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Abstract:

Chandipura virus (CHPV) and Japanese Encephalitis Virus (JEV) are known to infect neurons
followed by their successful propagation. Increased incidences of central nervous system
invasion by the abovementioned viruses have been reported in case of children and elderly thus
culminating into severe neurological damage. Literature suggests induction of endoplasmic
reticulum (ER)-stress related proteins upon CHPV and JEV infection which help promote viral
reproduction. Since earlier studies underscore the pleotropic role of atorvastatin (AT) in
neuroprotection against flaviviruses like Hepatitis C and dengue, it was hypothesized that AT
might also act as a neuroprotective agent against RNA viruses like CHPV and JEV. AT-
mediated antiviral activity was evaluated by assessing survivability of virus-infected mouse pups
treated with the drug. Balb C mice were used for in vivo experiments. Neuro2A cell line was
used as the model for in vitro experiments. Cells subjected to AT treatment were infected by
CHPV and JEV followed by evaluation of ER stress-related and apoptosis-related proteins by
immunoblotting technique and immunofluorescence microscopy. Interaction of host protein with
viral genome was assessed by RNA-Co-IP. AT treatment exhibited significant anti-viral activity
against CHPV and JEV infections via hnRNPC-dependent manner. Viral genome-hnRNPC
interaction was found to be abrogated upon AT action. AT was also observed to reduce secretion
of proinflammatory cytokines by the neurons in response to viral infection. Moreover, AT
treatment was also demonstrated to reduce neuronal death by abrogating virus-induced miR-21
upregulation in hnRNPC-dependent fashion. This study thus suggests probable candidature of

AT as antiviral against CHPV and JEV infections.

Introduction:
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Incidences of Acute Encephalitis Syndrome (AES) resulting from infection by neurotropic RNA
viruses like Japanese Encephalitis Virus (JEV) and Chandipura Virus (CHPV) have been
reported in India on an annual basis (1). Both JEV and CHPV are arboviruses differing in terms
of genetic material. JEV possesses a single positive-stranded RNA as genetic material, while
CHPV is a negative-stranded RNA virus (2, 3). JEV is being reported to mainly target central
nervous system (CNS) of children. Since CNS of infants undergo a lot of physiological changes
as development progresses, any insult to neuronal physiology may lead to severe perturbation of
neurocognitive abilities thus leaving the survivors of JEV-induced encephalitis with motor
deficits, cognitive and language impairments and learning difficulties (4, 5). Whereas, although
infection due to CHPV leads to acute encephalopathy, no report till date documents incidences of
neurological sequel experienced by survivors of CHPV-induced encephalitis (5). Evidences
suggest neuronal death following JEV or CHPV infections by two distinct mechanisms. In
addition to direct viral propagation-mediated neuronal result, microglial activation-triggered
inflammatory storm also has been reported to culminate into bystander death of neurons (6, 7).
No effective antivirals exist against these virus infections till date, and thus therapy administered
to patients suffering from aforementioned viral infections are aimed at reducing severity of signs
and symptoms. This therefore warrants the need for extensive investigation for discovery of
compounds helping in combating JEV and CHPV infections. Owing to the great amount of time
and painstaking labor behind new drug discovery, repurposing of drugs has revolutionized drug
discovery as an alternative to new drug discovery pipeline associated with high cost and high
failure rates. Thorough research is being carried out all over the world in search of more
candidate drugs suitable for repurposing against diseases for which any specific treatment is not

yet present. For instance, a recent study by Kumar et al., 2015 provides evidence for role of
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minocycline in ameliorating Acute Encephalitis syndrome (AES)-associated mortality rate, thus
warranting large cohort studies in order to evaluate minocycline’s efficacy as a potent drug

against acute encephalitis syndrome (8).

Statins are chiefly advertised owing to their ability to reduce serum cholesterol levels (9, 10).
Statins have also been reported to be successfully used as preventive therapeutic strategy against
neurodegenerative diseases: e.g., in the settings of cerebrovascular accidents (11), Parkinson’s
disease (12), Alzheimer’s disease (13), and multiple sclerosis (14). A recent report also
demonstrates effectiveness of statins in treating traumatic brain injury (15). There have been
several reviews which thoroughly document clinical and experimental data thus discussing both
pros and cons regarding use of statins against neurodegenerative diseases (16, 17, 18, 19, and
20). Atorvastatin belonging to the class of hydroxymethylglutaryl coenzyme-A reductase (HMG-
CoA-reductase) inhibitors is a well-tolerated drug aimed at lowering serum lipid levels. Stability
of atorvastatin has been observed to increase upon undergoing lactonization, thus resulting in the
ability of the same in crossing blood-brain barrier (BBB). In vivo lactonization of atorvastatin
has been demonstrated by Jacobsen et al, upon administration of atorvastatin as acid (21).
Moreover, recent reports support the use of atorvastatin for HIV-infected children with

hyperlipidemia (22).

At the first place, study by Fedson et al pointed towards the use of statin in amelioration of
pandemic mortality (23). Since the first report, use of stains as preventive medicine aimed at
treating infection-induced cellular damage has been documented already by several studies (23,
24). A considerable body of research demonstrates pleotropism exhibited by statins comprising
of modulation of cellular signaling pathways, inflammatory gene transcription and anti-

inflammatory and immunomodulatory characteristics. Statins have also been shown to abrogate
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86  sepsis and infection-associated inflammation independent of their lipid-lowering potential (25).
87  Study by Sun et al also underscores the importance of statins in negatively interfering with key
88  signaling pathways in response to viral infection (26). Effects of statins in limiting inflammation
89 and cellular toxicity associated with influenza infection thus suggest use of statins as an
90 alternative in treating the same (27). Study by Haidari et al reports inhibitory effect of statin
91  administration upon influenza virus propagation in Madin-Darby canine kidney (MDCK) cells.
92  The abovementioned action of statins was observed to act via downregulation of Rho/Rho kinase
93  pathway activity. Finally, the same study also demonstrates that atorvastatin also reduced
94  C57BL/6 mice mortality and viral titer in the lung upon infection with H3N2 and H1N1 (28).
95 Investigations also point towards the efficacy of atorvastatin treatment in reducing abundance of
96 proinflammatory cytokines like TNF- and IL-6 in response to H1N1 infection of Crandell feline
97  kidney (CrFK) cells (29). These abovementioned studies thus warrant further future research
98 aimed at investigating the full potential of statins in acting as a supplementary therapy alongside
99  with conventional therapeutic regimes in controlling the cytokine overproduction in virus
100 infections. In addition to its immunomodulatory action, atorvastatin treatment was shown to be
101  as effective as oseltamivir and amantadine in decreasing viral titer and increasing cell viability
102 upon HINL1 infection in MDCK cells (30). Atorvastatin has also been found to limit early brain
103  injury by exhibiting anti-apoptotic effects and down-regulation of ER stress in a rat model of
104  subarachnoid hemorrhage (31), and also suppresses the development of abdominal aortic

105  aneurysm in mouse model (32).

106 CHPV and JEV are single-stranded RNA viruses, and are being reported to infect neurons thus
107  culminating into neuronal death. Provided with the wide array of results demonstrating

108  importance of atorvastatin in combating virus infections via modulation of inflammation,
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109 metabolism, we hypothesize that atorvastatin might play role in altering CHPV and JEV
110  propagation in neurons thus effecting survivability in a positive manner. In our present study, we
111  describe that atorvastatin treatment confers effective neuroprotection against CHPV and JEV
112 infection in vivo and in vitro by lowering CHPV and JEV multiplication. Furthermore,
113  atorvastatin treatment also curtailed inflammatory response upon invasion of viruses into the
114  brain, thus enhancing survivability of the infected mouse pups. Evidences have also been
115  provided in the support of the fact that atorvastatin treatment down regulated ER stress-induced
116  heterogeneous nuclear ribonucleoprotein C1/C2 (hnRNP C1/C2) proteins upon infections. To
117  investigate whether regulation of hnRNPC1/2 acts as the pivotal mechanism by which
118  atorvastatin exerts its action upon viral infection and neuronal apoptosis, hnRNPC abundance
119  was subjected alterations in vitro and the effect of atorvastatin treatment was examined in the
120  context of virus infections. Our study also demonstrates the role of atorvastatin in negatively
121 regulating interaction of hnRNPC and viral genomes in vitro and in vivo, thus providing a
122 possible mechanism of the drug action upon CHPV and JEV infections. Since miRNAs are
123 reported to play crucial roles in shaping numerous physiological and pathological responses, role
124  of atorvastatin in reprogramming expression of apoptosis-associated mMiRNA was also
125  investigated. We have shown that atorvastatin treatment reduced infection-induced miR-21
126  upregulation, which is normally known to promote cellular apoptosis. Suppression of miR-21

127  activity has been demonstrated to reduce cellular death in a PDCD4-dependent manner.

128  Materials and Methods:

129  Ethics statement: All animal experiments performed were approved by the animal ethics
130 committee of National Brain Research Centre (Approval no.. NBRC/IEAC/2017/128,

131 NBRC/IEAC/2018/146). Animals were handled as per strict guidelines defined by the
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132 Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA),
133 Ministry of Environment and Forestry, Government of India. Human autopsy tissue samples
134  were collected from the Human Brain Bank, NIMHANS, Bangalore as per institutional ethics

135  and confidentiality of the subjects.

136 Virus and cells: CHPV (strain no. 1653514), isolated from a human patient at Nagpur, India,
137 2003, was a kind gift from Prof. Dhrubajyoti Chattopadhyay (Amity University, New Town,
138  Kolkata). Suckling BALB/c mice were used for the propagation of GP78 strain of JEV.
139  Following intracranial administration of JEV, the mice pups were carefully monitored for signs
140  of infection. Following the appearance of signs, brains of infected pups were harvested and
141  subjected to titer measurement as mentioned earlier (33). Titer of CHPV and JEV were found to
142 be 10° PFU/mI and 10® PFU/mI respectively. Neuro2A cells, Porcine stable kidney (PS) cells (
143  both obtained from National entre for Cell Science, India) and Vero EG6 cells (kind gift from Prof.
144  Debi P. Sarkar, Delhi University, South campus,) were grown at 37°C in Dulbecco’s modified
145  Eagle medium supplemented with 3.5% sodium bicarbonate, 10% fetal bovine serum and

146  penicillin-streptomycin.

