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Japanese encephalitis virus, a neurotropic flavivirus, causes sporadic encephalitis with nearly 25% fatal case
reports. JEV infects neural stem/progenitor cells (NSPCs) and decreases their proliferation. Statin, a commonly
used class of cholesterol lowering drug, has been shown to possess potent anti-inflammatory and neuropro-
tective effects in acute brain injury and chronic neurodegenerative conditions. Here, we aimed to check the
efficacy of atorvastatin in alleviating the symptoms of Japanese encephalitis (JE). Using BALB/c mouse model
of JEV infection, we observed that atorvastatin effectively reduces viral load in the subventricular zone (SVZ)
of infected pups and decreases the resultant cell death. Furthermore, atorvastatin abrogates microglial acti-
vation and production of proinflammatory cyto/chemokine production post JEV infection in vivo. It also
reduced interferon-f response in the neurogenic environs. The neuroprotective role of atorvastatin is again
evident from the rescued neurosphere size and decreased cell death in vitro. It has also been observed that upon
atorvastatin administration, cell cycle regulatory proteins and cell survival proteins are also restored to their
respective expression level as observed in uninfected animals. Thus the antiviral, immunomodulatory and
neuroprotective roles of atorvastatin reflect in our experimental observations. Therefore, this drug broadens a
path for future therapeutic measures against JEV infection.
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1. Introduction

Approximately 67,900 clinical cases of JE occur every
Japanese encephalitis virus (JEV), a member of the year worldwide, of which 20-30% are fatal and
genus Flavivirus (Schweitzer et al. 2009), is the leading ~ 30-50% survivors develop significant neurological
cause of acute encephalitis in the Asia-Pacific region. —sequelae (Basu and Dutta 2017). Neuronal death in
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Japanese encephalitis (JE) occurs through a combina-
tion of direct virus induced damage and bystander
killing by activated microglia (Ghoshal et al. 2007).
The CNS responds to the damages incurred to neurons
by recruiting new cells at the site of injury from the
resident populations of neural stem/progenitor cells
(NSPC) (Arvidsson et al. 2002; Abrous et al. 2005).
These multipotential cells reside in specific niches of
the brain, in particular, the subventricular zone (SVZ)
and the dentate gyrus (DG) of hippocampus and are
present throughout life (Ma et al. 2009). In addition to
the neurogenic functions, NSPCs endow in regulation
and maintenance of CNS homeostasis under both
physiological and pathophysiological conditions
(Martino et al. 2014). We previously reported that JEV-
infected NSPCs have retarded proliferative potential
(Das and Basu 2008) and they eventually undergo
apoptosis (Mukherjee et al. 2017). Thus, depletion of
NSPC pool is thought to be one of the contributing
factors that culminates in the neurological sequelae
observed in JE survivors.

Several researches have been conducted in the past
decade to find out therapeutic drugs or vaccines
exerting antiviral effects on JEV (Ishikawa and Konishi
2015; Wang et al. 2017) yet only a few effective
clinical trials are reported till date (Kumar et al
2009, 2016; Turtle and Solomon 2018). Statins, a class
of cholesterol lowering agents with anti-inflammatory
effects (Aktas et al. 2003; Wang et al. 2014) has been
used for the treatment of hyperlipidaemia and associ-
ated cardiovascular diseases. Statins have proven ben-
eficial in treatment of many human diseases such as
ischemic stroke (Amarenco et al. 2006), central ner-
vous system (CNS) autoimmune disease (Chataway
et al. 2014), and Alzheimer’s disease (Sparks et al.
2002). In particular, Atorvastatin (ATR) has been
reported to promote neural progenitor cell (NPC) pro-
liferation in young adult rats after stroke by upregu-
lating presenilin-1 and notch signalling activity (Chen
et al. 2008). Furthermore, ATR is found to rejuvenate
neural stem cells (NSC) following oxygen-glucose
deprivation (OGD) (Choi et al. 2019). It is also known
to protect motor neurons from oxidative damage (Lee
et al. 2016). Neuroprotective effects of ATR are
demonstrated in intracerebral haemorrhage (ICH) rat
models (Seyfried et al. 2004). A low dose of atorvas-
tatin induces angiogenesis, neurogenesis, synaptogen-
esis, and enhances functional recovery after middle
cerebral artery occlusion in rats (Chen et al. 2003). It is
also reported to have an inhibitory effect on influenza
virus replication as well as enhancing cell viability
following HIN1 infection (Mehrbod et al. 2014).
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Previous report from our group demonstrated a
promising neuroprotective role of ATR in JEV and
Chandipura virus (CHPV) infected BALB/c mice.
ATR conferred protection to neurons and abrogated
inflammatory cytokine response (Mallick er al
2019). Based on our preliminary findings, we wan-
ted to investigate the effect of ATR post JEV
infection on NSPCs. Here, we report that ATR
effectively ameliorates JEV induced NSPC death in
the SVZ region. Furthermore, the protective effects
of ATR are associated with reduction of viral titre,
abrogated microgliosis and decreased production of
proinflammatory cyto/chemokines in the subventric-
ular zone.

