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SUMMARY

Background

Human infections with Japanese encephalitis virus (JEV) are a leading cause of viral
encephalitis. An unprecedented outbreak of JEV genotype 4 was recently reported in Australia,
with an isolate (JEV nswiz2) obtained from a stillborn piglet brain.

M ethods

Herein we compared the neuropathology of JEV nswizz, JEV ey (genotype 2) and JEV nekayama
(genotype 3) in adult C57BL/6J wild-type mice, mice deficient in interferon regulatory factor 7
(Irf7"), and mice deficient in type | interferon receptor (Ifnar™), as well asin human cortical
brain organoids (hBOs). Using human serum post-Imojev vaccination, we performed

neutralisation assays to determine JEV nswi22 susceptibility to vaccine responses.

Findings

In C57BL/6J and Irf7”" mice with lethal outcomes, brain infection and histopathological lesions
recapitul ated those seen in humans and primates. JEV was universally lethal in Ifnar” mice by
day 3 with histological signs of brain hemorrhage, but produced no other detectable brain
infection or lesions, with viral protein detected in blood vessels but not neurons. We thus
describe anew 117" mouse model for JEV nswi22, Which had increased viremia compared to
C57BL/6J mice, allowing for lethal neuroinvasive infection in one mouse. Overall, JEV nswiz2
was less neurovirulent than other JEV isolates in C57BL/6J and Irf7” mice, and was more
sensitive to type | interferon. All JEV isolates showed robust cytopathic infection of human
cortical brain organoids, albeit lower for JEV nswi22. We also show that Imojev vaccination in
humans induced neutralizing antibodies against JEV nswi22, With the level of cross-neutralisation

related to the conservation in envelope protein amino acid sequences for each isolate.

I nter pretation

Our study establishes JEV nswi22 mouse models of infection, allowing for possible lethal
neuroinvasive infection that was rarer than for other JEV genotypes. JEV vaccination regimens
may afford protection against this newly emerged JEV genotype 4 strain, although neutralizing

antibody responses are sub-optimal.
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81  Researchin context
82
83  Evidence before the study
84  JEV fromthe historically rare genotype 4 recently emerged in Australia, causing an
85  unprecedented outbreak, with 44 human cases and 7 fatalities. While arange of JEV mouse
86  models have been reported, none of them infect adult mice with a genotype 4 isolate. The
87  efficacy of current vaccines for this JEV genotype are also unclear.
88
89  Added value of thisstudy
90 We establish well characterised adult and subcutaneously infected mouse models for JEV which
91  recapitulate many aspects of human disease including lethal neuroinvasive infection and severe
92  histopathological lesions. Prolonged viremia was significantly associated with lethal
93  neuroinvasivenessin Irf7” mice. We demonstrate that a genotype 4 Australian isolate,
94  JEVNswize, exhibited markedly diminished lethal neuroinvasion compared to other JEV
95  genotypes. Using serum from Imojev vaccine recipients, neutralizing antibodies against
96  JEVNswizeWere present, albeit at sub-optimal titers.
97
98 Implications of all the available evidence
99  The establishment of well characterised adult mouse models of JEV nswiz2 With rare
100  neuropenetrance after peripheral inoculation that recapitulate human disease is an important tool
101 that can now be deployed in pre-clinical studies and to understand disease pathogenesis. Our
102  study suggests that new vaccines should be developed against circulating JEV strains for optimal
103 neutralizing antibody responses.
104
105
106
107

108
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110
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112 Introduction

113 Japanese Encephalitis virus (JEV) isasingle-stranded positive-sense RNA virus from the

114  Flaviviridae family that is transmitted from amplifying hosts (primarily pigs and wading birds)
115  viamosquitoes to humans (1). While infection isusually asymptomatic, encephalitis can

116  develop in=1in 250 people, with ~30% of encephalitic cases becoming fatal, and 30-50% of
117  non-fatal encephalitic cases retaining persistent neurological symptoms including seizures,

118  speech impediments and paralysis (2, 3). JEV istheleading cause of viral encephalitisin Asia,
119  with ~70,000 cases and ~20,000 deaths per annum (4). After abite from an infected mosquito,
120  JEV replicatesin peripheral blood monocytes producing a viremiathat, in some cases, leads to
121 viruscrossing the blood brain barrier (5). JEV primarily infects neuronsin the brain (6) leading
122 touncontrolled inflammation (encephalitis) and neuronal cell death (2). There are several

123  available and effective vaccines against JEV (7), but there are no specific licensed treatments.
124 JEV exists as five genotypes (1 to 5) which are phylogenetically, antigenically and

125  geographically distinct (8-10). Genotype 3 was the main genotype endemic in Asiauntil 1990,
126  after which genotype | has dominated since (11). Genotype 2 has been identified in Malaysia,
127  Indonesia, Papua New Guinea and Australian outbreaks from 1970-2000. Genotype 5 has been
128  identified in China, and is now dominant in South Korea (12). Genotype 4 was the |east

129  common genotype worldwide, having only been identified in mosquitoes from Indonesia and
130  Papua New Guinea (13). In February 2021, afatal JEV infection occurred on the Tiwi Islands,
131 80 km off the coast of Darwin, Australia (14). Sequencing identified that the virus belonged to
132 thehistorically rare JEV genotype 4 (14). In 2022, a geographically widespread outbreak

133 throughout most Australian states was attributed to JEV genotype 4, which caused 44 confirmed
134  human cases and 7 deaths (15). Outbreaks occurred in several piggeries, causing high abortion
135  and stillbirth ratesin sows (16). Based on proximity to piggeries, estimates indicate that

136  ~740,000 people may be at risk of being infected by JEV in Australia (16). Given that Culex
137  annulirostris mosquitoes, considered the primary vector for JEV in Australia (15, 16), and

138  amplifying vertebrate hosts including wading birds and pigs are widespread, it is possible that
139  JEV may become, or isalready, endemic in Australia (15). Murray Valley Encephalitis virus
140 (MVEV) and Kunjin virus are phylogenetically closely related to JEV and have similar vector
141 and reservoir hosts, and are endemic to Australia (17).

142 Efforts to develop treatments for JEV neuropathology are hindered by the difficultiesin
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143  diagnosing early infection (13) before the virus has infected central nervous system (CNS)

144  neurons; and once the virus has infected CNS neurons, treatments must also be able to

145  effectively enter the brain. While arange of JEV mouse models have been reported

146  (Supplementary Table 1) (18), there are no studies of genotype 4 in adult mice, with the only

147  study on genotype 4 JEV using 3-week-old mice (19). Well-characterized, adult mouse models
148  of recent genotype 4 isolates would represent useful tools to study mechanisms of infection and
149  disease and evaluate potential new interventions. Herein, we compare and contrast a JEV

150  genotype 4 isolate from the recent Australian outbreak (JEV nswi22) with historical JEV isolates
151  (genotypes 2 and 3) in three mouse strains, human cortical brain organoids and in vitro

152  neutralisation assays with human serum after JEV vaccination.

153

154  Materialsand methods

155  Ethics statement and regulatory compliance

156  All mouse work was conducted in accordance with the “Australian code for the care and use of
157  animalsfor scientific purposes’ as defined by the National Health and Medical Research Council
158  of Australia. Mouse work was approved by the QIMR Berghofer Medical Research Ingtitute
159  (MRI) Animal Ethics Committee (P3746, A2108-612). Mice were euthanized using COs.

160 Breeding and use of GM mice was approved under a Notifiable Low Risk Dealing (NLRD)
161 ldentifier: NLRD_Suhrbier_Oct2020: NLRD 1.1(a). Use of Imojev was approved under
162  NLRD_Suhrbier_Oct2019: NLRD2.1(d).

163 All infectious JEV work was conducted in a dedicated suite in a biosafety level-3 (PC3)
164 facility at the QIMR Berghofer MRI (Australian Department of Agriculture, Water and the
165  Environment certification Q2326 and Office of the Gene Technology Regulator certification
166  3445). All work was approved by the QIMR Berghofer MRI Safety Committee (P3746).

167 Human serum samples before and after Imojev vaccination were collected from 9 participants
168  with human research ethics approval from Sydney Children’s Hospitals Network Human
169  Research Ethics Committee (2022/ETH02471 HCHNHREC) for an ongoing project led by Dr.
170  Nicholas Wood; “Japanese encephalitis vaccine via intradermal route in children and adults
171 (JEVID-2): Critical policy relevant research for Australia’.

172 Human serum samples after Imojev vaccination were also collected from 10 participants with
173 approva from QIMR Berghofer MRI Human Research Ethics Committee (P3476) provided for
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neutralisation assays (including MVEV cross-neutralisation).
Research with JEV were approved under the Queensland Biosecurity Act, Scientific Research
Permit (restricted matter) — Permit number PRID0O00916.