147  Animal treatment: We used 10-days old BALB/c mouse pups irrespective of sex for the
148  experiments. While the experiments were being performed, mice pups were housed with their
149  mother for the purpose of feeding. The animals were randomly divided into four groups: Control
150  mock-infected group (MI), only atorvastatin-treated group (MI+AT), Infected groups (CHPV or
151  JEV) and atorvastatin-treated group (CHPV+AT or JEV+AT).The CHPV-infected group was
152 administered with approximately 1.25X10° viral particles suspended in 50 pl of phosphate
153 buffer saline (PBS) through intraperitoneal route.. Mice pups belonging to the JEV-infected

154  group were similarly infected with JEV (approximately 1.25X10* particles) suspended in 50 pl of
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155  PBS. Atorvastatin Calcium trihydrate (kind gift from Sun pharmaceuticals, erstwhile Ranbaxy
156  laboratories) was dissolved in DMSO was further diluted in 1X sterile PBS and administered
157  intraperitoneally at a dosage of 5mg/kg-body weight once followed by 3 hours of infection. AT
158  treatment was continued for 4 and 7 days in CHPV and JEV-infected group respectively. CHPV
159  and JEV-infected groups succumbed to infection by 3-4 days and 6-7 days post-infection
160  respectively followed by their sacrifice and collection of infected brain samples. The harvested
161 infected-brain samples were stored at -80°C for further processing. For immunohistochemical
162  experiments, brains were collected following transcardial perfusion with ice cold 1X PBS
163  followed by tissue fixation using 4% paraformaldehyde (PFA). To decide whether atorvastatin
164  has its role in delaying the manifestation of clinical symptoms in the treated groups or not,

165  random animals were left to check the survival in the treated groups.

166  Infection and treatment to Neuro2A cells: Neuro2A cells were cultured till 60% to 70%
167  confluence was achieved, followed by differentiation in serum free medium. Cells were divided
168 into six groups: Control mock-infected group (Control), only atorvastatin-treated group, where
169  mock-infected cells were treated with two different doses of AT (1 uM and 2 uM), virus-infected
170  group (CHPV or JEV) and virus-infected cells treated with AT (CHPV+1 uM AT and CHPV+2
171 uM AT or JEV+1 pM AT and JEV+2 pM AT). Cells were infected with CHPV and JEV at a
172 multiplicity of infection (MOI) of 0.1 and 1 respectively. Following 2 hours of infection, cells
173 were washed thoroughly with sterile 1x PBS to remove the unwanted attached virus particles and
174  atorvastatin was added to the maintenance medium. Cells were then incubated at 37°C for
175  different time points as per experimental paradigms. Neuro2A cells pretreated with Thapsigargin
176 (1 pM) for 2 hours were then maintained in AT-containing media followed by their collection

177  after 24 hours for further studies.
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178  Primary neuron culture: Mouse cortical neurons were cultured as per previously-mentioned
179  protocol (34). Briefly, 2-day old BALB/c mouse pups’ brain cortex was isolated in calcium and
180  magnesium-free tyrode solution, under a dissecting microscope and sterile conditions. Trypsin
181  and DNase enzymes were used to homogenize cortex to make single cell suspension which was
182  made to undergo filtration through a 127 pm pore size nylon mesh (Sefar) to eliminate cellular
183  debris. The filtrate was then subjected to centrifugation and the supernatant was discarded. The
184  pellet collected was resuspended in serum containing media. Cells counted using hemocytometer
185  were seeded in equal numbers onto poly-D-lysine (Sigma, USA)-coated plates and maintained in
186  neurobasal medium containing 2 mM L-glutamine, 1% glucose, 5% FBS, horse serum and
187  penicillin-streptomycin. After two days, aforementioned serum-containing complete media was
188  removed to inhibit glial growth followed by addition of N2 and B27 supplement-containing
189  neurobasal media. 20 uM Ara-c (cytarabine) was added to the culture one day prior to viral
190 infection to eliminate the astrocytes. Primary neuronal culture was infected with CHPV and JEV
191  and then treated with atorvastatin (2 uM) similarly to aforementioned procedure for infecting and

192  treating Neuro2A cells.

193 RT-PCR and gRT-PCR:

194  Following isolation of total RNA from N2A cells and mouse brain samples using Tri reagent
195  (Sigma-Aldrich), 250 ng of RNA was reverse transcribed with the help of Verso cDNA synthesis
196 kit (Thermo Fisher Scientific). The sequences of the PCR primers used in this study are as

197  follows: CHPV forward primer 5-GATCGCGGAGTGGTAGAATATC-3', CHPV reverse

198  primer 5'-GAAATCAGCCATGTGTTGTCC-3'; JEV forward primer 5'-
199 CAGGGAAGAGATCAGCCATTAG-3', JEV reverse primer 5'-
200 GGAGCATGTACCCATAGTGAAG-3'; GAPDH forward primer 5'-
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201  ATGGCAAGTTCAAAGGCACAGTCA-3, GAPDH reverse primer5’-
202 TGGGGGCATCAGCAGAAGG-3"The thermocycling conditions used for polymerase chain
203  reactions were 95°C for 30 seconds, 54°C for 45 seconds, 68°C for 1 minute. Optimum number
204  of cycles comprising of aforementioned conditions were 35. The amplified products were then
205  resolved using 1% agarose gel. Ethidium Bromide was used in staining gel and photographed.
206  For quantitative determination of PDCD4 mRNA and miR-21 expression, gRT-PCR analysis
207  was performed. gRT-PCR analysis of PDCD4 was performed with Power SYBR Green PCR
208  Master Mix (Applied Biosystems) with gene-specific forward and reverse primers. 5°-
209 ATGGATATAGAAAATGAGCAGAC-3’ and 5-CCAGATCTGGACCGCCTATC-3’
210  sequences were used as forward and reverse primers for the quantification of PDCD4 mRNA.
211 Thermocycling conditions used for determination of PDCD4 abundance has been mentioned
212 earlier (35). Isolation of miRNA and cDNA preparation were performed as described earlier
213 (35). Sequences 5'-UAGCUUAUCAGACUGAUGUUGA-3’ and 5'-
214 UAGCUUAUCAGACUGAUGUUGA-3" were used as forward primers in qRT-PCR analysis of
215  human and mouse miR-21 respectively. Human autopsy tissue samples were collected from the
216  Human Brain Bank, NIMHANS, Bangalore, as per institutional ethics and confidentiality of the
217  subjects. miRNA isolation from human brain sections was performed using methods as described
218  previously (35).Expression data for ShBRNA SNORD68 was used as & normalization control. The
219  thermal cycler QuantStudio 5 (Applied Biosystems) was used for qRT-PCR, and the data were
220 analyzed with the QuantStudio design and analysis software.

221 miRNA inhibitor transfection

222 miR-21 inhibitor and its negative control were purchased from Qiagen. Cells were seeded in six-

223 well plates and transfected with miR-21-inhibitor or inhibitor-control using Lipofectamine 2000

10
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224 (Invitrogen, Carlsbad, CA, USA) following manufacturer’s instructions. Following 24 hours of
225  transfection, cells were infected with CHPV or JEV for specific time-periods. Expression of

226 miR-21 and its target gene was then studied using qRT-PCR and western blotting procedure.

227  Cytokine bead array: BD cytometric bead array (CBA) mouse inflammation kit (Cat. No.
228 552364) was used to measure abundance of inflammatory cytokines in mouse brain lysates and
229 the assay was performed according to the manufacturer’s instructions. BD FACS Calibur

230 (Becton Dickinson, San Diego, CA, USA) was used for analyzing processed samples.

231  Plaque assay: Virus titers from in vitro and in vivo samples were evaluated by plaque assay as
232 described in (36). In short, CHPV-infected and atorvastatin-treated infected-brain samples were
233 homogenized followed by virus isolation. Next, serial dilutions of purified virus-containing
234  solutions were used to infect monolayer of VeroE6 cells. Following infection for 2 hours,
235  VeroE6 cells were washed with sterile 1X PBS and were covered with solution containing 1%
236  low melting-agarose, 1X MEM and FBS, and was solidified. Infected-VeroE6 monolayer
237  covered with agarose overlay was incubated for 3 days at 37°C in the presence of 5% CO..
238  Overlay was then removed and cells were stained with crystal violet for demonstration of
239  plaques. Supernatant from CHPV-infected and AT-treated virus-infected Neuro2A cells was
240  collected and subjected to plaque assay using abovementioned protocol. JEV titer of in vivo as
241 well as in vitro samples was evaluated using plagque assay. For measurement of JEV titer, PS cell

242 lines were used which were incubated for 96 hours following solidification of agarose overlay.

243  Cytotoxicity and Reactive oxygen species assay: In order to determine optimum dosage of AT,
244  AT-mediated cytotoxicity upon Neuro2A cells was measured by 7-AAD-staining. Following
245  staining as per manufacturer’s protocol (BD Pharmingen), cells were analyzed using

246 FACSVerse™ (BD Biosciences) flow cytometer. Since AT was reconstituted in DMSO, toxic

11
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247  effects of DMSO upon cell viability and virus propagation was estimated by treating uninfected
248  and virus-infected Neuro2A cells with DMSQO. In brief, DMSO-treated samples were subjected
249  to immunoblotting followed by analysis of abundance of viral proteins and cleaved fragment of
250  pro-caspase-3. The generation of ROS in Neuro2A cells was measured by DCFDA-cellular ROS
251  assay kit (DCFDA; Sigma). Uninfected and infected cells were treated with DCFDA followed by
252 incubation in the dark for 30 minutes. Cells were then subjected to centrifugation and the pellet
253  was collected. Pelleted cells were resuspended in chilled 1X PBS. The intracellular fluorescence
254  was then measured by flow cytometry using FACS Calibur (BD Biosciences, San Diego, CA,
255  USA). Cells pre-treated with N-acetyl L-cysteine (scavenger of ROS; Sigma) was included in the

256  experiment as negative-control.