2. Material and methods
2.1 Ethics statement

Animal experiments were performed after obtaining
approval from the Institutional Ethics Committee
(IAEC) of National Brain Research Centre (Ap-
proval no. NBRC/IAEC/2017/128). BALB/c mice
pups were housed together with their mothers under
a 12-hour dark/ 12-hour light cycle at a constant
temperature and humidity with food and water
ad libitum. Guidelines on laboratory animal care
and practice as defined by the CPCSEA (Commit-
tee for the Purpose of Control and Supervision of
Experiments on Animals, Ministry of Environment
and Forestry, Government of India) were strictly
followed for all animal experiments and
maintenance.

2.2 Virus propagation

GP78 strain of Japanese encephalitis virus (JEV) was
propagated in 2-day-old suckling BALB/c mice pups.
Upon the manifestation of infection symptoms, the
pups were euthanized to collect their brains. Brains
were homogenized in serum-free DMEM and cen-
trifuged at 10,000g for 30 min to remove tissue
debris followed by filtration through 0.22 pum sterile
filter (Millipore, USA). To calculate viral titre, plaque
assay was performed using the porcine stable kidney
cell line. The viral filtrate was stored in small aliquots
at —80°C and used for all in vivo and in vitro
experiments.
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2.3 Plaque assay

JEV titre was determined by plaque formation on PS
cell monolayer. PS cells were seeded in a six well plate
to around 70% confluency in 10% DMEM and then
incubated in serum-free DMEM for 2 h. The cells were
then inoculated with 10-fold serial dilutions of mouse
brain homogenate and incubated for 2 h at 37°C. The
inoculum was removed and cells were gently washed
with PBS. A 3 ml overlay with MEM containing 10%
FBS, 1% agarose and 100 pl cocktail of penicillin-
streptomycin (Gibco, Invitrogen Corporation, USA)
was poured onto each well. The plates were incubated
at 37°C for 72-96 h. The cells were then fixed with
10% PFA for 4 h at room temperature and stained with
crystal violet to visualize plaques.

2.4 Atorvastatin formulation

ATR (a kind gift from Sun Pharmaceuticals, India) was
prepared as 80 mM stock in DMSO. This stock was
diluted with 1X PBS to make a working dose of 5 mg/
kg (approximately 50 pl per animal) and used for all
in vivo experiments. For in vitro experiments a 10 mM
stock of ATR was prepared in DMSO and all required
concentrations were made from this stock.

2.5 Virus infection and atorvastatin treatment
in mice

10-day-old (P10) BALB/c mice pups without sexual
biasness were randomly assigned into 4 groups: Mock,
only atorvastatin treated (ATR), JEV-infected (JEV),
JEV-infected and atorvastatin treated (JEV4ATR).
Pups of JEV group were intraperitoneally injected with
3%x10° plaque-forming units (PFU) of JEV. Mock
group received an equal volume of phosphate-buffered
saline (PBS). In JEV4ATR group, Atorvastatin at a
dose of 5 mg/kg body weight was administered
intraperitoneally two hours post JEV infection and then
after every 24 h for five consecutive days. Only Ator-
vastatin group received an equal dose of drug every
time along with that of JEV+ATR group. From 5th day
onwards JEV-infected animals started to show symp-
toms of JE including restriction of movements, poor
pain response, whole body tremor, piloerection and
hind limb paralysis. All the animals were sacrificed on
6th day post infection either for protein, RNA or
immunohistochemistry (IHC). Brains collected for [HC
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were kept in 4% paraformaldehyde (PFA) at 4°C until
sectioning.

For SVZ isolation, briefly, animals were euthanized
and transcardially perfused with 1X ice cold PBS.
Brains were removed and approximately Imm thick
coronal section were sliced ~ 2 mm from the anterior
pole of the brain. The sections were then placed in a
petri dish containing PBS, in which SVZ was dissected
out under microscope.

2.6 Neurosphere culture from SVZ region

SVZ from BALB/c mouse pup brains (post-natal day 7)
was dissected out aseptically in ice chilled PGM buffer
(Phosphate buffer with 1 mM MgCI2 and 0.6 % glu-
cose) under microscope and minced mechanically. The
tissue was then dissociated in 2 mg/ml papain solution
with 50 pg/ml DNase I at 37°C for 10 min and neu-
tralized with DMEM containing 10 % FBS. After
centrifugation, the pellet was washed once with
DMEM/F12 media (Gibco, USA) and re-suspended in
DMEM/F12. The suspension was kept for 2 min to
allow the large debris to settle down. This step was
repeated twice. The supernatants were pooled and
centrifuged at 1000 rpm for 5 min. The pellet was then
suspended in DMEM/F12 media supplemented with
B27, N2, 20 mg/ml EGF (Epidermal Growth Factor;
R&D Systems, Minneapolis) and 10 mg/ml FGF (Fi-
broblast Growth Factor; R&D Systems, Minneapolis)
and plated at a density of 3x10° cells/ml. Fresh media
was added after every 2 days. All the experiments were
carried out after minimum 2 passages and under cell
density of 0.2x10° cells/ml in 6-well plates.