Cell linesand culture

Vero E6 (C1008, ECACC, Wiltshire, England; obtained via Sigma Aldrich, St. Louis, MO,
USA), BHK-21 (ATCC# CCL-10), and C6/36 cells (ATCC# CRL-1660) were cultured in
medium comprising RPMI 1640 (Gibco), supplemented with 10% fetal bovine serum (FBS),
penicillin (100C11U/ml)/streptomycin (1000 ug/ml) (Gibco/Life Technologies) and L-glutamine
(2 mM) (Life Technologies). Cellswere cultured at 37°C and 5% CO,. Cellswereroutinely
checked for mycoplasma (MycoAlert Mycoplasma Detection Kit MycoAlert, Lonza) and FBS
was assayed for endotoxin contamination before purchase (20).

Mouse embryonic fibroblasts (M EFs) were either wild type or Irf3/7" and have been
described previoudly (21). MEFs were cultured in Dulbecco’'s Modified Eagle Medium
(DMEM) (Gibco), supplemented with 50pg/ml Penicillin/50ug/ml Streptomycin and 10% Fetal
Bovine Serum (FBS). Cdllswere cultured at 37°C and 5% CO,. For virus growth kinetics,

M EFs were seeded at 2x10° cells/ml in 12 or 24 well plates one day prior to infection at
multiplicity of infection (MOI) 0.1 of the indicated JEV or MVEV. After 1 hr incubation, MEFs
were washed twice with 1 ml PBS, and culture medium was added and sampled daily for virus
titrations by CClIDso (See below).

RENcel VM Human Neural Progenitor Cell Line (Sigma Aldrich) were cultured in medium
comprising DMEM F-12 (Thermo Fisher Scientific), penicillin (1000 11U/ml)/streptomycin
(1001 Tpg/ml) (Gibco/Life Technologies), 20 ng/ml FGF (STEMCELL Technologies), 20 ng/ml
EGF (STEMCELL Technologies), and 2% B27 supplements (Thermo Fisher Scientific). Cells
were detached using StemPro Accutase Cell Dissociation Reagent (Thermo Fisher Scientific),
and were cultured in Matrigel (Sigma). For crystal violet staining of remaining cells after
infection, formaldehyde (7.5% wi/v)/crystal violet (0.05% wi/v) was added to wells overnight,
plates washed twice in water, and plates dried overnight.

Virusisolates and culture
JEV Nakayama (GenBank: EF571853), JEV gy (GenBank: AF217620), and Imojev were obtained
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205  from A/Prof. Gregor Devine (QIMR Berghofer MRI). JEVnswi22 (GenBank: OP904182) was a
206  gift from Dr. Peter Kirkland (Elizabeth Macarthur Agriculture Institute, New South Wales,

207 Australia). MVEVtciz23130 (GenBank: JN119814.1) was obtained from the “Doherty Virus

208  Coallection” currently held at QIMR Berghofer MRI. Virus stocks were generated by infection of
209  C6/36 cdls (for JEV and MVEV) or Vero E6 cdlls (for Imojev and YFV 17D) at multiplicity of
210 infection (MOI) =0.1, with supernatant collected after ~5 days, cell debris removed by

211 centrifugation at 3000 x g for 15 min at 4°C, and virus aliquoted and stored at -80°C. Virus

212 stocks used in these experiments underwent less than three passages in our laboratory, with prior
213 passage history in Supplementary Figure 1. Virustiters were determined using standard CCIDsg
214 assays (see below).

215

216  Validation of virus stock sequences

217 Viral RNA was extracted from virus stock culture supernatants using NucleoSpin RNA Virus kit
218 (Machery Nagel) as per manufacturer’ sinstructions. cDNA was synthesized using ProtoScipt
219  First Strand cDNA Synthesis Kit (New England Biolabs) as per manufacturer’ s instructions.

220 PCR was performed using Q5 High-Fidelity 2X Master Mix (New England Biolabs) as per

221  manufacturer’ sinstructions with the following primers; JEV envelope Forward 5’

222 GGAAGCATTGACACATGTGC 3 and Reverse 5" TCTGTGCACATACCATAGGTTGTG 3,
223 and MVEV envelope Forward 5 GAGCATTGACACATGCGCAAAG and Reverse 5

224 TGTGCACATCCCATAAGTGGTTC 3. PCR products were run on a 1% agarose gel and

225  DNA was extracted using Monarch DNA Gel Extraction Kit (New England Biolabs). DNA was
226 sequenced by Sanger sequencing using either the forward or reverse primer. Sequences of our
227  virus stocks matched the sequences on GenBank (Supplementary Figure 1).

228

229  CCIDsp assays

230  Vero E6 cells were plated into 96 well flat bottom plates at 2x10° cells per well in 100 pl of

231 medium. For tissuetitrations, tissues were homogenized in tubes each containing 4 ceramic

232 beadstwice at 6000 x g for 15 seconds, followed by centrifugation twice at 21,000 x g for 5 min
233 before5fold serial dilutionsin 100 pl RPMI 1640 supplemented with 2% FBS. For cell culture
234 supernatant or mouse serum, 10 fold serial dilutions were performed in 100 pl RPMI 1640

235  supplemented with 2% FBS. A volume of 100 pl of serially diluted samples were added to each
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well of 96 well plate containing Vero E6 cells and the plates cultured for 5-7 days at 37°C and
5% CO,. Thevirustiter was determined by the method of Spearman and Karber.

Mouseinfections

C57BL/6J mice were purchased from the Animal Resources Center, Canning Vale WA,
Australia. Ifnar”” were kindly provided by Dr P. Hertzog (Monash University, Melbourne,
Australia). Irf7" mice were kindly provided by T. Taniguchi (University of Tokyo) (22-24).
C57BL/6N mice were purchased from The Jackson Laboratory (stock no. 005304).
C57BL/6NIN"®12 \ere generated by The Australian Phenomics Network, Monash University,
Melbourne, Australia as described (25). Mice used in this study were female, except Irf7” mice
where both males and females were used. The age/age range at infection isindicated in the
figure legends. Mice were sorted into groups so that each group had a similar mean age and age
distribution, and in the case of 1rf7” mice, had equal numbers of males and females in each
group. All mice strains except C57BL/6J were bred in-house at QIMR Berghofer MRI, and mice
housing conditions were described previously (26). Mice were infected subcutaneously (s.c.) at
the base of the tail with 100 pl of virus inoculum (doses ranging from 5x10? to 5x10° as
indicated in the figure legends). Serum was collected viatail nicksin to Microvette Serum-Gel
500 ul blood collection tubes (Sarstedt, Numbrecht, Germany). Mice were weighed and
monitored for disease manifestations and were humanely euthanized using CO, based on a score
card system (Supplementary Figure 2B). At necropsy, brain and spleens were collected for virus

titrations by CCIDsp assays and/or for histology.

Histopathol ogy and immunohistochemistry

Brains and spleens were fixed in 10% formalin and embedded in paraffin. Human cortical brain
organoids were embedded in agarose by adding 4% melted agarose and incubating on ice to
solidify, prior to standard paraffin embedding. Sections were stained with H& E (Sigma Aldrich)
and slides were scanned using Aperio AT Turbo (Aperio, Vista, CA USA) and analyzed using
Aperio ImageScope software (L eicaBiosystems, Mt Waverley, Australia) (v10). Leukocyte
infiltrates were quantified by measuring nuclear (strong purple staining) / cytoplasmic (total red
staining) pixel ratiosin scanned H& E stained images, and was undertaken using Aperio Positive
Pixel Count Algorithm (Leica Biosystems) (27).
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267 For anti-flavivirus non-structural protein 1 (NS1) immunohistochemistry using 4G4, sections
268  were affixed to positively charged adhesive slides and air-dried overnight at 37°C. Sections

269  were dewaxed and rehydrated through xylol and descending graded alcohols to water. Sections
270  weretransferred to Dako Epitope Retrieval Solution (pH 9.0) and subjected to heat antigen

271 retrieval (100°C for 20 min) using the Biocare Medical de-cloaking chamber, and slides allowed
272 tocool for 20 minutes before transferring to TBS plus 0.025% Tween-20 (TBS-T). Endogenous
273 mouse Ig was blocked by incubating sections with donkey anti-mouse Fab fragments (Jackson
274  Immunoresearch) diluted 1:50 in Biocare Medical Rodent block M for 60 minutes. Sections

275  were washed threetimesin TBS-T, then incubated with anti-mouse Fc for 15 minutes, before a
276 further three washesin TBS-T. Nonspecific antibody binding was inhibited by incubation with
277  Biocare Medical Background Sniper with 1% BSA and 20% donkey serum and 20% goat serum
278  for 15 minutes. Primary antibody 4G4 (mouse anti-flavivirus NS1 (28-30)) was diluted 1in 4
279  with DaVinci Green diluent and applied to the sections overnight at room temperature. Sections
280  were washed threetimesin TBS-T and endogenous peroxidase was blocked by incubating slides
281  inBiocare Medical Peroxidased 1 for 5 minutes. Sections were washed threetimesin TBS-T
282  and Perkin Elmer Opa HRP Polymer or Perkin Elmer Goat anti-mouse HRP diluted 1:500 in
283  TBST was applied for 60 minutes. Sections were washed threetimesin TBS-T and signal

284  developed in Vector Nova Red for 5 minutes after which they were washed three timesin water.
285  Sectionswere lightly counterstained in Haematoxylin (program 7 Leica Autostainer), washed in
286  water, dehydrated through ascending graded acohols, cleared in xylene, and mounted using

287  DePeX or similar.

288 Apoptosis was detected using the ApopTag Peroxidase In Situ Apoptosis Detection Kit

289  (Merck Catalogue No. S7100) as per manufacturer’ sinstructions.