257  Immunoblotting: Proteins isolated fromNeuro2A cells and individual mouse brain lysates
258  across all groups were resolved by SDS-PAGE. Concentrations of protein samples obtained from
259  both in vivo and in vitro experiments were estimated by bicinchoninic (BCA) protein assay.
260  After separation of proteins by SDS-PAGE, proteins were transferred onto nitrocellulose
261  membrane. Following transfer, membrane was treated with 5% non-fat milk solution to avoid
262 non-specific binding of primary antibodies. The membrane was then incubated in the presence of
263  primary antibodies against CHPV glycoprotein-G, nucleoprotein-N, matrix protein- M (Bharat
264  Biotech; 1:1000), JEV non-structural protein 3 (Genetex; 1:10000), mouse cleaved-Caspase 3
265  (Cell Signaling, 1:2000), heterogeneous nuclear ribonucleoprotein C1+C2 (Abcam, 1:2000),
266  GRP78 Bip (Abcam, 1:2000), prohibitin (Abcam, 1:2000), Flag-tag (Sigma-Aldrich, 1;1000) and
267  B-actin (Sigma-Aldrich; 1:10,000) overnight at 4 °C with gentle shaking. B-actin was used as
268 loading-control. After vigorous washing with 1X TBST solution (containing tween20),

269 membrane was incubated with respective HRP-conjugated secondary antibodies (Vector

12
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270  Laboratories, USA; 1:5000). Blots were then processed for development chemiluminescence
271 reagent ECL (Millipore, CA, USA) followed by image capture using UVITECH imaging system

272 (Cambridge) (Millipore, CA, USA).

273 Immunofluorescence: Brain sections were subjected to permeabilization using 0.1% Triton X-
274  100-containing 1X PBS solution. Following the above mentioned step, sections were incubated
275 in a blocking solution at room temperature for 1 hour. Sections were then incubated overnight
276  along with anti-CHPV (1:200, Bharat Biotech) or anti-JEV NS3 (1:500, Genetex) and anti-
277  hnRNP C1+C2 (1:500, Abcam) antibodies at 4°C. Post-primary antibody incubation, washing
278  was performed, followed by incubation with respective Alexa-Fluor 488 or Alexa-Fluor 594—
279  conjugated secondary antibodies (1:1500, Molecular Probes) for 1 hour. Finally, the sections
280 were mounted with 4', 6-diamidino-2-phenylindole (Vector Laboratories Inc.) and observed
281  under Zeiss Apotome microscope at the specified magnification. CHPV or JEV-infected primary
282  cortical neuronal cells treated without or with AT atorvastatin for 12 hours and 24 hours
283  respectively, were fixed using 4% PFA, and then processed similarly for immunofluorescence

284  analysis.

285 RNA Co-IP and sequencing: Interaction of CHPV and JEV RNA with hnRNPC was analyzed
286 by RNA Co-IP method as described earlier (37). Briefly, Uninfected and infected Neuro2A cells
287  with or without AT treatment were treated with 1% formaldehyde for 10 minutes at room
288  temperature (RT). 0.25 M glycine (pH 7.0) was added to this solution for inducing crosslinks
289  between RNA and proteins. Cells were then subjected to sonication thus releasing the cross-
290 linked RNA-Protein complex. The cell lysate was incubated with superparamagnetic beads
291  covalently linked to recombinant protein G (Dynabeads protein G Novex, Life technologies,

292  USA) to obtain the precleared lysate. Beads were coated with anti-mouse hnRNPC (Abcam) and

13
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293  allowed to incubate with the precleared lysate for 30 minutes at RT under shaking-condition.
294  These beads were then washed with antibody binding and washing buffer followed by elution of
295  the complex using the elution buffer supplied with the kit. RNA was extracted from eluate using
296  Trizol reagent (Sigma). Once obtained, RNAs were subjected to amplification in the presence of
297 CHPV and JEV gene specific-primers by reverse transcriptase-PCR. Primers used to amplify
298 CHPV gene were F (5-3') GATCGCGGAGTGGTAGAATATC; R (5'-3")
299  GAAATCAGCCATGTGTTGTCC, and for JEV GP78, F (5'-3"
300 TTGACAATCATGGCAAACG; R (5'-3") CCCAACTTGCGCTGAATAA. Proper negative and
301  positive controls were used and the PCR products were electrophoresed in 2% agarose gel.
302  Purified PCR products (PCR purification kit, Qiagen) of CHPV and JEV positive samples were

303  sent for sequencing. Sequencing was done by Macrogen, Korea.

304  Transfection of cells with esiRNA and plasmids: Mouse hnRNPC (EMU173751)-targeting
305  Endonuclease prepared short interfering RNA (esiRNA) and scrambled esiRNA as negative-
306  control were purchased from Sigma-Aldrich. Neuro2A cells upon achieving 60% confluency
307  were undergone transfection with 20 Pico mole of hnRNPC esiRNA along with lipofectamine
308 RNAiMax (Invitrogen) according to manufacturer’s instruction. Following 24 hours of
309 transfection, cells were infected with CHPV and JEV at an MOI of 0.1 and 1 MOI respectively
310 and treated without or with AT. Samples were then processed for immunoblotting analysis after
311 12 and 24 hours of CHPV and JEV-infection respectively. Viral titer of the cell-culture
312 supernatants collected from these experiments was analyzed by plaque assay. Mock-transfected
313  cells were treated with equivalent volume of Lipofectamine RNAi Max and Opti-MEM in

314  absence of any nucleic acid.
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315  Mouse hnRNPC ORF-harboring expression plasmid, C-Flag tag Plasmid was obtained from Sino
316 Biological (MG51852-CF). E. Coli Topl0 strain was transformed with plasmids followed by
317  their amplification and isolation using Plasmid Midi Kit (Qiagen) as per manufacturer’s
318 instructions. 150 ng of plasmids were used for transfection experiments with the aid of
319  Lipofectamine 2000 (Invitrogen, CA, USA) according to manufacturer’s protocol. Empty vector
320 was also transfected and used as negative-control. Post 24 hours of transfection, cells were
321  infected with CHPV and JEV at an MOI of 0.1 and 1 MOI respectively. Virus-infected cells
322  either untreated or AT-treated were incubated for 12 and 24 hours in case of CHPV and JEV
323  infection respectively. The samples were then processed for immunoblotting analysis. Cell-
324  culture supernatants were subjected to plaque assay for evaluating viral titer following incubation

325  with AT for particular time period.

326  Statistical analysis: All experiments were performed in triplicate unless otherwise indicated.
327  Student’s two-tailed unpaired t test was performed to assess difference of statistical significance
328  between two groups. Differences amongst multiple groups were examined by one-way ANOVA
329  followed by Holm-Sidak post hoc test. SigmaPlot 11 software was used for data analysis. Data

330  were considered statistically significant when P values were less than 0.05.

331 Results:

332  Atorvastatin conferred protection to animals against viral infections and abrogated

333  inflammatory response.

334  Atorvastatin (AT) treatment was demonstrated to enhance survivability of mice pups following
335 CHPV (Fig. 1A) and JEV infection (Fig. 1B). To assess the protective role of AT, we treated

336 CHPV and JEV-infected mice pups with AT (5 mg/kg of body-weight) administered through
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337 intraperitoneal route, 3 hours post-infection (hpi), once daily. Mice pups were carefully
338  monitored for clinical symptoms. AT at a dosage > 5 mg/kg of body-weight resulted in decreased
339  movement and body weight, thus indicating toxicity of AT at higher doses. Data demonstrating
340 the effect of AT treatment at a dosage of 2.5mg/kg of body-weight upon body weight has been
341  provided in Supplementary Fig. 1A and 1B. AT treatment following 4 days of CHPV infection
342  has been observed to enhance survivability by 70 percentage. AT treatment was also found to
343  confer similar protective action against JEV infection. AT when administered for 8 days
344  following infection with JEV, mortality rate plummeted by 80 % when compared to that of only-
345 infected group. The elevated abundance of interleukin-6 (IL-6), monocyte chemoattractant
346  protein-1 (MCP-1), interferon-y (IFN- y) and IL-6, MCP-1, IFN- y and tumor necrosis factor-1
347  (TNF-o0) following CHPV and JEV infection respectively was found to be reversed upon AT
348 treatment (Fig. 1C and 1D) thus demonstrating its immunosuppressive potential in the context of

349  viral infections.

350 Atorvastatin modulates expression of key stress-related proteins related with stress due to

351 infection severity in vivo.

352 AT treatment resulted in significant reduction of CHPV and JE viral load in the brain as
353  demonstrated by western blot analysis of viral protein abundance, in comparison to the only-
354 infected group. Overexpression of CHPV proteins, viz. glycoprotein (G), nucleoprotein (N) and
355  matrix protein (M), and non-structural protein 3 (NS3) of JEV upon virus infection was found to
356  be reduced by AT administration thus indicating anti-viral role of AT. Consistent with these
357 observations, viral titer measurement by plaque assay analysis demonstrated significantly
358 reduced JEV and CHPV load in the brain of virus-infected animals treated with AT with respect

359 to only-infected animals (Fig. 2C and 2D). AT treatment was also found to reduce virus
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360 infection-induced up-regulation of stress-related protein hnRNP C1/C2. Moreover, cellular
361  abundance of Caspase-3 cleaved fragment in virus-infected group was observed to decrease upon
362 AT treatment when compared to that of virus-infected group (Fig. 2A and 2B). Absence of any
363  effect of DMSO upon drug-treated group has been shown in Supplementary Fig. 2A and 2B.
364  Since earlier work by our group demonstrates role of elevation of endoplasmic reticulum resident
365 chaperone GRP78 (Bip) and mitochondrial protein prohibitin in JEV-infected sub ventricular
366  zone (SVZ) of brain (37), we analyzed whether AT treatment reduces cellular death upon viral
367 infection via altering cellular abundance of Bip and prohibitin, and hence ER stress. Albeit both
368 JEV and CHPV infection resulted in increased abundance of Bip and prohibit in virus-infected
369  brain, no change in Bip and prohibitin expression was observed in virus-infected animals upon
370 AT treatment (Supplementary Fig. 2C and 2D). In order to confirm the association of AT
371  treatment’s anti-viral property and its effect upon hnRNPC activity, mice brain samples were
372 subjected to immunohistochemical investigation. Upon JEV and CHPV infection, respective
373  viral proteins were observed to be up -regulated along with cellular abundance of hnRNPC. On
374  the contrary, AT treatment of virus-infected mice culminated into significant reduction of co-

375 localization of viral proteins with hnRNPC (Fig. 3A and 3B).

