiency does not significantly increase WNV viral titers
(Beatman et al., 2012; Vandergaast and Fredericksen, 2012). However, the amount of inoculated WNYV used in these
studies was relatively higher (MOI =3 or 0.1) than in our experiment (MOI = 0.01) (Beatman et al., 2012;
Vandergaast and Fredericksen, 2012). Similarly, higher amounts of WNV (MOI = 1) resulted in little difference
between the viral titers in the supernatants from Arg5”" MEFs and Atg5” MEFs (Supplemental Fig. S1), whereas a
lower MOI (MOI = 0.01) resulted in a significantly higher WNV ftiter in A¢g5” MEFs supernatants when compared
with WNV-infected 47g5""* MEF supernatants (Fig. 2b). These data suggest that the inhibitory effect of autophagy
on WNV replication depends on a balance between the efficacy of autophagy induction in WNV infected cells and
the amount of WNV infected. In the case of a high MOI of inoculated WNYV, the replication rate of WNV exceeds
the inhibitory effect of the autophagy induced by the WNV infection; WNV therefore seems to be independent on
autophagy for viral replication. Moreover, our result that the induction of autophagy using a Tat-beclin1 peptide
inhibited viral replication in HeLa cells (Fig. 3d) is consistent with a previous report that this autophagy-inducing
peptide reduces mortality of neonatal mice infected with WNYV (Shoji-Kawata et al., 2013). Although this study
demonstrates an antiviral role for autophagy in in vitro WNV infection, we hypothesize that autophagy may
potentiate prevention of WNV replication in vivo.

There was no difference in supernatant viral titers between Azg5”* MEFs and Atg5” MEFs at 72 hpi, although a
significant difference was observed at 24 and 48 hpi (Fig. 2b). In addition, cytopathic effects (CPE) induced by WNV
infection were observed in Atg5” MEFs earlier than Azg5”" MEFs (data not shown). It is possible that CPE caused
by WNV in A1g5” MEFs at 72 hpi affect the viral titer in culture supernatants taken from these cells.

It is unknown whether the antiviral effects of autophagy are restricted to the capture of newly synthesized viral
proteins and viral genomes of WNV or whether WNV can also be targeted to autophagosomes during cellular entry.
Our results showed that WNV infection increases LC3-1I expression at 6 hpi, whereas an increase in LC3-11
expression was not observed at 1 hpi (Fig. 1c). Increased LC3-II expression was due to an increase in autophagy

activity, but not a block in downstream factors after LC3-II turnover. These results suggest that autophagy was
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induced at the late stage of WNV infection rather than the early stage. For some viruses, viral replication induces
autophagy. In Sindbis virus (SIN) infection, replication-competent SIN induces autophagy in mammalian cells, while
UV-inactivated SIN does not (Orvedahl et al., 2010). Thus, newly synthesized viral genomes and/or viral proteins
appear necessary for autophagy induction in SIN-infected cells (Orvedahl et al., 2010). A similar mechanism may
exist in WN V-infected cells because autophagy was not induced at 1 and 3 hpi. Instead, autophagy was induced at 6
hpi when WNV genome replication, gene expression, and protein synthesis occurs.

The mechanisms in which WNV replication is inhibited by autophagy are unknown. During viral infection,
autophagy stimulates the innate immune system and consequent production of Type I interferon (IFN) (Iwasaki,
2007; Lee et al., 2007). Type I IFN inhibits WNV genome replication and gene expression stages (Szretter et al.,
2011). To elucidate these inhibitory mechanisms, studies clarifying the relationship between autophagy and innate

immunity in WNV infection are in progress.
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5. Conclusion

In conclusion, this study provides important information on the significance of autophagy in WNYV replication in
mammalian cells. Although further investigations are required to elucidate the mechanisms underlying autophagic
inhibition of WNV replication, we conclude that induction of the autophagosomal pathway has potential for

controlling WNYV infection.
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Figure Legends