290 For anti-GFAP IHC, antigen retrieval was performed in 0.1M citric acid buffer (pH 6.0) at
291  1005°C for 20 min. Endogenous peroxidase activity was blocked using 1.0% H»0O, and 0.1%
292 sodium azidein TBSfor 10 min. Endogenous mouse Ig was blocked by incubating sections with
293  goat anti-mouse Fab fragments (Jackson Immunoresearch) diluted 1:50 in Biocare Medical

294  Mouseblock M for 60 minutes. Nonspecific antibody binding was inhibited by incubation with
295  Biocare Medical Background Sniper + 2% BSA for 30 min. Mouse anti-GFAP clone GA-5

296  (Biocare Medical, CM065C), was diluted 1:250 in the above buffer and incubated on sections for
297 1 hr at room temperature. After washes, Perkin EImer Goat anti-mouse HRP diluted 1:500 in
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298  TBST was applied for 60 minutes. Nova Red development and counter staining was performed
299  asfor 4G4 above.

300

301 Infection of human cortical brain organoids

302 hBOs were reprogrammed from adult dermal fibroblasts (HDFa, Gibco, C0135C) using the

303  CytoTune-iPS 2.0 Sendai Reprogramming Kit (Invitrogen, A16518) (31), and were grown using
304 the CeVivo Clinostar incubator (Invitro Technologies) as described (32). On the day of

305 infection, ~30-day-old hBOs were transferred from each Clinoreactor into an ultra-low-binding
306 24 well plate (one hBO per well), and each hBO was infected with 10° CCIDsg of either

307 JEVNakayama, JEVFu, JEVNswi22, MVEV 1ci23130, IMojev (33), or YFV 17D (30) for ~4 hrs. For
308  shorter term culture (up to 4 days for viral growth kinetics), virus inoculum was removed and
309 hBOs were washed twice with mediain the well, before 1 ml differentiation mediawas added to
310 each well and the 24 well plate was placed within a humidified tissue culture incubator at 37°C,
311 5% CO; for up to 4 days. For culture up to 11 dpi, hBOs were washed twice with media by

312  transferring them to an ultra-low-binding 6 well plate containing 5 ml of media, and then hBOs
313  weretransferred into 50 mm LUMOX gas exchange dishes (SARSTEDT) (4 organoids per dish)
314  containing 7 ml of differentiation media, and placed within a humidified tissue culture incubator
315 at 37°C, 5% CO, for up to 11 days. hBOs were imaged using an EVOS FL (Advanced

316  Microscopy Group), and organoid 2D image circumference was determined by drawing around
317  theedge of the organoid using Image Jv1.53 (34).

318

319  Human serum neutralisation assays

320  Cohort 1 is human serum samples from 9 participants (age >50 years), and were collected ~28
321  days (+ 2 days) after vaccination with the Imojev vaccine (Sanofi-Aventis Australia). Serum
322  wasalso collected pre-Imojev vaccination for these same participants for baseline analysis.

323 Cohort 2 is human serum samples from 10 participants (age range 24 to 60 years), collected at
324  variabletimes post-vaccination (~ 2 monthsto 1 year). Pre-vaccination serum was not collected
325  for Cohort 2. Neutralizing antibodies against Imojev, JEV nakayama: JEV Fu, JEV nswi22, @nd

326 MVEVrci23130 Were measured by plague reduction neutralization (PRNT) assay (35, 36). BHK-
327 21 cellswere seeded at 1.6x10° cells per well in 24 well plates overnight at 37°C. Serum

328  sampleswere heat-inactivated (56°C, 30 min) and serially diluted 4-fold from 1:5to 1:160 in
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329 BHK-21 cell culture media. Serum was then incubated with 100-110 pfu of Imojev, JEV nakayama,
330  JEVru, JEVNswiz2, and MVEV tcizzi30 for 1 h at 37°C. Serum plus virus mixtures were then

331 added to BHK-21 cell monolayers and incubated for 1 hr at 37°C to enable non-neutralized virus
332 toadsorbto cells. Thereafter, 1 ml of 0.375% w/v carboxymethyl cellulose (CMC, Sigma-

333  Aldrich)/RPMI 1640 was added, and the plates were incubated at 37°C in a CO, incubator for
334 3 daysfor JEVnaayama @nd 4 days for JEVnswiz2. The CMC medium was then removed, and the
335  cell monolayers were fixed and stained with 0.1% w/v crystal violet (Sigma-Aldrich) in

336 formaldehyde (1% v/v) and methanol (1% v/v). Plate wells were washed with tap water, dried
337 andthe plagues were counted. The PRNTs titer was interpolated from plague count compared
338  tothe average plague count for the naive or no serum control.

339  Envelope protein structure visualisations

340 JEV envelope protein structure was downloaded from the Protein Data Bank (PDB: 5WSN) (37).
341  Enveope structure visualisations were generated using PyMol Molecular Graphics System
342  (version 2.3.3; Schrodinger, NY, USA). Virus sequences were downloaded from GenBank (see
343  Supplementary Figure 1 for accession numbers) and aligned usng Mega X (Molecular
344  Evolutionary Genetics Analysis 10, Penn State University, State College, PA, USA) and the
345  ClustaW plugin with default parameters. Differences in amino acids compared to Imojev were
346  colored according to structural conservation as described (38).

347  Statistics

348  Statistical analyses of experimental data were performed using IBM SPSS Statistics for

349  Windows, Version 19.0 (IBM Corp., Armonk, NY, USA). Thet-test was used when the

350 differencein variances was <4, skewness was > -2 and kurtosis was <2. Otherwise, the non-

351  parametric Kolmogorov-Smirnov test or Mann-Whitney test was used. Paired t-test was used for
352  comparing neutralisation of different viruses with the same human serum sample. For matched
353  human serum samples, a paired non-parametric Wilcoxon matched-pairs signed rank test

354  (GraphPad Prism 8) was used since difference in variance was >4. Kaplan-Meier statistics were
355  determined by log-rank (Mantel-Cox) test. Area under the curve analyses were performed in

356  GraphPad Prism 8, with area under the curve values then compared by t-test. Correlation

357  analyses of PRNTs with envel ope conservation used the non-parametric Spearman’ s rank-order
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358  correlation.

359

360 Results

361  JEVnswiz2 infection produces a viremia but is not lethal in C57BL/6J mice

362  The JEVnswiz2 G4 virus was isolated from the brain of a stillborn piglet in New South Wales
363 (NSW), Australiain February 2022 (GenBank accession OP904182). The JEV nakayama gENOtypE
364 3 prototype was isolated in Japan in 1935 (GenBank accession EF571853), and the JEV gy

365  genotype 2 wasisolated in Australiain 1995 (39, 40) (GenBank accession AF217620). MVEV
366 wasisolated in Australiain 1974 (41) (MVEV tci23130, GenBank accession JIN119814). The

367 latter three viruses were isolated from human patients. Brief descriptions of the viral isolates and
368 their phylogenic relationships with other flaviviruses are provided in Supplementary Figure 1.
369 Six week old adult C57BL/6J mice were infected subcutaneously (s.c.) with 5x10° CCIDs, of
370 theaforementioned viruses. Viremiafor all four viruses were broadly similar, peaking 1 day
371 post infection (dpi) at 2-3 10g10CCIDso/ml of serum, with nearly all mice showing no detectable
372 viremiaby day 4 (Figure 1A-D). Infection appeared to stall weight gain for most mice until day
373  ~10(Figure 1E). Between 8to 12 dpi, four mice (2 infected with JEV nakayama, 1 JEVFy and 1
374  MVEVrci23130) out of thetotal of 24 mice showed weight loss >20% and were euthani zed

375  (Figure 1E, T). A further four mice (1 JEV nakayamas 2 JEVFu, 1 MVEV1c123130) 10st >5% of their
376  body weight, but subsequently recovered. None of the JEV nswi22 infected mice lost more than
377 ~3% of their body weight (Figure 1E). Kaplan-Meier survival curves provided no significant
378  differencesfor the different viral isolates (Figure 1F). Mice that were euthanized also displayed
379  varying levels of abnormal posture (hunching), reduced activity, and fur ruffling, on the day of
380 euthanasia (Supplementary Figure 2A). For the 4 mice that were euthanized (Figure 1E), these
381  mice had very high levels of brain infection (=8-9 10g10CCIDsy/mg) (Figure 1G). At the time of
382  euthanasia, vird titersin the spleen in these mice were below the level of detection (Figure 1G),
383  consistent with the viremia data.