376  Atorvastatin ameliorates expression of key protein related with stress and viral load in vitro.

377  Determination of non-toxic dosage of AT was determined by performing dose-response
378  experiment. Analysis of dose-response curve demonstrating toxicity imparted on Neuro2A cell
379 line by various concentrations of drug showed that AT concentration greater than 2uM resulted
380 in decrease in cell viability. Whereas, AT dosage at concentration less than or equal to 2uM was
381  found not to reduce cellular viability (supplementary fig. 3A). We further examined the effect of

382 DMSO upon cellular biology in response to infection, and found that DMSO does not alter
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383 CHPV and JEV propagation and infection-induced cell death in vitro (Supplementary Fig. 3B
384 and 3C). Treatment with AT (2 puM) reduced generation of intracellular reactive oxygen species
385  when compared to that in infected groups (JEV and CHPV infection) (Supplementary Fig. 4A
386  and 4B). AT treatment was found to result in reduction of CHPV and JEV protein abundance in a
387  dose-dependent fashion as shown by the immunoblotting analysis of neuro2a infected and drug-
388  treated (1 pM and 2 pM) cells at 12 and 24 hours post-infection. Expression of hnRNP C1/C2
389  protein in AT-treated cells was found to decrease with respect to virus-infected cells. Consistent
390 with our in vivo data, AT treatment culminated into reduced activation of caspase-3 when
391  compared to that in virus-infected cell as shown by reduced abundance of cleaved-caspase-3
392  fragment (Fig. 4A and 4B). AT treatment also helped reduce cellular viral propagation as shown
393 by immunoblotting analysis of glycoprotein (G), nucleoprotein (N) and matrix proteins(M) of
394  CHPV and non-structural protein 3 (NS3) of JEV. The aforementioned observations were also
395  supported by plague assay analysis thus concluding the anti-viral action of AT upon CHPV and
396 JEV infection (Fig. 4C and 4D). Surprisingly, we also found that elevated level of hnRNP C1/C2
397 and cleaved caspase-3 due to thapsigargin-induced ER stress was diminished by the treatment of

398  atorvastatin (2 pM), in vitro (Fig: 4E).

399  Atorvastatin abrogates virus infection in primary cortical neurons.

400 To further validate our findings, we evaluated the association of virus infection with
401 hnRNPC1/C2 up regulation in primary culture of mouse cortical-neurons. Mouse cortical-
402  neuronal cells were isolated and cultured. Cells were then left either uninfected or infected with
403 JEV or CHPV for 24 and 12 hours respectively. Uninfected cells were also treated with AT,
404  which served as a negative-control. Separate groups were also included in the experiment to

405  assess the effect of AT treatment upon virus infections. Cell samples were then subjected to
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406  immunocytochemical analysis using anti-hnRNPC anti-CHPV and anti-JEV antibodies. As
407  hypothesized, enhanced hnRNPC abundance exhibited by virus infected-cells was reversed by

408 AT treatment (Fig. 5A and 5B).

409  Atorvastatin negatively regulates CHPV and JEV replication in an hnRNPC1/2-associated

410 fashion, in vivo and in vitro.

411 In order to assess the effect of AT treatment upon hnRNPC1/2 and viral genomic RNA
412  interaction, RNA co-immunoprecipitation (RNA-co-IP) was performed using antibody against
413  hnRNPC1/2.In vivo samples were subjected to undergo RNA-co-IP (Fig. 6A and 6B). Neuro2A
414  cells were infected with JEV and CHPV for 24 and 12 hours respectively. Infected cells were
415  then either treated with AT or left untreated. Following the above mentioned steps, hnRNPC1/2
416  was pulled down using anti-hnRNPC antibody and its interaction with viral genomic RNA was
417 analyzed (Fig. 7A and 7B). Use of control IgG and absence of reverse transcription reaction in
418 RNA-co-IP experiment resulted in no signal detection, and were used as negative-controls.
419  Sequencing the specific bands following gel extraction revealed sequences possessing 89% and
420  99% sequence similarities with CHPV and JEV genomic sequence respectively, in vivo (Fig. 6A
421  and 6B). Sequence similarities of 91% and 99% with CHPV and JEV genome respectively were
422  observed after bands were subjected to sequencing following RNA-co-IP experiments using
423  CHPV and JEV respectively, in vitro (Fig. 7A and 7B). Consistent with our hypothesis, both in
424 vivo and in vitro experiments demonstrated that AT treatment resulted in diminution of genomic
425 RNA abundance obtained following pulling down hnRNPC protein in comparison to untreated
426  but infected group, thus pointing towards the fact that AT treatment might affect viral
427  propagation by interfering with the formation of hnRNPC-possessing viral genome replication

428  complex.
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429  Validation of function of hnRNP C1/C2 in JEV and CHPYV viral infection manifestation and

430  its modulation by atorvastatin.

431  Since AT has been observed to reduce expression of ER stress-generated hnRNPC1/2 in the
432  context of virus infections, we used hnRNPC1/2 knock-down and over-expression studies to
433  decipher mechanistic way of AT action upon viral propagation. Immunoblotting analysis
434  exhibited decrease in viral proteins (G, N and M proteins of CHPV and NS3 of JEV) abundance
435 upon hnRNP C1/C2 knockdown in Neuro2A cells. Further decrease in viral proteins was
436 observed in samples where concomitant knockdown of hnRNPC by siRNA delivery was
437  performed with AT treatment (2 uM) (Fig. 8A and 8B). These findings were further supported
438 by virus titer analysis where CHPV (at 12hpi) and JEV (at 24hpi) propagation was found to
439  decline upon hnRNPC knockdown with or without AT treatment in vitro (Fig. 8C and 8D).
440  Overexpression of hnRNPC1/2 was performed in order to evaluate the effect of hnRNPC1/2
441  upon viral propagation. Plasmid possessing hnRNPC1/2 construct was used for transfection of
442  neuro2A cells. Immunoblotting using antibodies against G, N and M proteins of CHPV and NS3
443 of JEV revealed positive role played by hnRNPC overexpression in promoting viral
444  multiplication, even in the face of ATR treatment (2 uM) (Fig. 9A and 9B). Consistent with the
445  immunoblotting experiments, plaque assay analysis also demonstrated enhanced CHPV (12 hpi)
446  and JEV (24 hpi) reproduction upon hnRNPC1/2 overexpression irrespective of the presence of

447  atorvastatin in vitro (Fig. 9C and 9D).

448  Atorvastatin acts to reduce virus-induced miR-21 expression in an hnRNPC-dependent

449  fashion.

450 In addition to acting as a positive regulator of various positive-stranded RNA virus replication

451  (38), hnRNPC is also reported to modulate expression of a battery of other host molecules (39,
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452  40) thus underscoring its importance in alteration of various cellular processes. Report exists (38)
453  demonstrating the role of hnRNPC in mediating downregulation of PDCD4 protein in a miR-21-
454  dependent mechanism. On the other hand, reduction of PDCD4 has been documented to promote
455  apoptosis as a result of translation of procaspase-3 (41). In order to decipher the mechanistic
456  details regarding mode of AT action, effect of AT treatment upon miR-21 abundance was
457  studied both in vivo and in vitro (Fig: 10A and 10B), in the context of CHPV and JEV infections.
458  Balb C mice were treated with PBS (MI), PBS and atorvastatin (MI+AT), CHPV or JEV (Fig.
459 10A & 10B), CHPV/JEV and atorvastatin (CHPV/JEV + AT). Both virus and atorvastatin
460 treatment were administered via intra-peritoneal route. AT treatment was administered once
461  daily starting from 3 hours post infection. Following 3 and 7 days of CHPV and JEV infection
462  respectively, brain samples were harvested and subjected to total RNA isolation. RNA isolated
463  was subjected to reverse transcription reaction followed by gqRT-PCR for analysis of miR-21
464  abundance. Infection with both CHPV and JEV resulted in increased abundance of miR-21 in
465  comparison to virus-infected animals receiving AT treatment (Fig: 10A). Consistent with in vivo
466  data, in vitro experiments using neuro2A cell line also revealed similar role of AT treatment
467  upon CHPV/JEV infection-elicited miR-21 upregulation (Fig: 10B). Analysis of human autopsy
468  tissue samples also confirms upregulation of miR-21 upon JEV infection (Fig: 10C). In order to
469  confirm the role of hnRNPC in elevating infection-induced miR-21 expression, neuro2A cells
470  were either mock-transfected or transfected with hnRNPC-specific/scrambled esiRNA followed
471 by infection with CHPV or JEV. While virus-infected samples exhibited concomitant
472  upregulation of miR-21 and hnRNPC, AT treatment was observed to reduce expression of both
473 in the face of CHPV (Fig: 10D) and JEV infections (Fig: 10E). In addition to that,

474  downregulation of host protein hnRNPC in the presence of AT treatment resulted in further
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475  decrease in miR-21 expression in case of CHPV (Fig: 10D) and JEV infection (Fig: 10E) with
476  respect to cells transfected with scrambled esiRNA. To revalidate the role played by hnRNPC in
477  triggering miR-21 upregulation upon CHPV and JEV infections, neuro2A cells were either
478  mock-transfected or transfected with empty/hnRNPC-coding plasmids. Upregulation of hnRNPC
479  abundance in neuro2A cells resulted in restoration of miR-21 upregulation upon CHPV (Fig:
480 10F) and JEV (Fig: 10G) infections despite of atorvastatin treatment. On the other hand, cells on
481  being transfected with empty plasmid were seen unable to maintain virus-induced elevation of
482  miR-21 abundance thus pointing towards role of hnRNPC in regulating miR-21 expression in a

483  positive manner.

484  Atorvastatin treatment culminates into gain in PDCD4 expression and decreased Caspase-3

485  activation as a result of miR-21 downregulation.