2.7 JEV infection and ATR treatment
in neurospheres

Mouse neurospheres after two passages were seeded
for following six conditions: Mock, 1.5 uM ATR, 2.0
uM ATR, JEV, JEV4ATR 1.5 pM, JEV4ATR 2 pM.
JEV infection was given at 1 MOI on 3rd day when
spheres start to from and two hours post infection
atorvastatin was added at respective doses. The spheres
were imaged 72 h post-infection for diameter analysis.
In other set of experiments, spheres were adhered on
Poly-D-lysine (PDL, Sigma) coated 8 well chamber
slides and fixed with 4 % PFA for Immunocytochem-
istry (ICC).
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<«Figure 1. Atorvastatin reduces viral load in vivo. (a) Ex-
perimental scheme showing JEV and ATR treatment
paradigm in 10-day old BALB/c mice pups. Pups of JEV
group were intraperitoneally injected with 3x10° plaque-
forming units (PFU) of the virus. In JEV+ATR group, ATR
at a dose of 5 mg/kg body weight was administered IP 2
hours post infection and then after every 24 hours for 5
consecutive days. All animals were sacrificed on day 6. 4
animals per experimental group were used. (b) The expres-
sion of JEV mRNA in the SVZ of Mock, ATR, JEV and
JEV4+ATR mice pups were assessed by semi-quantitative
RT-PCR followed by visualization in agarose gel. (¢) Im-
munoblot analysis of JEV non-structural protein 3 (NS3) and
non-structural protein 5 (NS5) in the SVZ of all four
experimental groups. (d) Immunostaining images of JEV
NS3 in the SVZ region (NS3: green, DAPI: Blue).
Magnification 20X; scale bar corresponds to 50um. Data
are representative of three independent experiments.

2.8 Neurosphere culture from JEV-infected
and atorvastatin treated animals

SVZ isolated from all four groups (described earlier)
were processed for neurosphere culture. Single cell
suspension was prepared from SVZ region of the
experimental groups and cells were seeded at density of
0.2x10° cells/ml in 6-well cluster plates for the
respective four groups. The spheres were imaged on
7th day of culture for diameter analysis. In other set of
experiments, spheres were adhered on Poly-D-lysine
(PDL)-coated 8-well chamber slides and fixed with 4 %
PFA for Immunocytochemistry (ICC).

2.9 Immunocytochemistry

PFA fixed neurospheres were washed with 1X PBS and
permeabilized with 0.1% PBXT (Triton X-100) for 20
min at RT. This was followed by blocking for 3 hours
at RT in blocking solution containing 10% serum
(prepared in 0.01% PBXT) of animal in which sec-
ondary antibody was raised. Primary antibodies were
prepared in 5% serum in 0.01% PBXT and incubated
overnight in a humidified chamber at 4°C. Antibodies
against nestin (Merck Millipore, 1:100) and caspase-3
(Cell signaling, 1:200) were used. After 5-6 PBXT
washes, the corresponding fluorochrome conjugated
secondary antibodies were added for 1.5 hour (Alexa
Fluor 488, Alexa Fluor 594, 1:1000, Invitrogen
Molecular Probes, USA) at room temperature (RT).
After 5-6 PBXT washes, slides were mounted with
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Vectashield mounting medium for fluorescence with
DAPI (Vector Labs). Images were captured using Zeiss
Apotome microscope (Zeiss, Germany).

2.10 Immunohistochemistry

PFA fixed brains from all four animal groups were kept
in 30% sucrose for 3—4 days. Serial SVZ sections (20
um) were obtained in Leica CM3050 S Cryostat and
were stored in -30°C until use. Antigen retrieval was
done using Antigen Unmasking Solution (Vector Labs)
in boiling water bath for 30 min. The sections were
brought to room temperature, washed with PBS. Fol-
lowing washes with PBS, the sections were perme-
abilized with 0.2% PBXT (Triton X) for 30 min and
then incubated for 3 h in blocking solution containing
10% serum (prepared in 0.01% PBXT) of the animal in
which secondary antibody was raised. Primary anti-
bodies against nestin (Merck Millipore, 1:100) and
caspase-3 (Cell signaling, 1:200) were then added and
left overnight in a humidified chamber at 4°C. Fol-
lowing 5-6 washes with PBXT, the sections were
incubated with suitable fluorochrome conjugated sec-
ondary antibodies (Alexa Fluor 488, Alexa Fluor 594,
1:1000 Invitrogen Molecular Probes, USA) at RT for
1.5 h. After 5-6 washes, slides are mounted with
Vectashield mounting medium for fluorescence with
DAPI (Vector Labs). Images were captured using Zeiss
Apotome microscope (Zeiss, Germany).