384 We then infected six week old adult C57BL/6J mice with 5x10° CCIDs (s.c.) of the

385  aforementioned viruses to determine if reduced inoculation dose can increase viremia and

386  neuropenetrance, as has been reported previously (42). Compared to mice infected with 5x10°
387  CClDsy, viremiain miceinfected with 5x10% CCIDsy of virus was significantly higher at later
388  time pointsfor JEV nakayama (Figure 1A, day 2-3), JEV gy (Figure 1B, day 3-4), and MVEV tci23130
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389  (Figure 1D, day 2-3). For JEVnswi22, Viremiaat day 3 post infection was higher on average but
390 thisdid not reach statistical significance (Figure 1C). The viremiaarea under the curve was

391  significantly higher for JEV nakayama iNOCUlated with the lower dose (Figure 1A), but was not

392  sgnificantly different for the other viruses. This coincided with an increase in mortality for

393  JEVnNakayama iNOculated at the lower dose, but not for the other viruses (Figure 1H-1). Viral titers
394 inthebrains or spleens of mice that succumbed to infection were not significantly different

395  between inoculum doses (Figure 1G). JEV nswi22 had a significantly lower viremia compared to
396  JEVNakayama @nd JEVry (Figure 1J), consistent with significantly lower mortality compared with
397 JEVNakayama (Figure 11), with no C57BL/6J mice infected with JEV nswi22 sSuccumbing to infection
398 (Figure1F and1). Overall, thissuggests that JEV nswi22 Was significantly less virulent in

399 C57BL/6Jmice.

400

401  C57BL/6J miceinfected with JEV or MVEYV led to viral neuroinvasion, apoptosis and reactive
402  astrogliosis

403  Thebrains of C57BL/6J mice wereanalysed by immunohistochemistry (IHC) using the pan-

404  flavivirus anti-NS1 antibody (4G4). This antibody detects the viral non-structural protein 1,

405  whichisahighly conserved multi-functional protein important for flavivirus replication (43).

406  Staining was consistently seen in the cortex for JEV and MVEV infected mice, with staining also
407  seeninthethalamus (Figure 2A, Supplementary Figure 3A-C). Prevailing infection of the

408  cerebral cortex and thalamus parallels IHC data from post-mortem human brains (6, 44). In

409  some mice, virus was detected in other brain regions, including the hippocampus, anterior

410  olfactory nucleus (Figure 2A, JEV nakayama), @nd caudate putamen (Supplementary Figure 3B,

411 JEVry). A JEVg infected mouse that lost ~15% body weight and then recovered (Figure 1E)
412  had residual virus staining in the cortex at day 29 post infection (Supplementary Figure 3D),

413  whileamouse that survived infection with minimal weight loss had no detectable viral antigen
414  staining (Supplementary Figure 3E). As expected, 4G4 staining was associated primarily with
415  celsshowing neuronal morphology (Figure 2A, Supplementary Figure 3D).

416 ApopTag staining was evident in areas that were positive for virus staining, particularly in the
417  cortex, and was again associated with cells showing neuronal morphology (Figure 2B and

418  Supplementary Figure 4A-C). Apoptotic cells were also evident in the mouse that showed ~15%
419  body weight loss and recovered (Supplementary Figure 4D). Mice with signs of disease from
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420 JEV or MVEV infection (Supplementary Figure 2) thus showed high levels of viral antigen and
421  apoptosisin the brain. In addition, like in humans, animals can recover from brain infection,
422  despite apoptotic damage, although neurological sequelae may ensue.

423 Astrocytes are atype of glial cell that provides physical and chemical support to neurons.
424  Astrocytes become activated (reactive astrogliosis) in response to brain pathology, including
425  from JEV infection (45-47). Reactive astrocytes are characterized by the upregulated expression
426  of glial fibrillary acidic protein (GFAP) and the growth/extension of cellular processes (48).
427  Brainsfrom mice with signs of disease from JEV or MVEV infection (Supplementary Figure 2)
428  had sgnificant upregulation of GFAP positive astrocytes throughout the brain, including the
429  heavily infected areas of the cortex, thalamus and anterior olfactory nucleus (Figure 2C,

430  Supplementary Figure5). GFAP is congtitutively expressed in astrocytes of the hippocampus,
431  corpus callosum, and cerebral peduncle (49), consistent with staining seen in uninfected brains
432  (Figure 2D, right). Widespread reactive astrogliosis is thus a feature of lethal JEV and MVEV
433  encephalitisin C57BL/6J mice.

434 JEVnswiz islessvirulent than JEVyakayama and JEVey in 1rf77 mice

435  C57BL/6Jmice had arelatively low viremia and low penetrance of lethal brain infection for

436  JEVNswizz (Figure 1). A model with a higher penetrance of brain infection is clearly desirable,
437  given encephalitisisthe key clinical concern for JEV infections. Interferon regulatory factor 7
438 knockout (Irf7”" mice) were thus chosen as these mice enhanced neuroinvasion for WNV (50), as
439  wadll asanother arbovirus (24). Wefirst sought to optimize the inoculation dose for JEV nswi22 in
440  1rf7”" mice by comparing 5x10°, 5x10% 5x10° and 5x10 CCIDs,. Theinoculation dose of 5x10°
441  CCIDsp provided the highest viremia area under the curve, which was significantly higher than
442 5x10* and 5x10° CClDs, inoculation doses (Figure 3A). The highest infection dose (5x10°) led
443  tothe highest peak viremia on day 1 post infection, but was cleared significantly more quickly
444  than lower infection doses (Figure 3A, p=0.004). Our data agrees with the concept of an

445  ‘optimal dose' that is not too high asto excessively stimulate type-l IFN, but is high enough to
446  establish arobust viremia (42). One mouse infected with 5x10% CCIDs JEV nswiz2 Succumbed to
447  infection (Figure 3C-D), while all other mice survived infection. An inoculation dose of 5x10°

448  CClDspwas thus chosen to compare JEV and MVEV strainsin Irf7” mice.
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449 JEV nswi22, JEV Nakayama @Nd JEV gy infection of | rf7"" mice (dose 5x10° CClDs) resulted in
450  robust viremias, while MVEV1ci23130 Viremiawas significantly lower than JEV (Figure 3B,

451  p<0.0001). JEVnswiz2 had asignificantly lower viremia (area under the curve) compared to

452 JEVgy (Figure 3E, p=0.004). Infection of Irf7” mice with the different JEV isolates and MVEV
453  (n=14 mice per group, n=56 total infected mice) illustrated a mean weight loss of 5-10% for

454  surviving mice across al four groups (Figure 3C), with the exception of 20 mice that reached
455  ethically defined end points for weight loss and/or disease manifestations (Supplementary Figure
456 6). Kaplan-Meier curvesillustrated significantly higher survival for Irf7” mice infected with
457  JEVNswiz2 Of MVEV1c123130 When compared with JEV Nakayama @nd JEV ry, With only 1/14

458  JEVnswizz OF MVEV 1123130 infected 1177~ mice requiring euthanasia (Figure 3D). These data are
459  consistent with the significantly lower viremias of JEV nswiz2 and MV EVciza150 infected 1177
460 mice (Figure 3B). On average, mice that succumbed to infection had a more robust viremia

461  (Figure. 3E), further implicating a higher viremiain ahigher chance of lethal neuropenetrance in
462 1rf7" mice.

463 Brain titersin euthanized Irf7” mice were ~4-9 log;0CClDso/gram, while spleen titers were
464  <2-510010CCIDso/g (Figure 3F). IHC staining for viral antigen confirmed JEV infection in the
465  brainsof Irf7”" mice, with reduced levels of staini ng reflecting lower brain titers (Figure 3G-H,
466  Supplementary Figure 7). Vira antigen staining was consistently present in the cortex, with

467  staining also seen in the medulla, thalamus, and hippocampus (Figure 3G-H, Supplementary

468  Figure7). Brain regions showing ApopTag staining broadly overlapped with staining for viral
469  antigen (Figure 3G-H). Reactive astrogliosis was aso evident (Supplementary Figure 5).

470  Overall, this suggests that JEV infection of Irf7”" mice produced a consistent viremia, with mice
471 showing brain infection and apoptotic damage.

472

473 JEVnswi2 and JEVey are more sensitive to type | |FN compared to JEVNakayama @and

474  MVEVrci23130

475 Viremiaand survival were compared between C57BL/6J and Irf7”” mouse strainsinfected with
476 5x10° CClIDs virus to determine whether differencesin viremia may be associated with the

477  differencesin viral neuropenetrance and survival. Areaunder the curve analyses showed a

478  significantly increased/prolonged viremiain Irf7” mice compared to C57BL/6J mice for all JEV

479  strains (Figure 4A-C). However, MVEVci23130 Viremiawas not significantly improved in Irf7™"
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480 mice (Figure4D). Kaplan-Meer survival curves indicated that JEVry had asignificantly

481  increased mortality in Irf7”" mice compared to C57BL/6J mice (Figure 4F), while there was no
482  significant difference between mouse strains for the other viruses (Figure 4E, G-H).