486  In vivo data obtained from Balb C mice infected with CHPV and JEV displayed decrease in
487  PDCD4 abundance at the protein level upon virus infections (Fig: 11A). However, RNA level of
488  PDCDA4 did not exhibit a similar decline in abundance upon CHPV and JEV infections. Our in
489  vivo data was further corroborated by in vitro experiments demonstrating decline in PDCD4
490  abundance at the protein level upon CHPV and JEV infections (Fig: 11B). To analyze the effect
491  of miR-21 downregulation upon PDCD4-mediated cell death in the context of CHPV and JEV
492  infections, neuro2A cells were either left uninfected, infected, infected along with transfection
493  with miR-21 inhibitor/control-inhibitor. Interestingly, inhibition of miR-21 in the face of CHPV
494  infection resulted in restoration of PDCD4 back to its normal level and reduced Caspase-3
495  activation with respect to CHPV-infected samples (Fig: 11C). Whereas, transfection of CHPV-
496 infected cells with inhibitor-control resulted in no significant changes in PDCD4 protein

497  abundance or Caspase-3 activation status (Fig: 11C). Similar effect of miR-21 knockdown upon

22


https://doi.org/10.1101/639096
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/639096; this version posted May 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

498 PDCD4 expression and Caspase-3-mediated cell death was observed upon infection with JEV
499  (Fig: 11D). Expression status of miR-21 was checked in order to confirm efficiency of anti-miR
500 transfection (Fig: 11C and 11D). CHPV and JEV-infected Neuro2A cells treated with
501  atorvastatin were found to prevent reduction in PDCD4 abundance when compared to that in
502  cells infected CHPV and JEV in the absence of atorvastatin treatment both in vitro and in vivo
503 (Fig: 11E and 11F). Moreover, treatment with atorvastatin was discovered to abrogate the
504 increase in miR-21 expression upon CHPV and JEV infections, both in vitro and in vivo (Fig:

505 11E and 11F).

506 Discussion:

507 Earlier reports have repeatedly underscored the role of atorvastatin (AT) in amelioration of
508 different pathological states in a fashion independent of its lipid lowering actions. Since AT has
509 been reported to cross the blood brain barrier in vivo, repurposing of the same in the setting of
510 traumatic brain injury (TBI) has resulted in enhanced neurogenesis thus leading to decreased
511 injury-associated neurological dysfunction in rats. Administration of AT following TBI has been
512  found to enhance cell proliferation, differentiation and neurogenesis in the dentate gyrus in a
513  brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF)-
514  associated fashion (42, 43). Studies also suggest role of AT in reducing amyloid-p peptide (AP
515 41 and AP 43) deposition and thus preventing AB-induced microglial activation (44, 45).
516  Atorvastatin treatment has also culminated into quite remarkable outcomes in treating multiple
517  sclerosis (46), experimental autoimmune encephalomyelitis (47), epilepsy (48), depression (49)
518 and spinal cord injury (50, 51). Several evidences underscore the neuroprotective actions exerted
519 by AT treatment as a result of reduction of oxidative stress markers, lipid peroxidation, and

520  restoration of reduced glutathione (52). Additionally, AT-induced abrogation of reactive oxygen
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521  species and matrix metalloproteinases (MMPs) upregulation helped in minimizing the
522 inflammation and blood brain barrier disruption (53, 54). In addition to the neuroprotective roles
523 of AT in the setting of neuroinflammatory diseases, evidences for role of AT upon viral
524 infections also deserve special mention. Studies demonstrate anti-viral action of AT against
525  human immunodeficiency virus-1 by interfering with intercellular adhesion molecule-1(ICAM-
526 1) - leukocyte function-associated antigen-1 (LFA-1) interaction (55). Statins have also been
527  reported to play positive role in protecting patients suffering from cardiovascular diseases against
528 influenza-associated signs and symptoms. Lovastatin has also been demonstrated to inhibit
529  dengue (DEN-2 NGC) virus replication in human peripheral blood mononuclear cells (56) and
530 reduced viremia in lovastatin-pretreated animals against DENV-2 infection (57). Lipid lowering
531 actions of atorvastatin, fluvastatin and simvastatin was observed to help restore alteration of
532  cholesterol biosynthesis and transport induced by Hepatitis C virus (HCV) infection and result in
533  improving disease prognosis. This report thus points towards the role of AT as an adjunct
534  therapy in combating HCV infection in patients treated with pegylated-interferon (IFN) and
535  ribavirin (58). Other than some very preliminary studies till date, there are no reports suggesting
536 the possible role of atorvastatin in treating CHPV and JEV infections, and its putative
537  mechanism of action. Therefore, our study provides the first evidence of effect of AT treatment
538 upon CHPV and JEV infections along with a possible mechanism by which propagation of both
539  positive (+ve) and negative (-ve) stranded RNA viruses were abrogated. Our major findings
540 comprise of increased survivability and reduced viral load in brain tissues of AT-treated mouse
541  pups infected with CHPV and JEV. Moreover, in vitro as well as in vivo experiments also
542  demonstrate that AT treatment lead to down regulation of ER stress-related protein hnRNPC in

543 the context of CHPV and JEV infection. Based on the aforementioned evidences, we
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544  hypothesized that AT might be playing role in curtailing CHPV and JEV titer in the neurons by
545  down regulation of cellular hnRNPC. The neuroprotective action of atorvastatin in the face of
546  viral infections was found to be associated with (i) reduced viral reproduction (ii) reduced
547  abundance of proinflammatory cytokines and certain chemokines in the brain (iii) reduced level
548  of cleaved-Caspase 3 and (iv) reduced ER stress-induced RNA binding protein hnRNPC, which

549  was further validated to play a potential role in propagation of viruses.

550  Earlier report suggests upregulation of proinflammatory cytokines and chemokines by microglial
551 activation in response to CHPV and JEV infection (6, 59). Restricting the development of
552  neuroinflammation is being considered to be a potent strategy in halting the progress of
553  neurodegeneration. We showed that in the atorvastatin-treated groups following CHPV and JEV
554  infections, levels of MCP1 and proinflammatory cytokines plummeted down to values
555  significantly lower than that of CHPV and JEV-infected groups in vivo (IL-6, IFNy in case of
556 CHPV and IL-6, IFNy, TNF-a) (Fig. 1C and 1D). These data further supported the notion that
557  reduced microglial activation and resulting neuroinflammation is critical in determining the
558  survival rate of the virus-infected pups as demonstrated by their increased survival and delayed
559  appearance of signs in comparison to virus-infected mice not treated with AT (Fig. 1A and 1B).
560 The dosage of AT used (5mg/kg body weight) in vivo was safe as evidenced by the effect of the
561 dosage upon body-weights of mouse pups as shown in supplementary figure 1A and 1B. In
562  addition to its role in reducing the severity of inflammatory reaction, atorvastatin was also found
563  to significantly reduce CHPV and JEV propagation in mouse pups. Abundance of viral proteins
564 (G, N and M proteins of CHPV and NS3 of JEV) in AT-treated mice brain in the context of virus
565 infection was found to be significantly lower than that in infected group (Fig. 2A and 2B).

566  Moreover, evidence of action of AT reducing virus-induced neuronal apoptosis has been
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567 provided by demonstration of decreased expression of cleaved-caspase-3 fragment in AT treated
568  group with respect to that of only infected pups. This down regulated activation of Caspase-3
569  corresponds to AT-induced reduction in mortality of infected mice pups (3, 60). Effect of DMSO
570  was also assessed in vivo in order to rule out any of its unwanted role upon viral propagation and
571  neuronal apoptosis (Supplementary Fig. 2A and 2B). We also evaluated the effect of virus
572 infections in absence or presence of AT treatment upon ER stress response since earlier reports
573  suggest that stimulus-induced ER stress response can result in various diseases including
574  neurodegeneration (61). Studies conducted by many independent groups demonstrate that
575 infections by flaviviruses like dengue virus, hepatitis C virus and West Nile virus can lead to
576  induction of unfolded protein response (UPR) (62, 63, 64). Work by our group also provides
577  testimony to the fact that JEV exerts detrimental effects upon human neural stem cells and sub
578  ventricular zone (SVZ) of mouse pups via activation of ER-stress characterized by upregulation
579 of endoplasmic reticulum-resident chaperone (GRP78 or Bip), prohibitin (PHB) and
580 heterogeneous nuclear ribonucleoprotein C (hnRNP C1/C2) (37). In our study, expression levels
581  of the three abovementioned proteins were subjected to analysis upon CHPV and JEV infections
582  in absence and presence of AT. Unlike Bip and PHB, AT treatment was found to decrease virus-
583 induced hnRNPC upregulation in vivo (Fig. 2A, 2B, supplementary Fig. 2C and 2D).
584  Subsequently, viral titer of CHPV and JV-infected mice brain samples was found to be reduced
585 by treatment with AT upon viral infections as evidenced from the results of plaque assay (Fig.
586 2C and 2D). Immunohistochemical analysis of CHPV and JEV-infected brain sections revealed
587  upregulated expression of hnRNPC in virus-infected cells. Interestingly, AT treatment was
588  shown to restore the enhanced cellular abundance of both hnRNPC and viral proteins (Fig. 3A

589 and 3B). Since both CHPV and JEV are known to infect neuronal cells, to assess the action of
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590 AT upon host hnRNPC and viral propagation in neurons we cultured cortical neuronal cells
591 isolated from mice cerebral cortex followed by immunohistochemical analysis. In line with in
592  vivo findings, both CHPV or JEV proteins and hnRNPC expression was observed to be

593  suppresses upon treatment of mouse primary cortical cells with AT (Fig. 5A and 5B).

594  Taken together, analysis of our in vivo experiments’ data reveals that AT treatment in the context
595 of CHPV and JEV infection results in decreased mortality which was also found to be associated
596  with reduced ER stress, CHPV and JEV viral propagation. Our observations from in vivo
597  experiments were also further strengthened by similar outcomes in in vitro experiments. When
598 AT was analyzed for cytotoxicity, dosages up to 2 uM were found not to exert any significant
599 effect upon viability of neuro2A cells (Supplementary Fig. 3A). Since AT was reconstituted in
600 DMSO, effect of DMSO upon viral propagation and cell viability was also subjected to
601 investigation. No significant changes in virus reproduction and cell viability were observed in

602  vitro upon administration of DMSO (Supplementary Fig. 3B and 3C).