2.11 Immunoblotting

The SVZ tissue was homogenized in complete lysis
buffer (1% Triton X-100, 10 mM tris-HC1 (pH 8.0),
150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 0.2%
EGTA, 0.2% sodium orthovanadate, and a protease
inhibitor cocktail (Sigma-Aldrich)) and centrifuged at
12,000 rpm for 30 min. The supernatant was collected
and quantified by bicinchoninic acid method. 30 pg of
each of the sample was separated in SDS PAGE fol-
lowed by transfer onto a nitrocellulose membrane. The
blots were blocked with 10% non-fat milk for 3 h and
incubated with primary antibodies overnight at 4°C
against JEV non-structural protein 3 (Genetex, 1:
10,000), Caspase-3 (Cell signaling, 1:2000), mouse
Cleaved Caspase-8 (Cell signaling, 1:1000), Caspase-9
(Cell signaling, 1:2000), Cleaved PARP1 (Abcam,
1:5000), Prohibitin (Abcam, 1:1000), Phospho-Akt
(Cell signaling, 1:1000), Akt (Cell signaling, 1:1000),
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Figure 2. Atorvastatin ameliorates neural stem/progenitor cell (NSPC) death in the mouse subventricular zone.
(a) Immunoblot analysis of caspases and Cleaved-Poly-ADP-ribose polymerase (cPARP) expression in the SVZ of Mock,
ATR, JEV and JEV+ATR groups. (b) Representative images of double-immunofluorescence staining for Nestin and cleaved-
Caspase 3 in the SVZ region. Magnification 20X; scale bar corresponds to 50um. Data are representative of three
independent experiments.
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Phospho-p53 (Cell signaling, 1:1000), p27 (Abcam,
1:500). B-actin was used as internal control for loading
(Sigma-Aldrich, 1: 10,000). After 5-6 TBST (1X Tris
buffered saline with Tween 20) washes, blots were
incubated with respective HRP-conjugated secondary
antibodies (1:7500, Vector Laboratories, USA) fol-
lowed by washing and developing through ECL kit
(Millipore, CA, USA). Images were captured in UVI-
TECH imaging system, Cambridge.

2.12  RNA isolation and semi quantitative PCR

Total RNA was extracted from SVZ tissue by Trizol
(Sigma) reagent followed by chloroform and iso-
propanol treatment. The RNA pellet was washed with
70% ethanol, air dried and resuspended in RNase free
water. cDNA was synthesized from 500 ng of RNA
using Verso cDNA Synthesis Kit (Thermo Fisher Sci-
entific, Waltham, MA USA) as per the manufacturer’s
protocol. The cDNA prepared was subjected to semi-
quantitative PCR. Primer sequence used to amplify
JEV GP78 are F 5-TTGACAATCATGGCAAACG-3’
R 5-CCCAACTTGCGCTGAATAA-3' and for mouse
18s rRNA (used as an internal control) are F 5'-GA
GGGAGCCTGAGAAACGG-3' R 5-GTCGGGAGT
GGGTAATTTGC-3'. The amplified products were run
on 2% agarose gel containing 0.01% Ethidium Bro-
mide (EtBr) and imaged in UVITECH imaging system,
Cambridge.

2.13  Quantitative RT-PCR

For quantitative determination of mature mRNA
abundances in in vivo samples, qRT-PCR analysis was
performed. cDNA was prepared as per protocol men-
tioned earlier and diluted with MilliQ in 1:5 ratios.
gRT-PCR analysis of mouse IFN-o, IFN-§ and IFN-y
were performed with the Power SYBR Green PCR
Master Mix (Applied Biosystems) with gene-specific
primer: IFN-o F 5-ATTGGCTAGGCTCTGTGCTT
T-3 RSYAGGGCTCTCCAGACTTCTGC -3'; IFN-B
F5'-AAGAGTTACACTGCCTTTGCCATC-3' R5-AG
GGCTCTCCAGACTTCTGC-3'; IFN-y F5'-TCAAG
TGGCATAGATGTGGAAGAA-3" RYTGGCTCTGC
AGGATTTTCATG-3'. The relative abundance of
mRNA of interest was determined by normalization to
that of GAPDH mRNA through the 272" method.
Primer sequence of mouse GAPDH used are F 5'-A
TGGCAAGTTCAAAGGCACAGTC-3' R 5-TGGG
GGCATCAGCAGAAGG-3'.
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2.14  Cytokine bead array

Abundance of inflammatory cytokines were measured in
mouse subventricular zone in all four groups by flow
cytometry using BD™ Cytometric bead array mouse
inflammation kit (BD Biosciences) as per the manufac-
turer’s instructions. Data were obtained and analyzed in
FACS Verse™ (Becton Dickinson, San Diego, CA, USA).

2.15  Statistical analysis

All experiments are performed in triplicate unless
otherwise stated and data are expressed as mean + SD.
Results were analyzed for statistical significance by
one-way ANOVA followed by Tukey post hoc test. All
statistical analyses were performed using GraphPad
Prism (GraphPad Software, San Diego) and differences
with p<0.05 was considered statistically significant.