483 Differences in sensitivity to type | IFN between virus strains may explain the different

484  outcomesin C57BL/6J versus Irf7” mice. To examinetype | IFN sensitivity in the absence of in
485  Vivo adaptive immune responses, mouse embryonic fibroblasts (M EFs) with (wild-type) and

486  without (Irf3/7") functional type | IFN production were infected with JEV Nakayama, JEV Fu,

487  JEVNswizz and MVEVrcizziz. In wild-type MEFs, JEV gy and JEV nswiz2 had significantly lower
488  virusreplication kinetics compared to JEV Nakayama @Nd MV EV tci23130 (Figure 4l). In Irf3/7"

489  MEFs, the differencein replication between virus strains was diminished, with JEV gy not

490  significantly different to JEV nakayama (Figure 4J). This suggests that JEV ry and JEV nswize Were
491  more sensitiveto type | IFN compared to JEV nakayama @Nd MV EV rc123130, CONSistent with an

492 increasein mortality in Irf7” mice (partially defective type | IFN responses) compared to

493  C57BL/6J micefor JEV gy and JEV nswi22 but not for JEV Nakayama OF MV EV 1c123130.

494

495  Ifnar’” miceare amodel of lethal JEV viremia without neuroinvasion

496  AsJEVnswiz2 did not lead to fatal neuroinvasion in C57BL/6J mice, and fatal neuroinvasion in
497  Irf7" micewasrare, type | interferon receptor knockout (Ifnar”") mice were evaluated. Ifnar”
498  mice have been used extensively in studies of pathogenic flaviviruses such as Zika virus (ZIKV),
499  West Nilevirus (WNV), and Yéellow fever virus (YFV), and generally provide arobust viremia
500 and alethal outcome (21, 29, 30, 51). Adult Ifnar” mice were infected with 5x10° CCIDs, of
501  JEVNakayama, JEVFu, JEVNswiz2, OF MVEV 1123130 Vias.C. injection. A robust viremia devel oped,
502  reaching 6-8 10g;0CCIDso/ml of serum by 2 dpi (Figure 5A). JEV nswi22 infected mice had =2 log
503  lower viremia compared to JEV nakayama aNd JEV ey 0N 3 dpi (Figure 5A). Mice displayed arapid
504 lossof body weight, which was slightly delayed for JEV nswi22 and MV EV tci23130 @ 2 dpi

505  (Figure 5B), requiring euthanasia 2/3 dpi (Figure 5C). Mice infected with any of the JEV strains
506  alsodisplayed varying levels of abnormal posture (hunching), reduced activity, and fur ruffling
507  (Supplementary Figure 8A).

508 Consistent with the robust viremia (Figure 5A), spleen tissue titers reached ~6-9

509 10g;0CCIDsy/g at 2-3 dpi (Figure 5D). Similar levels were seen in brains (Figure 5E); however,
510 4G4 staining illustrated that brain cells were not infected (Figure 5F). Viremiaand brain titers
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511  correlated strongly (Supplementary Figure 8B), arguing that the brain titers (Figure 5E) likely
512  arose from virusin the blood vessels of the brain. Interestingly, anti-flavivirus NS1 antibody
513  staining was clearly present in blood vessels (Figure 5G,H), with extracdlular JEV NS1 also
514  foundin serum of JEV patients (52). Secreted NS1 from JEV infected cellsis reported to

515 increase vascular leakage and may contribute to mortality (53), although overt vascular |eakage
516  of NS1 was not evident in IHC, with lack of type I IFN signalling potentially involved (54, 55).
517  Neither apoptosis (Supplementary Figure 8C), nor significantly increased staining for reactive
518  astrocytes (Supplementary Figure 5, Ifnar™) were apparent for brains of JEV-infected Ifnar™
519 mice. Therefore, Ifnar” miceinfected with JEV or MVEV represent amodel of lethal viremia
520  without viral neuroinvasion.

521

522 JEV causes severe histological lesionsin C57BL/6J and I rf7” mouse brains

523 H&E staining of JEV infected mouse brains revealed a series of histopathological lesions,

524  predominantly neuronal degeneration with pyknotic nuclei (often associated with apoptosis),

525  neuronal vacuolation, perivascular cuffing, leukocyte infiltrates, hemorrhage, meningitis and
526 microgliosis (Figure 6A). IHC for the microglial marker, Ibal, confirmed the presence of

527 microgliosis (Figure 6B).

528 The presence of H& E lesions were scored for the different JEV isolates and mouse strains
529  (Supplementary Figure 9). C57BL/6Jand Irf7’" mice that wereeuthanized at the time when viral
530 neuroinvasion led to the criteriafor humane euthanasia being met (full score cards provided in
531  Supplementary Figure 2 and 7) had a broadly similar incidence of the aforementioned lesions,
532 whereas only hemorrhage was seen in Ifnar”” mice (Supplementary Figure 9, Acute). Leukocyte
533 infiltration was quantified by calculating the ratio of nuclear/cytoplasmic staining, as leukocytes
534  have ahigher ratio of nuclear to cytoplasmic staining (27). This confirmed that C57BL/6J and
535  Irf7” mice that succumbed to infection had significantly increased leukocyte infiltrates

536  (Supplementary Figure 9B). For C57BL/6Jand Irf7’" mice that survived and were euthanized
537 later (nominally chronic phase), only hemorrhage was consistently observed (Supplementary
538  Figure9, Chronic).

539 Lesionsin C57BL/6J and Irf7” mouse brains were associated with areas of high virus

540 infection, most prominently in the cortex (Supplementary Figure 10); however, lesions were also

541  foundin other areas of the brain including where there was minimal viral antigen staining
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542  (Supplementary Figure 11A). Some mice that lost >8% body weight and then recovered had
543  persistent lesions detectable at the latest time point ssmpled (up to day 32 for C57BL/6J and day
544 21 for Irf7”) (Supplementary Figure 11B), consistent with persistent neurological sequelagin
545  humansthat survive infection. Micethat did not lose any body weight did not show any overt
546  brain lesionsat the later time points, indicating that brain infection causing weight lossis

547  associated with persistent lesions.

548 Overall, thelesionsin C57BL/6J and Irf7” mouse brains are consistent with H& E detectable
549  lesionsin post-mortem human JEV infected brains (6, 45, 56-58). To provide additional

550 potential insights into the nature of the cellular infiltrates (e.g. perivascular cuffing and leukocyte
551 infiltrates, Figure 6), immune cell type abundance estimates were obtained from reanalyzed (59)
552  publically available JEV-infected mouse brain RNA-Seq expression data (60) using

553  SpatialDecon (61). The dominant cell typesidentified were CD4 T cells, NKT cdlls,

554  monocytes/macrophages, neutrophils, innate lymphoid cells, T regs, and CD8 T cdlls, with an
555 increasein microgliacells aso identified (Supplementary Figure 12). GFAP was significantly
556  up-regulated 5.4 fold by infection (Supplementary Table 3, 1og,FC 2.4), consistent with the

557 GFAPIHC (Figure 2C) and reactive astrogliosis seen herein. 1bal (Aifl) was also significantly
558  up-regulated 5.5 fold (Supplementary Table 3, log,FC 2.5), consistent with the H&E and IHC
559  (Figure 6) and microgliosis observed in our study.

560

561  Productive replication of JEV in human cortical brain organoids

562  Human cortical brain organoids (hBOs) have been used to investigate the pathogenesis of

563  flaviviruses, including JEV and ZIKV (21, 62, 63). We generated ~30 day old hBOs from adult
564  human dermal fibroblast (HDFa) cells, growing the hBOs in a CelVivo Clinostar incubator as
565  described (32) (Figure 7A). hBOs were infected with 10° CCIDs, of the indicated JEV and

566 MVEV isolates, aswell as(i) the Imojev chimeric virus vaccine (previously called ChimeriVax-
567 JE) comprising the prME genes of the attenuated JEV sa14-14-2 Strain on the YFV 17D backbone
568 (33, 64) and (ii) the Yellow Fever live attenuated vaccine strain (YFV 17D) (30), with wild-type
569  YFV infection (65), and occasionaly YFV 17D vaccination (66), able to cause neuropathology.
570 hBOswerefixed in formalin 4 dpi and IHC undertaken using the anti-NS1 monoclonal antibody
571 4G4 (30). JEV Nakayama iNfected hBOs showed the most pronounced viral antigen staining, with
572 JEVNswizz, JEVEy and MVEV tci23130 @S0 showing clear staining (Figure 7B). Viral antigen was
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573  primarily localized to the outer surface of the organoids (Figure 7B), where cells are in direct
574  contact with the culture medium. Viral antigen staining for Imojev and YFV 17D infected hBOs
575  was also seen, but was sparse (Figure 7B and Supplementary Figure 13A).