603  Elevated intracellular ROS level in the CHPV and JEV infected Neuro2A cells and inhibition of
604  ROS with the atorvastatin treatment (2 uM) further strengthen our notion related to the infection
605 and ER stress-mediated response (Supplementary Fig. 4A and 4B). We further checked the effect
606  of different dosages of AT treatment upon CHPV and JEV propagation, ER stress-induced
607 hnRNPC abundance and cell viability in vitro. AT was found to reduce both CHPV and JEV
608  propagation (as exemplified by G, N and M proteins in case of CHPV and NS3 in case of JEV),
609 hnRNPC and cleaved-caspase-3 expression in a dose-dependent fashion (Fig. 4A and 4B).
610 Moreover, plaque assay analysis demonstrated reduced viral titer from cell supernatant upon
611  treatment with 2 uM atorvastatin when compared to that of virus-infected cells (Fig. 4C and 4D).

612  We also pretreated the Neuro2A cells with thapsigargin and checked the role of atorvastatin
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613  treatment (2 uM) directly on the ER stress to get the same response about hnRNPC expression

614  and related apoptosis (cleaved Caspase 3) without virus infection (Fig. 4E).

615 In the present study, we find that the change in hnRNPC abundance due to CHPV and JEV
616 infections gets restored successfully upon treatment with AT. This has led us to hypothesize that
617 AT might act via host hnRNPC modulation thus culminating into abrogation of viral
618  propagation. According to multiple earlier reports, hnRNPC has been proposed to act as an
619  RNA-binding protein thus enabling the same to interact with 5’ end of poliovirus negative-strand
620  RNA as well as with poliovirus nonstructural proteins. These hnRNPC-viral genome interactions
621  have been reported to promote efficient positive-strand RNA synthesis (38). There are reports
622  suggesting that hnRNPC could accumulate in the cell cytoplasm to support the virus positive
623  strand replication (65-67). As our earlier work suggests direct interaction of hnRNPC with both
624 JEV and CHPV RNA genomes (37), we were interested to assess role of atorvastatin upon
625  recruitment of viral genome into hnRNPC-containing replication assembly in vivo and in vitro.
626  We conducted RNA Co-IP experiment to find out that AT treatment resulted in significant
627  reduction of CHPV and JEV genome interaction with hnRNPC (Fig. 6A and 6B; Fig. 7A and
628  7B). Since AT treatment has already been demonstrated to suppress infection-induced hnRNPC
629  upregulation, this reduced binding of viral genome in vivo and in vitro suggests that AT-induced
630  hnRNPC down regulation thus leads to inefficient viral replication complex formation, hence
631  resulting in reduced CHPV and JEV propagation. Earlier studies suggest that Polio virus
632 genome replication is modulated in vitro with overexpression of recombinant hnRNPC or
633  depletion of hnRNPC proteins (38). Similar effects of hnRNPC knockdown upon Dengue virus
634 genome replication have been demonstrated recently thus underscoring the importance of

635 hnRNPC as a positive regulator of RNA-virus genome duplication (68). To further validate our
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636  findings, we studied the effect of hnRNPC knockdown upon infection in the presence or absence
637  of atorvastatin (2 uM). Analysis of viral propagation, exemplified by G, N and M proteins for
638 CHPV and NS3 protein representing JEV, exhibited further reduction upon hnRNPC knock
639 down in the presence of AT. These results reinstate the fact that AT-induced hnRNPC
640  downregulation plays a major role in retarding both CHPV and JEV propagation (Fig. 8A and
641  8B). Consistent with the abovementioned findings, CHPV and JEV viral titer as measured by
642  plaque assay was also observed to be reduced in the presence of AT treatment (Fig. 8C and 8D).
643  Interestingly, overexpression of hnRNPC in neuro2a cells resulted in increased viral RNA,
644  protein synthesis, which was found unaffected by the presence of AT (2 uM). Measurement of
645  viral titer by plaque assay analysis exhibited increased CHPV and JEV propagation as a result of

646  hnRNPC overexpression, irrespective of atorvastatin treatment.

647 In addition to being a crucial determining factor of positive-strand RNA virus replication (61-
648  64), hnRNPC is also reported to play many important roles in multiple cellular processes via
649  modulation of numerous cellular targets (39, 40). hnRNPC has been documented to increase
650 mIR-21 expression thus resulting in downregulation of its target PDCD4 in case of glioblastoma (39).
651  Another report by Eto et al suggests that loss of PDCD4 expression helps augment induction of
652  apoptotic response by promoting translation of procaspase-3 mRNA (41). Since both CHPV and
653 JEV are reported to successfully infect neurons thus resulting in their apoptotic death, and AT
654 has been demonstrate to act via hnRNPC-dependent fashion in reducing cell death, we
655  investigated whether AT action results in diminution of neuronal apoptosis in a miR-21 and
656  PDCD4-associated fashion. Both in vivo and in vitro experiments using Balb C mice and
657  neuro2A cells respectively display a reduction in CHPV/JEV-induced miR-21 upregulation upon

658  atorvastatin treatment (Fig 10A and 10B), thus confirming role of AT in altering miR-21
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659  abundance. Human autopsy brain samples infected with JEV also exhibit increased miR-21
660 abundance (Fig: 10C). Targeting cellular hnRNPC using hnRNPC-specific esiRNA in
661  CHPV/JEV-infected cells receiving atorvastatin treatment further reduced miR-21 abundance
662  when compared to that in untransfected-cells infected with CHPV/JEV as well as receiving AT
663  treatment (Fig: 10D and 10E) thus pointing towards the causal association in between infection-
664  mediated hnRNPC upregulation and increased miR-21 expression. To further validate the
665  operation of AT treatment-hnRNPC-miR-21 axis in the setting of CHPV and JEV infections,
666  cells infected by CHPV/JEV and receiving AT treatment were transfected with plasmids coding
667 hnRNPC. Plasmid-mediated hnRNPC overexpression in CHPV/JEV-infected cells which also
668  received AT treatment culminated into restoration of miR-21 abundance to a level comparable to
669  that of cells infected with CHPV/JEV (Fig: 10F and 10G). Since atorvastatin treatment leads to
670  reduction in infection-mediated rise in hnRNPC abundance, a significant decline in miR-21
671  expression was observed. Whereas, restoration of cellular hnRNPC as a result of overexpression
672  helped restore miR-21 upregulation thus confirming role of hnRNPC in regulating miR-21

673  expression in a positive fashion.

674  To decipher miR-21’s mechanism of action upon CHPV/JEV infection and its modulation upon
675  atorvastatin treatment, abundance of PDCD4, a target of miR-21 as reported earlier (39), were
676  studied both in vivo and in vitro during the course of CHPV and JEV infections (Fig: 11A and
677 11B). PDCD4 expression was shown to be downregulated at protein level in case of both CHPV
678 and JEV infection studies in vivo and in vitro (Fig: 11A and 11B). Inhibition of miR-21 activity
679 in CHPV and JEV-infected cells resulted in enhanced PDCD4 expression and reduced caspase-3
680  activation with respect to CHPV/JEV-infected or control anti-miR-transfected cells also infected

681 by CHPV/JEV (Fig: 11C and 11D). Owing to that fact that miR-21 targets PDCD4 expression
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682  (39), CHPV and JEV infection-mediated miR-21 upregulation culminated into abolished PDCD4
683  expression thus eliciting activation of Caspase-3. On the other hand, inhibition of miR-21 by
684  inhibitor resulted in restoration of PDCD4 expression thus abrogating activation of Caspase-3.
685  Taken together, these abovementioned findings prove role of miR-21 in triggering apoptotic
686  response upon infection by CHPV and JEV. In order to find out whether atorvastatin does act as
687  a neuroprotective agent in the context of CHPV and JEV infection by interfering with miR-21
688  activity, effect of atorvastatin upon miR-21 and PDCD4 abundance was studied following CHPV
689 and JEV infection in vitro. CHPV and JEV-induced reduction in PDCD4 expression and
690 enhanced miR-21 abundance was restored upon treatment of infected-neuro2A cells with
691  atorvastatin both in vitro and in vivo (Fig: 11E and 11F). Since PDCD4 expression acts to
692  antagonize Caspase-3-dependent cell death, atorvastatin-mediated reduced miR-21 expression
693  and enhanced PDCD4 abundance thus might contribute to its neuroprotective role in the context

694  of CHPV and JEV infections, as exemplified by reduced neuronal cell death.

695  To summarize, our current study provides with the first possible mechanistic details explaining
696  mode of atorvastatin action in combating CHPV and JEV infections. The study suggests that
697 infection-induced ER stress helps in upregulation of hnRNPC which regulates CHPV and JEV
698  propagation in a positive fashion. Moreover, substantial proof has been provided by our work
699  demonstrating role of atorvastatin treatment in abrogating hnRNPC abundance, thus ameliorating
700 viral propagation. In addition to that, atorvastatin-mediated hnRNPC downregulation has also
701 been shown to alter virus-induced miR-21 upregulation. Via suppressing cellular expression of
702  miR-21, atorvastatin results in increased PDCD4 abundance and hence reduced Caspase-3
703  activation, manifested as diminished neuronal death in response to viral infections. Since

704  atorvastatin has been used as a well-tolerated hypolipidemic drug aimed at combating lipid-
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705  related disorders, further clinical assessment of atorvastatin’s efficacy in fighting neurotropic
706  viral infections may provide us with future possible therapeutic strategy in JEV and CHPV

707  endemic regions.

708  Supplementary materials:

709  Fig S1: Atorvastatin helped maintain normal body-weight in the context of CHPV and JEV

710 infection.

711 Fig S2: Effect of DMSO upon cellular viability and atorvastatin (AT) upon virus-induced ER

712 stress response.

713 Fig S3: In vitro AT Dose-determination and evaluation of effect of DMSO upon infection

714  severity and cell viability.