3. Results

3.1 Atorvastatin reduces mRNA transcript of JEV
and viral load in vivo

Previous studies from our group demonstrated
enhanced survivability and reduced viral titre in brains
of mice pups infected with CHPV and JEV following
atorvastatin treatment (Mallick et al. 2019). To inves-
tigate whether ATR can also reduce viral load in the
subventricular zone (SVZ), we treated JEV-infected
BALB/c mice pups with ATR at a dose of Smg/kg body
weight two hours post infection once daily through
intraperitoneal route as done earlier (figure 1a). RNA
was isolated from the SVZ region of the experimental
groups and the expression of viral RNA was assessed
by semi-quantitative PCR followed by visualization
through agarose gel electrophoresis. The expression of
JEV mRNA was reduced significantly in the SVZ of
ATR treated mice pups compared to only JEV-infected
pups (figure 1b). The observation was validated at the
protein level by performing western blot for JEV non-
structural protein 3 (NS3) and non-structural protein 5
(NS5) and similar results were obtained (figure 1c). To
further validate, we immunostained NS3 in the SVZ to
investigate the abundance of the virus. We found a
profound reduction of JEV NS3 antigen in JEV+ATR
mice SVZ compared to the only JEV-infected group
(figure 1d). These findings demonstrate antiviral
activity of atorvastatin in the subventricular zone.
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<«Figure 3. Atorvastatin reduces microglial activation and
proinflammatory cyto/chemokine production in the subven-
tricular zone. (a) Immunostaining images of IBA-1 in the
SVZ of Mock, ATR, JEV and JEV+ATR groups (IBA-1:
Green, DAPI: Blue). Magnification 20X; scale bar corre-
sponds to 50pum. (b) Cytokine bead array of proinflamma-
tory mediators: Tumor Necrosis Factor-o (TNF-o),
Macrophage chemoattractant protein (MCP-1) and Inter-
leukin 6 (IL-6) levels in the SVZ from all four experimental
groups. Data represents mean + SD, representative of three
independent experiments (**p<0.01 ***p<0.001; ns: non-
significant). (¢) Western blot analyses of pNF«B in the SVZ
region and (d) Histogram showing pNFkB fold change in the
experimental group compared to Mock (*p<0.05, ns: non-
significant). 4 animals per experimental group were used in
each experiment. Data are representative of three indepen-
dent experiments, mean £ SD.

3.2 Atorvastatin prevents JEV-induced NSPC
apoptosis

JEV was found to cause cell death in the SVZ region of
mice pups and also in human neural stem\progenitor
cells (Mukherjee et al. 2017). Therefore, in order to
assess whether atorvastatin can protect NSPCs from
JEV induced apoptosis, we investigated the expression
levels of cleaved caspases in the subventricular zone.
Immunoblot analysis showed elevated expression of
cleaved caspases and cPARP, indicative of cellular
apoptosis, in JEV-infected mice SVZ, all of which were
significantly reduced in JEV+ATR group (figure 2a).
To validate further, we immunostained the SVZ regions
with Nestin and cleaved-Caspase 3. We found their
extensive colocalization in the SVZ of JEV-infected
group which was found to be markedly reduced in
JEV+ATR group (figure 2b).

3.3 Atorvastatin abrogates microglial activation
and inflammation in vivo

Increased microglial activation and the ensuing
upheaval of proinflammatory mediators are considered
to be the hallmarks of JEV infection (Ghoshal ef al
2007). We, therefore, looked for microglial activation
and proinflammatory cyto/chemokine production in the
SVZ following ATR treatment. Immunostaining of
SVZ sections from JEV-infected group showed ele-
vated IBA1 expression indicative of activated micro-
glia when compared to Mock, which was noticeably
reduced in JEV+ATR group (figure 3a). In another set
of experiments, SVZ was dissected out from all four
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experimental groups and Cytokine Bead Array (CBA)
was performed to analyze changes in proinflammatory
cyto/chemokine levels in the SVZ after ATR treatment.
Tumor Necrosis Factor-o (TNF-o) showed a significant
14-fold increase in JEV-infected group compared to
Mock (p<0.01), which was markedly reduced to 1.5-
fold increase over Mock in JEVH+ATR group. In case of
chemokine, Macrophage chemoattractant protein
(MCP-1) a dramatic 780-fold increase over Mock is
observed in JEV group (p<0.001) but reduced signifi-
cantly in JEVH+ATR group (a 4-fold increase over
Mock). Interleukin 6 (IL-6) levels after atorvastatin
treatment in JEV+ATR group was greatly decreased to
3.8-fold when compared to 57-fold increase in JEV
group over Mock (p<0.001) (figure 3b). The expres-
sion of these proinflammatory molecules is known to
be modulated by NFxB which serves as a central
mediator of inflammatory responses. There was a dis-
tinct 1.5-fold increase in pNF«xB levels in the SVZ of
JEV-infected animals compared to Mock, which was
markedly reduced in JEV4+ATR group (p<0.05) (fig-
ure 3c and d).