576 All viruses were able to productively infect hBOs, with JEV nakayama iNfECtion generating

577  higher viral titers than Imojev at all time points (Figure 7C, p<0.001). By 96 h JEV nacayama titers
578  werealso significantly higher than those seen for JEV nswiz2 (Figure 7C).

579 Over 11 days, uninfected hBOs grew in circumference by ~20% (Figure 7D, Uninfected).

580 hBOsinfected with JEV isolates shrank in circumference by ~5% to 15% by 11 dpi, although
581  when compared with uninfected organoids, this only approached significance for JEV nswi22

582  (Figure 7D; Supplementary Figure 13B-C). hBOs infected with MVEV rci23130, IMojev and YFV
583 17D infected hBO did not shrink significantly when compared with uninfected controls, although
584  the MVEV1ci23130 data suggested a marginal reduction in circumference (Figure 7C;

585  Supplementary Figure 13C). These data (Figure 7D) reflect differencesin viral replication

586  (Figure 7C) and/or viral protein immunohistochemistry (Figure 7B) and likely reflect virus-

587  induced CPE.

588 All viruses replicated productively in a human neural progenitor cell line, RENcell VM, with
589  all viruses except Imojev causing fulminant CPE (Supplementary Figure 14A,B). Although

590 Vero E6 cellsarewidely used for flavivirus research, CPE induced by JEV nswiz2 Was

591  considerably less pronounced in these cells (Supplementary Figure 14C).

592

593  Human post Imojev-vaccination sera neutralizes JEV and MVEYV with titersrelated to

594  envelope protein amino acid conservation

595 Imojev isone of two JEV vaccines availablein Australia. The Imojev prME genes are derived
596 from the genotype 3 JEV sa14.14-2 (33, 64) strain, which was attenuated via extensive in vitro and
597 inVvivo passaging (Supplementary Figure 1). Most flavivirus neutralizing antibodies recognize
598  epitopes on the envelope protein, particularly in the putative receptor binding domain 111 (67).
599  JEV Nakayama aNd the JEV sa14.14-2 cOmponent of the Imojev vaccine both belong to genotype 3, but
600  JEV Nakayama has 96.8% envelope protein amino acid identity to Imojev (Figure 8A). JEV gy has
601  96.4% envelope protein identity, while JEV nswi22 has drifted further from the genotype 2 and 3
602  strainswith 93.4% envelope protein identity (Figure 8A). MV EV rci23130, Which isthe closest
603  phylogenetically related flavivirusto JEV (Supplementary Figure 1B), has 80.4% envelope


https://doi.org/10.1101/2023.04.26.538504
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538504; this version posted October 12, 2023. 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-ND 4.0 International license.

604  amino acid identity (Figure 1A). Alignment of the envelope amino acid differences for these
605  strains compared to Imojev reveal that a disproportionate number of the non-conservative

606  changeswerein domain Ill (Figure 8A).

607 Serum neutralizing antibodies post-vaccination is currently viewed as the best measurable
608  correlate of vaccine protection for JEV (68). To determineif the Australian outbreak genotype 4
609  JEVnswizz IS neutralized by antibodies produced in response to Imojev vaccination, serum was
610  taken from two human cohorts. Cohort 1 was serum collected from individuals at approximately
611 28 days post-vaccination, while cohort 2 serum was collected at variable times post-vaccination
612 (2 monthsto 1 year). Ethical approvalsfor cohort 1 serum allowed for neutralisation assays
613  against the Imojev vaccine itself, JEV nakayama, JEV ru, and JEV nswi22 (Figure 8B), while ethical
614  approval for cohort 2 additionally allowed for neutralisation assays against MV EV tc123130

615  (Figure 8C). All serum samples from both cohorts had a measurable 50% neutralisation titer
616  (PRNTsp) titer against JEV nakayama, JEV ru, @nd JEV nswiz2 (Figure 8B-C), indicating that

617  seroconversion provided neutralizing antibodies that cross-react between JEV genotypes 2, 3 and
618 4. Incohort 1, PRNTSs titers were significantly lower against JEV yakayama 8nd JEV nswi22

619  compared to against Imojev (Figure 8A), suggesting key antigenic differences from the vaccine.
620  Incohort 2, PRNTSsg titers against JEV nakayama Were not significantly different compared to

621  Imojev, however PRNTs titers were significantly lower for JEV nswi22 (Figure 8C). Similar

622  conclusions were drawn when the raw percentage of plague neutralisation at a high serum

623  dilution (1:160) was compared between virus strains (Supplementary Figure 15). With PRNTs
624  datafrom both cohorts combined, the percentage amino acid identity of the envelope protein
625  compared to the Imojev vaccine significantly correlated with PRNTs titers (Figure 8D, black
626  line). The significance (p-value) and the correlation coefficient (rho), were similar when the
627  same analysis was conducted excluding the PRNTs, data for MV EV 1ci23130 (Figure 8D, brown
628 line). Overall, our dataindicates that Imojev vaccination provided neutralizing antibodies

629  against JEVnswiz2 in al individuals, but the level of cross-neutralisation were related to the

630  conservation in envelope protein amino acid sequences.

631

632  Discussion

633 Herein we provide a comprehensive in vivo and in vitro characterization of the genotype 4
634  JEVNswiz2 iSolate from the recent Australian outbreak, and illustrate mouse models of infection
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635  and rare CNS neuropathological manifestations that recapitulate many aspects of human and

636  primates disease (6, 44-47, 69). The capacity of JEV nswi22 t0 cause lethal neuroinvasive

637  infection in mice was significantly diminished compared to JEV nakayama @Nd JEV gy, with only
638  onelrf7” mouse succumbing to JEV nswizz infection out of 63 infected C57BL/6J or Irf7” mice.
639  Such rare lethal neuroinvasion recapitulates what is seen in humans, with approximately 1 in 750
640 infections causing fatality (2, 3). Serosurvey data, albeit limited, suggests the ratio of human

641  symptomatic to asymptomatic infectionsis not particularly different for JEV nswi22. T date 45
642  clinical cases have been notified for the recent outbreak in Australia (70), with serosurveysin
643  Victoria (n=820 participants) and New South Wales (NSW) (n=917 participants) reporting 3.3%
644  and 8.7% of participants as seropositive for JEV, respectively (71, 72). Although somewhat

645  dated, population data for the primary recruitment locations for the serosurveysis available from
646  Australian Bureau of Statistics 2016, with Victorian recruitment locations providing a population
647  total of 160,294 (Mildura, Lockington, Shepparton, Cobram, Y arrawonga, Rutherglen,

648  Wodonga, Wangaratta, Rochester), and NSW locations atotal of 68,431 (Balranald, Corowa,
649  Dubbo, Griffith, Temora). As[0.033 x 160,294] + [0.087 x 68,431] / 250 = 45, the serosurvey
650 datais consistent with the expected symptomatic to asymptomatic ratio of ~1 in 250 for JEV and
651  thus provides no compelling evidence for overt virulence differences for JEV nswiz2 in human

652  populations.

653 Our 11f7” mouse model of JEV nswi22 provides for a more robust viremia, and a slightly higher
654  chance of lethal neurcinvasive infection. Increased lethal neuro-penetrancein Irf7” mice was
655  associated with a prolonged viremia, possibly viaincreased inflammation-driven blood brain

656  barrier breakdown asaresult (5, 73). Theuse of Irf7” miceto increase lethal neurcinvasive

657  infection compared to C57BL/6J was only suitable for JEV gy and JEV nswi22. Thiswas likely
658  dueto higher sensitivity to type | IFN for these isolates, demonstrated using MEF cdlls,

659  compared to JEV Nakayama @Nd MVEV rci23130. The partially defective type | IFN responsesin Irf7°
660 ' mice (24) thus provides a benefit for JEV ry and JEV nswiz2 Neuro-penetrance, but not for

661  JEVNakayama Of MVEVtci23130. When type | IFN responses were completely defective (Ifnar”
662 miceand Irf3/7" MEFs), differences between virus replication and/or lethality were minimal.
663  Oveal, these results suggest that JEV nswi22 may be more sensitive to, or less able to suppress,
664  typel IFN responses. Inhibition of type | IFN responsesis mediated by NS5 for inhibition of
665 STAT2 and NS3 (74) and subgenomic flavivirus RNA (sSfRNA)/NS5 (21) for inhibition of
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666 ~ STATL. Although the latter likely operates for WNV in mice (75) and isinvolved in promoting
667  apoptosis (21), the efficiency of these systems during JEV infection of humans and mice remains
668  to bedetermined. sSFRNA isderived fromthe 3 UTR (21), where JEV nswi22 does show a small
669  number of nucleic acid changes, but which are unlikely to affect SSRNA production

670  (Supplementary Table 3). Mouse models of flavivirus pathogenesis frequently use Ifnar”” mice
671 (30, 76, 77) as flaviviruses often replicate poorly in wild-type mice as the ability of NS5 to

672  suppressthe antiviral type | IFN responses in humans often fails to operate in mice (78). We
673  show herein that Ifnar”™ mice are not a good model for JEV neuropathology, as they reach

674  ethically defined endpoints before brain infection can occur. However Ifnar”™ mice are a good
675 model of robust and lethal viremia, which may provide a useful and stringent model for vaccine
676  testing.