715  Fig S4: AT treatment resulted in abrogation of CHPV/JEV-induced generation of cellular reactive

716  Oxygen in vitro.
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927  Figure legends:

928 Fig. 1: Atorvastatin-treatment increased mice survival and resulted in amelioration of
929  virus-induced neuroinflammation. (A) Mice were infected with CHPV and treated once daily
930 with atorvastatin (AT) at a dosage of 5mg/kg-body weight till day 4 following infection (*p <
931 0.01), (n=15). (B) JEV-infected mice were administered with AT at a dosage of 5mg/Kg-body
932  weight once daily till day 7 and were monitored for signs of infection (*p < 0.01), (n=15). (C)
933  Brain lysates from CHPV-infected mice exhibiting severe signs (4 dpi), CHPV-infected mice
934 treated with AT, and corresponding control mice were subjected to cytokine bead array and
935 analysed by flow cytometry to observe the status of abundance of IL-6, IFN-y and MCP-1 (*p <
936 0.01 and **p < 0.001). Data have been represented as mean + SD of three independent
937  experiments. (D) Brain lysates from JEV-infected mice demonstrating severe signs of infection
938 (7 dpi), JEV-infected mice treated with AT, and control mice were subjected to cytokine bead
939 array and analysed by flow cytometry to observe the status of expression of IL-6, IFN-y, MCP-1,
940 TNF-a (*p < 0.001). Data are represented as mean = SD of three independent experiments.
941  Abbreviations used; Mock Infected (MI), Mock Infected + Atorvastatin (Ml + AT), Infected
942  (CHPV or JEV), Atorvastatin Treatment (CHPV + AT or JEV + AT).

943  Fig. 2: Atorvastatin treatment (once daily at a dosage of 5mg/ kg-body weight) induced
944  reduction in viral (CHPV and JEV) and ER stress-protein expressions in vivo. (A) and (B) Mice
945  were divided into 4 groups, viz. Mock-infected (MI), mock-infected but treated with AT
946  (MI+AT), CHPV/JEV-infected and CHPV/JEV-infected mouse treated with AT (AT treatment).
947  Following 3 hours of infection with CHPV/JEV, AT was administered once daily. Signs
948  appeared following 3 and 7 days of CHPV and JEV infection, respectively. Following mice brain

949  collection, they were subjected to immunoblotting for analysis of effect of AT upon cellular
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950 apoptosis, ER stress and viral propagation. Viral propagation was assessed by estimating
951  glycoprotein (G), nucleoprotein (N), Matrix protein (M) abundance in case of CHPV and NS3
952  for JEV. Apoptosis and ER stress was analysed by evaluating the abundance of cleaved-caspase-
953 3 and hnRNPC1/2. (C) and (D) demonstrate the effect of AT treatment upon virus production in
954 the mouse brain. Plaque assay was performed using supernatant collected from brain
955  homogenate of CHPV/JEV-infected and AT-treatment group. (*p < 0.001 and **p < 0.026).
956  Data represented here as mean + SD of three individual experiments.

957  Fig. 3: Reduction in hnRNPC abundance upon treatment with AT in virus-infected brain.
958 (A and B) Balb C mice were infected with CHPV and JEV. AT treatment was administered once
959 daily. Following appearance of signs of virus infection, brain samples were collected followed
960 by fixation, generation of brain sections, permeabilization and stained with antibodies for
961  detection of viral proteins and hnRNPC Scale bar 50 um. Data presented are representative of
962 three independent experiments.

963  Fig. 4: Atorvastatin induced reduction in viral (CHPV and JEV) and ER stress-protein
964  expressions in vitro. (A) and (B) Six groups of Neuro2A cells were studied; Control (CT),
965  Control-cells treated with AT (1 uM and 2 uM), virus-infected cells (CHPV/JEV infection) and
966  virus-infected cells treated with AT (1 uM and 2 uM). Cells were incubated with viruses for 2
967  hours followed by their removal. Cells were then maintained in maintenance media containing
968 indicated concentrations of AT. CHPV and JEV-infected cell samples were collected 12 and 24
969 hours post infection respectively. Following sample collection, they were subjected to
970 immunoblotting for analysis of effect of AT upon cellular apoptosis, ER stress and viral
971  propagation. Viral propagation was assessed by estimating glycoprotein (G), nucleoprotein (N),

972  Matrix protein (M) abundance in case of CHPV and NS3 for JEV. Apoptosis and ER stress were
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973  analysed by evaluating the abundance of cleaved-caspase-3 and hnRNPC1/2. (C) and (D) Effect
974  of AT treatment upon viral propagation was also studied using plaque assay analysis of the cell
975  culture supernatants of the only-infected and AT-treated infected samples. Concentration of AT
976  used for treating infected-neuro2A cells was 2 uM. (¥*p < 0.020 and **p < 0.038). Data are
977  represented as mean £ SD of three individual experiments. (E) Effect of thapsigargin (TG)
978  treatment upon ER stress and apoptosis in absence as well as presence of AT was studied using
979 immunoblotting analysis. Cells were pre-treated with TG (1 uM) followed by incubation in
980  maintenance media containing/lacking 2 uM AT for 24 hours. Status of ER stress and apoptosis
981  were evaluated by assessing abundance of hnRNPC and cleaved-Caspase 3. B-actin served as
982  loading control.

983  Fig. 5: AT treatment abrogated cellular hnRNPC abundance and viral propagation in
984  primary culture of mouse cortical neurons (A) and (B). Cortex from 2-days old mice pups
985  were excised followed by isolation of cortical cells. Cortical cells were then cultured on PDL-
986  coated petri dishes. Cells were then infected with CHPV (A) and JEV (B) for 12 and 24 hours
987  respectively. AT-treated cells were maintained in AT-containing maintenance media following
988 incubation with virus particles. Cells were then collected and subjected to immunocytochemical
989 analysis for viral proteins and hnRNPC. Scale bar used: 50 um. Data presented are
990 representative of three independent experiments.

991  Fig.6. AT treatment resulted in reduction of hnRNPC-JEV/CHPV genome interaction in
992  vivo. (A) Mouse brain samples from mock-infected, CHPV-infected and infected-mice treated
993  with AT were collected 4 days after infection followed by homogenization, crosslinking of RNA
994 and proteins, release of the cross linked complex by sonication and immunoprecipitation of

995  hnRNPC bound to its interacting partners. RNA was then isolated from the hnRNPC-containing
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996  solution and was subjected to reverse transcription followed by amplification using viral-genome
997  specific primers. Band (~296 bp) obtained upon amplification using CHPV-specific primer from
998 infected-mouse brain was used as a positive control (PC). Size of the bands obtained upon
999 immunoprecipitation of hnRNPC was found to be identical to PC band thus indicating detection
1000 of CHPV genome. Sequencing data of the identified band exhibited more than 89% similarity
1001 with CHPV strain 1653514 genome. (B) Mouse brain samples from mock-infected, JEV-infected
1002  and infected-mice treated with AT were collected 7 days after infection followed by processing
1003  similarly to that stated for (A). Band (~400 bp) obtained upon amplification using JEV-specific
1004  primer from infected-mouse brain was used as a positive control (PC). Size of the bands obtained
1005  upon immunoprecipitation of hnRNPC was found to be identical to PC band thus indicating
1006  detection of JEV genome. Sequencing data of the identified band displayed more than 99%
1007  similarity with JEV strain polyprotein 5° end.

1008  Fig.7. AT treatment in vitro reduced CHPV and JEV genomic RNA interaction with
1009 hnRNPC. (A) CHPV-infected Neuro2A cells were collected following 12 hours of infection
1010 followed by RNA-protein crosslinking, cell lysis and immunoprecipitation of hnRNPC using
1011 anti-hnRNPC antibody. RNA was isolated from hnRNPC-containing complex followed by
1012  amplification using CHPV-specific primers. CHPV-infected cells were subjected to reverse
1013  transcription-polymerase chain reaction using CHPV-specific primers, and the band obtained
1014 was used as positive control (PC). Bands obtained upon immunoprecipitation using anti-
1015  hnRNPC antibody exhibited size (~296 bp) similar to that of (PC) band. Sequencing data of the
1016 identified band revealed more than 91% similarity to that of CHPV strain 1653514 genome. (B)
1017  JEV-infected Neuro2A cells collected following 24 hours of infection were processed as stated

1018 in (A). Amplification using JEV genome-specific primers resulted in appearance of bands having
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1019  size similar ((~400 bp) to that of (PC) band for JEV genome fragment. Sequencing data of the
1020 identified band revealed more than 99% similarity to that of JEV strain polyprotein 5’ end.

1021  Fig. 8: AT-induced decrease in viral (CHPV and JEV) propagation is mediated by down
1022  regulation of host hnRNPC1/2 in vitro. (A). esiRNA treatment of Neuro2A cells for 24 hours
1023 was performed prior to CHPV infection (0.1 MOI) for 12 hours. Amount of esiRNA used was 20
1024  Pico moles. Followed by virus infection along with respective treatments, cells were collected
1025  and subjected to immunoblotting technique for evaluation of effect of AT treatment upon CHPV
1026  propagation. B-actin served as loading control. (B) Neuro2A cells were transfected with esiRNA
1027  similarly to that in (A) and infected with JEV (1 MOI) for 24 hours. Following infection, cells
1028  were harvested and processed for immunoblotting analysis. Antibody against NS3 protein was
1029  used for determination of level of JEV propagation upon knock-down of hnRNPC. B-actin served
1030  as loading control. (C) Neuro2A cells were transfected with esiRNA and either left uninfected or
1031 infected by CHPV (C) and JEV (D) in presence or absence of AT (2 uM). Following 12 and 24
1032 hours of CHPV (0.1 MOI) and JEV (1 MOI) infection respectively, cell supernatant from
1033  different samples were collected and analysed for viral titer by plaque assay. (*p < 0.03, **p <
1034  0.001, *p < 0.04, #p < 0.01). Data represented mean + SD of three independent experiments.
1035 Fig. 9: Overexpression of hnRNPC abrogated effect of AT treatment upon virus
1036  propagation in vitro. Neuro2A cells were transfected with plasmids possessing c-flag-tagged
1037  hnRNPC gene (150ng) for 24 hours. Following transfection, cells were infected with CHPV (A)
1038 at 0.1 MOI and JEV (B) at 1 MOI for 12 and 24 hours respectively. Cells were then collected
1039  and subjected to immunoblotting analysis for assessment of effect of AT (2 uM) upon viral
1040  propagation in the context of altered hnRNPC expression. Antibodies against G, N and M

1041  proteins were used for detection of CHPV protein abundance. Anti-NS3 antibody was utilized
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1042  for detection of JEV protein load. Anti-flag-c antibody was used to determine overexpression of
1043  hnRNPC upon plasmid transfection. B-actin served as loading control. (C) and (D) Neuro2A
1044  cells were transfected with hnRNPC-expressing plasmid and either left uninfected or infected by
1045 CHPV (C) and JEV (D) in presence or absence of AT(2 puM). Following 12 and 24 hours of
1046 CHPV (0.1 MOQI) and JEV (1 MOI) infection respectively, cell supernatant from different
1047  samples were collected and analysed for viral titer by plaque assay. Values represented here as
1048  mean = SD of three independent experiments.