3.4 Impaired neurosphere formation upon JEV
infection is rescued by Atorvastatin

JEV has been reported to affect neurosphere formation
in vitro, attributed to its potential to limit the prolif-
erative capacity of NSPCs (Das and Basu 2008). To
test whether ATR can rescue the impaired neurosphere
formation upon JEV infection, we treated neurospheres
cultured from SVZ of 7-day-old mice pups with
atorvastatin (1.5 pM, 2.0 uM) after a minimum of two
passages. NSPCs were infected with JEV on 3rd day
and ATR was added two hours post infection at
respective mentioned doses. After 72 hours of infec-
tion, bright field images were captured (Nikon Eclipse
Ti-S) and diameter analysis was performed using
ImageJ (NIH, USA). The average sphere diameter of
NSPCs infected with JEV was in the range of 20-25
pm which was significantly smaller than Mock neu-
rospheres with sphere size in the range of 45-50 um.
NSPCs infected with JEV and treated with ATR,
however, resulted in spheres with an average diameter
of range 35-45 um which was greater than those of
infected with JEV (p<0.01) and at par to those of
Mock neurospheres (figure 4a and b). NSPCs treated
with only ATR (1.5 uM, 2.0 pM) showed minute
change in sphere size compared to Mock suggesting
ATR has negligible effect on NSPC proliferation
in vitro. To check whether ATR also abrogates JEV
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«Figure 4. Impaired neurosphere formation upon JEV
infection is improved by atorvastatin treatment. (a) Phase
contrast images of neurospheres grown for the following
conditions: Mock, ATR 1.5 uM, ATR 2.0 uM, JEV,
JEV4+ATR 1.5 pM, JEVH+ATR 2.0 puM. Magnification
10X; scale bar corresponds to 100pum. (b) Average sphere
diameter (um) histogram plotted for mentioned six condi-
tions. Values represent mean + SD from 3 independent
experiments (¥*p<0.05, **p<0.01; ns: non-significant).
(¢) Double-immunofluorescence staining images of neuro-
spheres for Nestin and cleaved-Caspase 3. Magnification
20X; scale bar corresponds to 5S0um. Data are representative
of three independent experiments.

induced NSPC apoptosis, we immunostained neuro-
spheres with Nestin and cleaved-Caspase 3. JEV-in-
fected neurospheres showed extensive colocalization
of both, indicative of NSPC apoptosis. However, the
JEV+ATR neurospheres showed lesser colocalization
of them when compared to JEV-infected spheres
(figure 4c).

3.5 Stunted neurospheres from JEV-infected
animals are rescued following Atorvastatin
treatment

We further validated our previous findings by culturing
neurospheres directly from the SVZ of animals infected
with JEV or treated with ATR. A minimum of 4 ani-
mals per experimental group were used for culture and
the results are representative of three independent
experiments. The spheres were imaged on the 7th day
post plating and diameter was analyzed using Imagel
software (NIH, USA). The neurospheres cultured from
JEV-infected pups had an average diameter in the range
of 50-65 pm which was significantly smaller in size
when compared to spheres cultured from the Mock
group (120-145um). The average sphere diameter,
however, of neurospheres cultured from JEV4+ATR
pups were significantly greater (105-130 pum) when
compared to JEV-infected group (p<0.001) but at par
to those of Mock neurospheres (figure 5a and b). The
neurospheres cultured from only ATR treated animals
had sphere size at par to those of Mock suggesting no
effect of ATR on NSPCs in vivo. We immunostained
these neurospheres for Nestin and cleaved-Caspase 3.
Neurospheres from JEV-infected mice pups showed
their colocalization, indicative of NSPC apoptosis.
However, the neurospheres from JEV+ATR group
showed lesser co-localization when compared to the
JEV-infected group (figure 5c).
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3.6 Atorvastatin regulates Akt signaling pathway
associated with survival and proliferation
and facilitates cell cycle progression in vivo

Akt pathway is important in the survival and prolifera-
tion of stem cells (Song et al. 2005). Atorvastatin has
been reported to restore normal Akt signalling protein
levels in NSC under oxygen and glucose deprivation
(OGD) which is known to cause cerebral infarction and
ischemic stroke (Choi et al. 2019). We, therefore,
checked phosphorylation levels of Akt in the SVZ
region. Western blot analysis showed significant 3-fold
downregulation of pAkt in the SVZ of JEV-infected
mouse pups compared to Mock (p< 0.05). However, it
was comparable to Mock in JEV+ATR group (figure 6a
and b). JEV is known to modulate various checkpoint
proteins involved in cell cycle progression that eventu-
ally results in suppression of NSPC proliferation (Das
and Basu 2008). We, therefore, investigated the status of
key cell cycle regulatory proteins following atorvastatin
treatment. P-p53 and p27 proteins were found to be
upregulated in SVZ of JEV-infected animals, 1.75- and
1.65-fold increase over Mock respectively (p<0.05).
However, these were reduced significantly in JEV4+ATR
group when compared to only JEV-infected group
(p<0.05) (figure 6e and f).

Prohibitin (PHB) is a mitochondrial membrane protein
and has previously been reported from our group for its
role in the recognition of JEV RNA (Mukherjee et al.
2017). PHB has also been found to bind p53 and induce its
transcriptional activity (Fusaro et al 2003). PHB
expression was studied after ATR treatment in JEV-in-
fected animals. As anticipated, immunoblot analysis
revealed elevated PHB expression in the JEV-infected
SVZ (a 2.7-fold increase over Mock) which is signifi-
cantly reduced after ATR treatment (p<0.05) (figure 6¢
and d).