Fig. 1. WNV infection induces autophagy in SK-N-SH cells. (a) SK-N-SH cells were mock-infected (Mock) or
infected with WNV (MOI = 0.01). Cells were harvested at 6 hpi and double stained with LC3 (green) and WNV
antigen (red). Cell nuclei were counterstained with DAPI (blue). Scale bars: 10 um. (b) The number of punctate
structures of LC3 per cell was depicted. Error bars represent standard deviation (SD) form mean. Statistical
significance was assessed using the Student’s #-test, and is indicated by asterisks (**p<0.01). (c) SK-N-SH cells were
mock-infected (-) or infected with WNV (MOI = 0.01). Cells were harvested at indicated time points and analyzed
by immunoblotting for LC3 and actin. (d) SK-N-SH cells were mock-infected or infected with WNV (MOI = 0.01)
in the presence of a lysosomal protease inhibitors E64d (2 pM), and pepstatin A (2 uM), or DMSO as the solvent
control. Cells were harvested at 6 h post-infection (hpi) and analyzed by immunoblotting for LC3 and actin, or by
RT-PCR to detect the WNV genome and GAPDH. (e) The results of (d) were quantified by Quantity One software.
The bar graph represents relative LC3-1I band densities that were normalized for actin band densities. Data represent
mean values + SD of three independent experiments. Statistical significance was assessed using the Student’s #test,

and is indicated by asterisks (*p<0.05 and **p<0.01).

Fig. 2. Autophagy deficiency increases WNV replication. (a) 47g5”" and Atg5" MEFs were infected with WNV
(MOI'=0.01). Culture supernatants were harvested at indicated time points and viral titers determined by plaque
assay. Data represent mean values + SD of three independent experiments. Significance was analyzed by the
Student’s #test and indicated by asterisks (*»<0.05 and **p<0.01). (b) Cell lysates from Azg5"" MEFs transfected
with the control plasmid and Azg5 * MEFs transfected with the control plasmid, the wild-type ATG5 expression
plasmid (WT), or the mutant ATGS expression plasmid (K130R) were analyzed by immunoblotting for ATGS, LC3,
and actin. These cells were prepared 24 h after transfection. (c) 475" MEFs were transfected with the control
plasmid, WT, or K130R. After 24 h, transfected Azg5 “ MEFs were infected with WNV (MOI = 0.01), culture
supernatants were harvested at 48 hpi, and relative viral titers were measured by plaque assay. Data represent mean
values + SD of three independent experiments. Significance was analyzed by the Student’s #-test and indicated by

asterisks (**p <0.01).

Fig. 3. Autophagy prevents late stage WNV infection. (a) Schematic diagram of experiment (upper panel). HeLa

20



© 0 I O T b W N R

[ T N T S e G e S e S S S e g T
= O O 00 3 o O k=~ W DD = O

cells were incubated for 1 or 3 h with Tat-scrambled (T-S, 10 uM) or Tat-beclin 1 (T-B, 10 uM) peptide. Cells were
harvested at indicated time points and analyzed by immunoblotting for LC3 and actin (lower panel). (b) Schematic
diagram of experiment (upper panel). HeLa cells were incubated for 3 h with T-S (10 uM) or T-B (10 pM), washed
extensively with PBS, and incubated in culture medium for 1 or 3 h. Cells were harvested at indicated time points
and analyzed by immunoblotting for LC3 and actin (lower panel). (c) Schematic diagram of experiment (upper
panel). HeLa cells were pre-treated for 3 h with T-S (10 uM) or T-B (10 uM), washed extensively with PBS, and
infected with WNV (MOI = 1). Culture supernatants were harvested at 12 hpi and viral titers determined by plaque
assay (lower panel). (d) Schematic diagram of the experiment (upper panel). HeLa cells were infected with WNV
(MOI = 1). At 3 hpi, cells were incubated for 3 h with T-S (10 uM) or T-B (10 uM), washed extensively with PBS,
and incubated in culture medium for 6 h. Culture supernatants were harvested at 12 hpi and viral titers determined by
plaque assay (lower panel). Data represent mean values + SD of three independent experiments. Significance was

analyzed by the Student’s #test and indicated by asterisks (**p <0.01).

Fig. 4. Autophagy inhibits WNV genome replication and gene expression. (a) WNV-RVPs were inoculated into
At1g5™" or A1g5” MEFs. GFP signals were detected by fluorescent microscopy at 24 hpi. (b) GFP positivity was
analyzed by flow cytometry. Data represent mean values = SD of three independent experiments. Significance was

+/+

analyzed by the Student’s r-test and indicated by asterisks (**p < 0.01). (c) A1g5™" or A1g5” MEFs were infected
with WNV (MOI = 1) and total RNA was extracted at indicated time points from WN V-infected cells. The viral
genome was quantified by qRT-PCR. The bar graph demonstrates relative amounts of viral genome normalized with

beta-actin. The relative amount of viral genome at 3 h was defined as 1. Data represent mean values = SD of three

independent experiments. Significance was analyzed by the Student’s #test and indicated by asterisks (**p < 0.01).
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