1049  Fig 10: Atorvastatin suppresses virus-induced miR-21 expression through hnRNPC. (A)
1050  BALB/c mice were treated with PBS (MI), PBS with atorvastatin (MI+AT), infected with CHPV
1051 (CHPV) and CHPV-infected along with atorvastatin treatment (CHPV+AT). Following 3 days
1052  post infection, brain samples were collected and miR-21 abundance was analyzed using qRT-
1053  PCR. In another similar set of experiments, infection was performed by JEV followed by
1054  collection of brain samples at day-7 after infection and miR-21 expression was analyzed by qRT-
1055 PCR. In order to assess level of viral propagation, presence of CHPV or JEV RNA was
1056  determined by RT-PCR (lower panels). GAPDH expression was verified as loading control.
1057  **P< 0.01, ***P < 0.001. (B) N2A cells were left untreated or treated with atorvastatin (2 uM)
1058  following incubation of cells with JEV/CHPV for 2. Following 12 and 24 hours of infection with
1059 CHPV and JEV respectively, cell samples were subjected to gRT-PCR analysis to determine
1060 miR-21 abundance. The degree of viral load was evaluated by RT-PCR of viral RNA (lower
1061  panels). GAPDH was used as internal control. **P< 0.05. (C) miRNA was isolated from
1062  uninfected (MI) and JEV-infected human brain sections and miR-21 expression was determined
1063 by qRT-PCR. Data are representative of two different brains per group. *P < 0.05 (Student’s t

1064  test) compared to uninfected human brain. RT-PCR of viral RNA was performed to detect
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1065  presence of viral infection. GAPDH was used as loading control. (D and E) N2A cells were
1066  either left untransfected or were transfected with scrambled (Scr) siRNA/esiRNA specific for
1067 hnRNPC before being infected with CHPV (D) and JEV (E) followed by atorvastatin treatment.
1068  After 12 and 24 hours of infection with CHPV and JEV respectively, miR-21 expression was
1069  determined by qRT-PCR analysis. In order to confirm whether effective transfection has taken
1070  place, cellular proteins were isolated and subjected to immunoblotting analysis (lower panels)
1071 with anti-hnRNPC*P<0.05, **P< 0.01, ***P < (.001. B-actin served as a loading control. (F and
1072 G) Cells were either left untransfected or transfected with indicated plasmids. 24 hours following
1073  transfection, cells were left uninfected or infected with CHPV (F) and JEV (G) followed by
1074  treatment of atorvastatin. Preceded by 12 and 24 hours of infection by CHPV and JEV
1075  respectively, miR-21 expression was analyzed by qRT-PCR. Immunoblotting analysis was also
1076  performed to confirm effective transfection of respective plasmids. B-Actin used as a loading
1077  control.*P<0.05, **P< 0.01.Data represented here as mean + SD of three individual experiments.
1078  Fig. 11: Atorvastatin reduces miR-21 mediated PDCD4 loss and decreases caspase-3
1079  activation. (A) Mice were left uninfected (MI) or were infected with CHPV or JEV. Mice brains
1080  were harvested following indicated time periods of infection and subjected gRT-PCR and
1081  western blot to determine the expression of PDCD4 mRNA and protein (lower panels)
1082  respectively. B-actin served as loading control. FS: full-symptoms. (B) N2A cells were either
1083  mock-uninfected (MI) or infected with CHPV or JEV for indicated time periods. Top: PDCD4
1084 mRNA abundance was measured by qRT-PCR analysis. Bottom: Proteins isolated were
1085  subjected to immunoblotting procedure for evaluation of expression of PDCD4. -actin was used
1086  as loading control. (C and D) N2A cells were transfected either with miR-21 (Anti-miR-21) or

1087  the inhibitor-control (Anti-miR-Con) and then were infected with CHPV (C) and JEV (D) for 12
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1088  hours and 24 hours respectively. The cellular RNA was analyzed by gRT-PCR to determine the
1089  abundances of PDCD4. Western blotting (lower panels) was performed to evaluate expression of
1090 PDCD4 and cleaved caspase3 (c-Caspase3). B-actin was used as a loading control. The
1091  expression of miR-21 in each set of experiments was analyzed by gqRT-PCR and is shown below
1092  the blots to confirm effective transfection. (E and F) N2A cells (E) were mock-uninfected (Ml)
1093  or infected with CHPV and JEV. Followed by 2 hours incubation with virus, cells were washed
1094  thoroughly and left untreated or were treated with atorvastatin (2 uM). Following 12 and 24
1095  hours of infection with CHPV and JEV respectively, proteins isolated from cells were analyzed
1096 by western blotting to detect PDCD4 expression. B-actin was served as a loading control. The
1097  expression of miR-21 as determined by gRT-PCR for each set of cells is shown below the blots.
1098  Mice were either mock-infected (MI) with PBS or infected with CHPV (CHPV) and JEV (JEV)
1099 or CHPV and JEV-infected along with atorvastatin treatment (CHPV+AT/JEV+AT) (F). Brain
1100 samples were collected after 3 days and 7 days of CHPV and JEV infection respectively.
1101 Immunoblot was performed to analyze PDCD4 protein expression as well as miR-21 expression
1102  analyzed by gRT-PCR in respective samples was shown below the blots. -actin was used as a
1103  loading control. Data are means + SD of three independent experiments.

1104  Supplementary Figure legends:

1105  Supplementary Fig. 1: Atorvastatin helped maintain normal body-weight in the context of
1106 CHPV and JEV infection. (A) CHPV-infected mice treated once daily with atorvastatin (AT) at
1107  a dosage of 5mg/kg-body weight till day 4 following infection, and monitored carefully for any
1108  changes in body-weight in comparison to other experimental groups. (n=10 in each group) (*p <

1109  0.001). (B) JEV-infected mice were treated with AT once daily at a dosage of 5mg/kg-body
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1110 weight till day 7 following infection, and observed carefully for any changes in body-weight
1111 with respect to other experimental groups. (n=10 in each group) (*p <0.001).

1112 Supplementary Fig. 2: Effect of DMSO upon cellular viability and atorvastatin (AT) upon
1113 virus-induced ER stress response. (A) In order to assess the effect of DMSO on viral
1114  replication efficiency, four mice groups have been studied here. Mock infected (MI), MI with
1115 DMSO, CHPV-infected group and Virus-infected group where CHPV was resuspended in
1116 DMSO. Once signs of infection became evident following 3 days of infection, brains samples
1117  were isolated followed by homogenization. The samples were then processed for
1118  immunoblotting for assessing abundance of three proteins coded by the viral genes, viz.
1119  Glycoprotein (G), Nucleocapsid protein (N) and Matrix protein (M) along with cleaved fragment
1120  of Caspase-3. B-actin protein expression was used as loading control. (B) (C) Immunoblotting
1121 analysis of Bip and prohibitin expression across the four groups of mice (MI, MI with AT,
1122 CHPV and CHPV with AT) was performed to study the effect of AT treatment upon ER stress.
1123 Followed by 3 hours of infection with CHPV, infected-mice were treated with AT. AT treatment
1124  was provided to mock-infected mice and was subjected to analysis of ER stress. 3-actin was used
1125  as loading control for all experimental groups. (D) Similar to figure shown in (C), differences in
1126  expression of Bip and Prohibitin of JE virus-infected sample in the absence and presence of AT
1127  was studied using immunoblotting. B-actin was used as loading control for all experimental
1128  groups.

1129  Supplementary Fig. 3: In vitro AT Dose-determination and evaluation of effect of DMSO
1130  upon infection severity and cell viability. (A) Cell viability of Neuro2A in response to different
1131  dosages of atorvastatin (0.5, 1, 2, 3, 4 uM) was measured by staining cells with 7-AAD followed

1132 by determination of mean fluorescence intensity (MFI) of 7-AAD in a flow cytometer (*p <
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1133  0.001). Data Values are represented as mean £ SD of three independent experiments. (B and C)
1134  Effect of DMSO upon CHPV and JEV infection in neuro2A cells were analysed by assessing
1135  expression of CHPV (B) or JEV (C)-coded proteins in presence and absence of DMSO. DMSO
1136  was added to cell culture followed by 2-hour incubation with virus, and maintained in the
1137  maintenance media. Antibodies against G, N, and M proteins of CHPV and NS3 protein of JEV
1138  were used for immunoblotting analysis. Cell viability in response to DMSO was also studied by
1139  examining the abundance of cleaved-fragment of Caspase-3.

1140  Supplementary Fig. 4: AT treatment resulted in abrogation of CHPV/JEV-induced
1141  generation of cellular reactive oxygen in vitro. (A) Neuro2A cells were incubated with JEV for
1142 2 hours followed by 3 hours of atorvastatin treatment (2 uM). Collected cells were then
1143  subjected to DCFDA staining and analysed by flow cytometry. (B) Neuro2A cells were
1144  incubated with CHPV for 2 hours followed by AT treatment as stated in (A). Treated cells were
1145  then stained with DCFDA and ROS generation was assessed using flow cytometry. Cells were
1146  treated with N-acetyl cysteine (NAC 10 uM)) for 2 hours prior to JEV/CHPV infections and
1147  used as negative control. Histogram showed represents one of the three independent experiments
1148  and the graph represented is mean + SD of MFI of three independent experiments (*p < 0.001).
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