3.7 Heightened IFN- [ response following JEV
infection is attenuated by Atorvastatin treatment
in vivo

Interferons are host defence response to combat viral
infections. JEV is known to elicit neuronal innate
immune response following viral recognition through
RIG-1 and TLR7 signalling which has been shown to
produce type-I interferons (Nazmi et al. 2011, 2014).
We found that JEV infection led to a substantial 6-fold
increase in IFN-B mRNA abundance in the SVZ
compared to Mock (p<0.001), as analysed by qRT-
PCR, which was markedly reduced following
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<«Figure 5. Impaired neurosphere formation from JEV-in-
fected animals is rescued in atorvastatin treated group.
(a) Bright field images of neurospheres cultured from Mock,
ATR, JEV and JEV+ATR mice pups. Magnification 10X
scale bar corresponds to 100pum. Images shown in this
Figure are representative of four individual animals from
each group (b) Average sphere diameter (um) histogram
plotted for the mentioned experimental groups. Values
represent mean = SD (***p<0.001; ns: non-significant).
(¢) Double-immunofluorescence staining images of neuro-
spheres cultured from SVZ region of mentioned groups for
Nestin and cleaved-Caspase 3. Magnification 20X; scale bar
corresponds to 50um. 4 animals per experimental group
were used. Data are representative of three independent
experiments.

atorvastatin treatment (figure 7a). The amount of
secreted IFN- was also increased to 4-fold over Mock
as determined by enzyme-linked immunosorbent assay
(ELISA) in proteins isolated from SVZ of JEV-infected
animals (p<0.01). Upon ATR treatment, the level was
significantly reduced when compared to the JEV-in-
fected group (p<0.05) (figure 7b). However, we found
no difference in the mRNA expression level of IFN-a
and IFN-y in the subventricular zone of all experi-
mental groups (supplementary figure la and b).

4. Discussion

The two canonical neurogenic areas in the mammalian
brain, the SVZ around the lateral ventricles and SGZ in
the hippocampus, serves as a reservoir of actively
proliferating multipotential cells (Goritz and Frisén
2012). A dynamic NSPC pool is critical during brain
recovery as the brain responds to any neuronal damage
by differentiating and recruiting new neurons to the site
of insult from the neurogenic niche (Niimi and Levison
2018) (Marti-Fabregas et al. 2010). JEV is well known
to infect NSPCs which in the long run might gradually
cause waning of the brain’s potential to repair damages
due to various insults. One of the pathological hall-
marks of JEV infection is the severe brain inflamma-
tion, to which NSCs are highly vulnerable (Ekdahl
et al. 2003) (losif et al. 2006). Therefore, an effective
therapeutic intervention would highlight the prerequi-
site of protecting NSPCs following the viral challenge.
Preliminary studies from our group reported enhanced
survivability up to 80% in animals infected with JEV
following atorvastatin treatment and its effectiveness in
curtailing the cyto/chemokine storm that follows lead-
ing to improvements in clinical severity of the disease
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(Mallick et al. 2019). ATR also rescued body weight
loss as observed in only JEV-infected animals in the
same study. The only ATR group animals showed
minimal differences in body weight compared to Mock
suggesting that the drug doses used in all in vivo
experiments does not have any significant effect on
animal’s physiology. Since atorvastatin has diverse
protective effects on neural stem cells, we studied its
efficacy in the amelioration of NSPC death following
JEV infection. The principal findings of this study are:
(1) Atorvastatin reduces viral load and ameliorates
NSPC death in the mouse SVZ. (2) ATR abrogates
microglial activation and production of proinflamma-
tory cyto/chemokine production post-JEV infection
in vivo.

JEV targets brain-resident macrophage — microglia,
activates it and leads to an exaggerated immune
response in the form of a cytokine surge which is
considered to be the key contributor to morbidity and
mortality in JE (Ghoshal et al. 2007). Thus, effective
drug therapy for JEV infection would aim to blunt such
innate inflammatory responses to improve disease
pathology. pNF«B is the central modulator of various
proinflammatory genes (Shih et al. 2015). We found
that upon JEV infection the pNFxB expression is
increased in the SVZ. This increased expression of
pNFxB might partly explain the elevated proinflam-
matory cyto/chemokines in the SVZ of JEV-infected
animal. Following atorvastatin treatment, the level of
pNF«B is markedly reduced compared to only JEV-
infected group, which supports our observation that
ATR reduces the production of proinflammatory
molecules in the SVZ. Interleukin-6 (IL-6) is a proin-
flammatory cytokine which is found to be increased
>50 folds in the JEV-infected SVZ. IL-6 is reported to
play a critical role in the pathogenesis of several neu-
roinflammatory diseases and neurodegenerative dis-
eases such as multiple sclerosis (MS), Parkinson’s and
Alzheimer’s disease (Dufek et al. 2015). In the context
of NSPCs, IL-6 presents both beneficial and detri-
mental effects. In vivo studies have shown that IL-6
treatment can have a prolonged effect on NSPC activity
which may alter the cellular dynamics of the brain in
the longer run. A brief surge in circulating IL-6 initially
induces proliferation in NSPCs but cause long term
depletion of neural stem cell pool (Storer et al. 2018).
A decline in IL-6 levels after ATR treatment thus
possibly deems advantageous for NSPC health. In most
in vivo studies, TNF-o is reported to promote glio-
genesis but limit neurogenesis (Borsini et al. 2015).
Microglia-derived TNF-o0 is seen to exacerbate the
death of hippocampal progenitor cells in vitro (Cacci
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Figure 6. Atorvastatin modulates Akt signaling pathway and cell cycle checkpoint proteins in the SVZ region. (a) Western
blot analysis of pAkt and total Akt in the SVZ of Mock, ATR, JEV and JEVH+ATR groups. (b) histogram shows fold change
in pAkt protein abundances (normalized to that of total Akt) in the experimental groups with respect to Mock.
(¢) Immunoblot analysis of Prohibitin (PHB) in the SVZ region of all four experimental groups. (d) Histogram showing
densitometric analysis to determine fold change in PHB protein expression in the experimental groups compared to Mock.
(e) Immunoblot analysis of P-p53 and p27 in the SVZ region. (f,g) Histogram shows fold change of P-p53 and p27 in the
experimental groups compared to Mock. Values represent mean £+ SD (*p<0.05; ns: non-significant). In each set of
experiment, 4 animals per experimental group were used. Data are representative of three independent experiments.
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Figure 7. Atorvastatin reduces interferon-beta response
in vivo following JEV infection. (a) qRT-PCR analysis of
IFN-B mRNA in the SVZ of Mock, ATR, JEV and
JEV4+ATR groups. Values represent mean =+ SD
(***p<0.001; ns: non-significant). (b) Protein isolated from
SVZ of all four groups were analyzed by ELISA in order to
determine the amount of secreted IFN-B. Values represent
mean £ SD (*p<0.05, **p<0.01; ns: non-significant). In
each set of experiment, 4 animals per experimental group
were used Data are representative of three independent
experiments.