677 JEV nswizz does not contain known attenuating mutations that would explain its reduced

678  virulencein mice. There are9 amino acidsin the Imojev vaccine envelope gene that have been
679  associated with attenuated neurovirulence; F107, K138, V176, A177, G244, H264, M279, V315
680  and R439 (79-89). At these positions, JEV akayamas JEV Fu, JEV nswiz2, and MV EV 1123130 all

681  havethe same amino acids (L107, E138, T177, E244, Q264, K279, A315, and K439), except for
682  position 176 where JEV nakayama has T176, and JEV ry, JEV nswiz2, and MV EV 1c123130 have 1176
683  (Supplementary Table 3). JEV nswi22retainsE at position 138, and this amino acid has been

684 identified by several studies asa principa neurovirulence determinant (90-94), with arolein
685  neuronal cell binding hypothesized (37). YFV 17D hasavaline (V) at thisresidue, possibly
686  contributing to reduced neurovirulence (95). NS1 and NS2A have been implicated in

687  neuroinvasion, but not neurovirulence (88). Among the six changesin NS1 associated with

688  attenuation of neuroinvasiveness are R147H and R339M (88), of which H147 is present in both
689  JEV Nakayama @Nd JEV nswiz2, With K339 (a conserved substitution for R) present in JEV nswizz.

690  JEV non-structural protein 4B (N4B) alone can induce apoptosis and encephalitis (96),

691  however, NSAB iscompletely conserved between JEV naayama, JEV ru, and JEV nswiz2

692  (Supplementary Table 3). prM has been reported to influence neuroinvasiveness of ZIKV (76)
693  and JEV virulencein mice (97). JEVnswi22 has anumber of unique changesin prM

694  (Supplementary Table 3), although their functional implications remain unclear. JEV nswi22 also
695  hasan additional N-linked glycosylation site at position 175 in NS1 that is lacking in JEV nakayama
696  and JEVgy (Supplementary Table 3). However, this N-linked glycosylation site isreported to
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697  increase WNV neuroinvasiveness in wild-type mice (98, 99), atrend not seen in our JEV data
698  (Figure 1F). Thus JEV nswi22 Shows no obvious sequence characteristics that can be ready

699  associated with the reduced virulence in mice, and mutagenesi s experiments would be required
700  to fully understand these differences.

701 All human participants vaccinated with the Imojev vaccine induced neutralizing antibodies to
702 JEVNswrze, SUggesting that this vaccine, which isavailable in Australia, is likely to afford some
703  protection against Australian outbreak genotype 4 JEV. However, divergence of envelope

704  protein amino acid sequences from that of the Imojev vaccine affected the PRNT s titers,

705  athough it is unclear how this may translate to the impact on vaccine efficacy, especially given
706  that in vitro neutralisation assays do not capture the full range of protective mechanisms

707  mobilised in vivo (100). Nonetheless, this provides a strong rationale for development of

708  updated JEV vaccines that use antigen sequences from currently circulating JEV strains, such as
709  genotype 4 in Australia (14), genotype 5 in Republic of Korea (12), and genotype 1 in most other
710 areasof South East Asia (101). Imojev vaccination also produced neutralizing antibodies against
711 MVEVrci23130 Which is consistent with previous studies using other JEV vaccines (102, 103),
712 andisconsistent with cross-reactivity in serology-based diagnostic assays (13, 104). Thereis
713 also some evidence that JEV vaccination or infection provides partial cross-protection against
714  MVEV and vice versa (105-107).

715 Although one limitation of this study may be that JEV nswi22 Was isolated from a pig, there are
716  only 4 amino acid differences between thisisolate and a JEV G4 sequence from a human brain in
717  theTiwi Islands (Northern Territory, Australia) in 2021 (Genbank accession OM 867669 (14)).
718  Thedifferences are; envelope-238 Fvs. L, NS2A-71 1 vs. T, NS2B-59 E vs. G, NS3-436 E vs. G.
719 Inaddition, JEV nakayama Was passaged in suckling mouse brains, which may contribute to the

720  increased neuroinvasion in C57BL/6J mice, although the adaptive mutations acquired during

721  passaging, if any, are currently unknown. Furthermore, JEV gy has not been passaged in mice,
722 but was still more lethal than JEV Nakayama in 1177 mice. Use of C57BL/6J mice that lack a

723 functional nicotinamide nucleotide transhydrogenase (Nnt) may be another issue, as background
724  and Nnt are able to affect viral immunopathogenesis (25, 59). However, we found that neither
725  Nnt nor aC57BL/6N genetic background significantly impacted JEV replication or

726 immunopathology (Supplementary Figure 16).

727 In conclusion, we show that JEV nswi22 has reduced neuropenetrance in mice but retains
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728  capacity for rare lethal neuroinvasion, consstent with reported human fatalities in the 2022
729  Australian outbreak.
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1041 FIGURE LEGENDS

1042  Figurel. JEV and MVEV infection in C57BL/6J mice. (A-D) Female ~6 week old C57BL/6J
1043  micewereinfected s.c. with 5x10° (black lines) or 5x10° (red lines) CCIDs of theindicated
1044  viruses. Mean viremiafor n=6 per group over 5 daysis shown. Error bars represent standard
1045  error. All mice recorded a detectable viremiafor at least one timepoint. Limit of detectionis?2
1046  10g10CCIDso/ml of serum. Statistics represent t-test or Kolmogorov-Smirnov test at the indicated
1047  timepoint or for area under the curve (AUC) values (see methods section). (E) Percent body
1048  weight change of individual mice after infection with the indicated virus at 5x10° CCIDs

1049  compared to each mouse' s weight on day zero. Four mice lost >20% body weight and were
1050 euthanized (1). (F) Kaplan-Meier plot showing percent survival (n=6 for each virus/virusisolate
1051  inoculated at 5x10° CClIDs). (G) Viral tissuetitersin brains and spleens of seven euthanized
1052  mice at the time when the criteria for humane euthanasia was met (see Supplementary Figure 2)
1053  (n=4 JEV nakayama — black circles, n=2 JEV gy — blue square, n=1 MVEV rc123130 green downward
1054  triangle). Tissuetiters determined by CCIDsg assay (limit of detection ~2 10910CCIDso/g). (H)
1055  Percent body weight change of individual mice after infection with the indicated virus at 5x10°
1056  CCIDsocompared to each mouse' s weight on day zero. Six mice lost >20% body weight and
1057  wereeuthanized (1). (1) Kaplan-Meier plot showing percent survival (n=6 for each virus/virus
1058  isolate inoculated at 5x10° CCIDsg). (J) Viremiacomparing JEV nakayama (black circles), JEV gy
1059  (blue squares) JEV nswiz2 (red triangles) and MV EVc123130 (green downward triangles) at 5x10°
1060 inoculation dose; datais areanalysis of data presented in Figure 1A-D. Datais mean of n=6 per
1061  group and error bars represent standard error. Statistics are t-test for JEV nakayama VErsus

1062  JEVnswizz On day 2 and JEV gy versus JEV nswizz On day 3.

1063

1064 Figure2. IHC for viral antigen, apoptosis and reactive astrocytesin JEV infected

1065  C57BL/6J mouse brain. IHC of JEV nakayama infected brain (required euthanasia on 9 dpi, brain
1066  virustiter 9.2 10g10CCIDso/g), which is representative of all other C57BL/6J brains from infected
1067  mice requiring euthanasia (n=10). (A) Staining for flavivirus NS1 using the 4G4 monoclonal
1068  antibody. High magnification images show cells with neuronal morphology in the cortex (left)
1069  and hippocampus (right). The latter also shows staining of dendrites and axons (fibrilar patterns
1070  above and densely staining cells). 4G4 staining of brains of the other mice requiring euthanasia
1071 (marked by T in Figure 1E) is shown in Supplementary Figure 3. (B) ApopTag staining of the
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1072 samebrainasin‘A’. High magnification images show cells with neuronal morphology in the
1073 cortex (left) and apoptotic cells in the dentate gyrus (right). ApopTag staining of the brains of
1074  the other mice requiring euthanasiais shown in Supplementary Figure 4. (C) Staining for GFAP,
1075  amarker of reactive astrocytes, for the same brain asin ‘A’. High magnification images show a
1076  typical reactive astrocyte in the cortex (left) and reactive astrocytes in the thalamus (right).

1077  GFAP IHC for the brains of the other mice requiring euthanasiais shown in Supplementary
1078  Figure5. (D) IHC negative controls; uninfected mouse brain stained with 4G4 (left), ApopTag
1079  (middle), and anti-GFAP (right).