et al. 2005), whereas an in vivo loss of TNF-receptor
function increases the number of new hippocampal
neurons (losif 2006). JEV is known to causes impair-
ment in neuronal differentiation of NSPCs likely
through increased production of anti-neurogenic
cytokines such as TNF-o (Das et al 2011). ATR
reduced TNF-a level multifold in SVZ of JEV-infected
animal further corroborating its protective effects on
NSPCs. MCP-1 levels were found to be significantly
elevated following JEV infection and ATR treatment
prominently reduced its expression in the SVZ.

We validated the findings in vitro using neurosphere
cultures. We found that ATR treatment noticeably
increased sphere size compared to only infected NSPCs
suggesting that ATR possibly resumes the proliferative
potential of NSPCs. To generate a more robust view of
ATR-mediated protection, we analysed neurosphere
sizes cultured directly from the SVZ of animals either
infected with JEV or treated with ATR. We observed a
similar pattern of increase in sphere sizes after ATR
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treatment, further validating our previous observation.
Cell cycle arrest molecules are known to be upregulated
in NSPCs following JEV infection (Das and Basu 2008)
and since ATR prominently resumes proliferation of
neurospheres we investigated the status of key cell cycle
regulatory proteins following ATR treatment. As antici-
pated we found that the expression of p53 and p27 pro-
teins which were significantly upregulated in the SVZ of
JEV-infected animals were noticeably reduced in
JEV+ATR group. p53 is implicated in several neurode-
generative disorders including ALS, Alzheimer’s and
Parkinson’s disease (Chang et al. 2012; Szybinska and
Lesniak 2017). The transcriptional activity of p53 is
known to be modulated by its interaction with various
cellular factors which are altered during disease pathol-
ogy (Chang et al. 2012). One such factor is a mito-
chondrial membrane protein known as Prohibitin (PHB)
which is reported to enhance the binding of p53 to its
targets thereby increasing its transcriptional activity
(Fusaro et al. 2003). We previously found that PHB
interacts with JEV RNA, although its role in JEV infec-
tion is still elusive, knockdown of PHB using siRNA has
been found to affect the release of mature JEV virion
from infected NSPCs (Mukherjee et al. 2017). ATR
treatment markedly reduced PHB expression following
JEV infection which, in part, might be responsible for the
decline in p53 expression after ATR treatment.

Interferons are a family of cytokines dedicated to
provide immunity against viruses. They induce
expression of ISGs which are crucial for viral control
(Crosse et al. 2018). IFN-B was found to be upregu-
lated post infection and its expression was reduced
following ATR treatment. However, we did not observe
any significant changes in the mRNA expression of
IFN-o and IFN-y after ATR treatment. These obser-
vations corroborate with previous reports in multiple
sclerosis where atorvastatin inhibited interferon-f3
response (Feng et al. 2012). Emerging evidence indi-
cates the role of IFN-B in immunomodulation and
regulation of proliferation and differentiation extending
beyond its antiviral activity (Liu et al. 2001) (Neuhaus
et al. 2003). Treatment of NSPCs with IFN-B is
reported to limit neurosphere proliferation in vitro
(Lum et al. 2009) which is in line with our observation
that spheres resumed their normal sizes after ATR
treatment; possibly an effect seen due to ATR facili-
tated decline in IFN- B.

Despite significant advances in our understanding of
the JEV pathogenesis for the past decade, yet no specific
treatment for JE is available till date. The protective effects
of atorvastatin on NSPCs following JEV infection as
reported in this study underscores its further clinical
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valuation in alleviating symptoms of JE. Given the
apparent contradictory role of the immune system in dis-
ease pathology, combination therapy of statins with other
potential anti-inflammatory and antiviral compounds such
as ribavirin, minocycline; needs strong consideration as
new methods to treat Japanese encephalitis.
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