1080

1081  Figure3.JEV neuroinvasiveinfection in Irf7" mice. (A) Irf7” mice (15-48 weeks old) were
1082  infected s.c. with 5x10°, 5x10% 5x10° or 5x10? CCIDs of JEVnswiz2. Datais the mean of n=6
1083  per group and error bars represent standard error. Statistics are at-test of area under the curve
1084  for theindicated comparisons. (B) Irf7”" mice (15-48 weeks old) were infected s.c. with 5x10° of
1085 theindicated virus (n=8 for each virus). Statistics are a t-test of area under the curve for JEV gy
1086  versus JEVnswiz2 Of MVEV tciz23130. (C) Percent body weight change compared to O dpi. 20
1087  mice lost >20% body weight or reached a disease score that required euthanized (marked by 1)
1088  and are plotted individually. The weight change for the remaining mice are shown as means +
1089  SE. Dataisfrom three independent experiments, total n=14 mice per group. (D) Kaplan-Meier
1090  plot showing percent survival (n=14 per group, data from three independent experiments).

1091  Statistics by log-rank (Mantel-Cox) tests. Symbolsasfor C. (E) Viremiaof Irf7” mice

1092  averaged for mice with non-lethal outcomes (black circles, n=19), versus those with lethal

1093  outcomes (brown sguares, n=13). Statistics are comparing average viremiaof mice with lethal
1094  outcomes versus mice with non-lethal outcomes at each timepoint by t-test or Kolmogorov-
1095  Smirnov test. T-test of area under the curve values for this comparison is also shown. (F) Brain
1096  and spleen tissue titers for 13 euthanized mice at the time when the criteriafor humane

1097  euthanasiawas met (see Supplementary Figure 6) (n=5 JEV nakayama, N=6 JEV ru, N=1 JEV nswi22,
1098  n=1 MVEV1ci23130). Tissuetiters determined by CCIDs assay (limit of detection ~2

1099  10g;0CCIDso/g). (G) IHC of JEVnswi22 infected brain (euthanized on day 8, brain virustiter 6.3
1100  10g10CCIDso/g) using 4G4 monoclona antibody (top) or ApopTag (bottom). High magnification
1101  images of cortex (left) and medulla (right). (H) IHC using 4G4 (left) and ApopTag IHC (right)
1102 for the JEV nakayama INfected brain with the highest virus titer (euthanized on day 7, brain virus
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1103  titer 8.3 10g;0CCIDso/g). IHC images are representative of n=20 brains of mice that succumbed
1104  toinfection (some other examples shown in Supplementary Figure 8).

1105

1106  Figure4. Comparisons of viremia and survival between C57BL/6J versus Irf7” mice, and
1107  comparison of virusreplication in wild-type ver susrf3/7" mouse embryonic fibroblasts
1108 (MEFs). C57BL/6Jor Irf7”" mice were infected with 5x10° CClIDsp of JEV nakayama, JEV Fu,
1109  JEVnNswizz, Of MVEVtci23130. Data shown in panels A-H are are-analysis of data presented in
1110  Figure 1A-D, Figure 1l, Figure 3B, and Figure 3D. (A-D) Female ~6 week old C57BL/6J mice
1111 (black lines) or Irf7”" mice (red lines) were infected s.c. with 5x10° CCIDs, of the indicated
1112 viruses. Mean viremiafor n=6 C57BL/6J mice and n=8 Irf7”~ mice per group over 5 daysis
1113 shown. Error bars represent standard error. Limit of detection is 2 10g10CClIDsy/ml of serum.
1114  Statistics represent t-test or Kolmogorov-Smirnov test at the indicated timepoint or for area
1115  under the curve (AUC) values (see statistics methods section). (E-H) Kaplan-Meier plot

1116  showing percent survival for C57BL/6J mice (black line, n=6) and Irf7" mice (ref line, n=14)
1117  infected with 5x10° CCIDs, of theindicated virus. Statistics by log-rank (Mantel-Cox) tests. (1)
1118 Wild type or (J) Irf3/7"- MEFs were infected with JEV Nakayama (black circles), JEV gy (blue

1119  sguares), JEVnswiz2 (red triangles), or MV EV tci23130 (green downward triangles) at MOI 0.1.
1120  Virustiter in the culture supernatant was monitored over 4 days. Dataisthe mean two

1121 independent experiments with atotal of n=6 replicates per group. Error bars represent standard
1122  error. Statistics are by t-test or Kolmogorov-Smirnov test for the indicated comparisons.

1123

1124  Figure5. JEV and MVEYV lethal viremiain Ifnar’ mice. Female Ifnar” mice (9-24 week
1125  old) wereinfected s.c. with 5x10° CClDs of the indicated virus (n=4 for JEV Nakayama, JEV nswi22
1126  and MVEV 123130, and n=5 for JEV ). (A) Mean viremiadetermined by CCIDs assay (limit
1127  of detection 2 10g;0CCIDso/ml). Statistics by t-tests. (B) Mean percent body weight change
1128  compared to O dpi. Statistics 2 dpi JEV nswiz2 VErsus JEV nakayama (Kolmogorov-Smirnov test,
1129  p=0.023) and for JEV nswi22 Versus JEVry (t-test, p=0.008). (C) Kaplan-Meier plot showing
1130  percent survival. (D) Viral tissuetitersin spleens harvested at euthanasia (3 dpi for all mice
1131 except for 1 JEVy mouse at 2 dpi), determined by CCIDs assay (limit of detection ~2 logio
1132 CCIDso/g). (E) Virdl titersin brains harvested at euthanasia. (F) IHC staining for flavivirus NS1
1133 using the 4G4 monoclonal antibody. The brain shown was infected with JEV nakayama (titer 7.2
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log1l0 CCID50/g, 3 dpi). Staining was representative of al other JEV brains. (G, H) High
magnification images from F showing NS1 staining in blood vessels surrounding the pale grey,
biconcave shaped, red blood cells.

Figure6. Histological lesionsin brainsof JEV infected mice. (A) Examples of indicated
lesions stained with H& E. Degeneration of neurons indicated by (i) pyknotic nuclel (black
unfilled arrow heads indicating condensation and fragmentation of nuclel, staining dark blue),
and (ii) hyper-eosinophilic cytoplasm of degenerating neuronsin the cornus ammonis of the
hippocampus (area also staining for viral antigen Supplementary Figure 10). Neuronal
vacuolation indicated by fluid accumulation around the neurons (arrowheads). Perivascular
cuffing isindicated by leukocytes aggregating in blood vessels (arrowheads). Leukocyte
infiltrates (extravascular) are indicated by dashed ovals. Hemorrhagic lesions are indicated by
extravascular red blood cells (arrows). Microgliosisisindicated by accumulation of microglia,
which have an elongated rod-shaped nuclei (arrows). Meningitisisindicated by accumulation of
leukocytes around the meninges (arrowheads). Images of uninfected controls accompany each
image(s) of lesions. Histology scores for all mouse brains are shown in Supplementary Figure 9

and 10. (B) IHC using anti-lbal, amicroglial marker.

Figure 7. Infection of human cortical brain organoids (hBOs). (A) Photograph of “mini-
brains’ cultured in arotating CelVivo Clinostar incubator. (B) IHC of viral antigen (4G4) for
hBOsat 4 dpi. Images are representative of n=4 hBOs for each group. Magnified images of
gparse Imojev and YFV 17D infected cells are shown in Supplementary Figure 12A. (B) Viral
growth kinetics up to 4 dpi determined by CCIDs assays of culture supernatants at the indicated
hours post infection; limit of detection is 2 10910CCIDsy/ml. At al time points JEV Nakayama VS.
Imojev, and at 96 h JEV nakayama VS. JEV nswi22 Were significant (t tests, n=5 organoids per group).
(C) Mean percentage change in organoid area at 11 dpi vs. 9 dpi for each organoid (n=8 for
uninfected and MV EV 1c123130, Otherwise n=4). Statistics are by Kolmogorov-Smirnov test for

uninfected versus JEV nakayama, @Nd t-test for uninfected versus JEVry or JEV nswizz.

Figure 8. Human post | mojev-vaccination sera neutralizes JEV and MVEV with titers
related to envelope protein amino acid conser vation. (A) Envelope protein (domainsl|, I, I11
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1165 and STEM) amino acid sequences for Imojev, JEV nakayama, JEV Fu, JEV nswi22, and MV EV 1c123130
1166  (refer to Supplementary Figure 1 for GenBank accession numbers). Sequences for isolates were
1167  aligned using MEGA-X and the ClustalW plugin with default parameters. Colouring indicates
1168  amino acid category compared to Imojev (orange = unique to Imojev, purple = identical, blue =
1169  conservative amino acid difference, pink = non-conservative amino acid difference (38)).

1170  Crystal structure of JEV envelope (PDB: SWSN) with amino acid differences for JEV nakayama,
1171 JEVEy, JEVNswiz2, and MV EV 1¢123130 compared to Imojev coloured as described in the table.
1172 Percentages indicate percent sequence identity relative to Imojev. (B) Human serum taken at day
1173 0 and day 28 post-Imojev vaccination (n=9, cohort 1) was used in plaque reduction neutralisation
1174  assays against JEV nakayama, JEVru and JEV nswize, @nd the plague reduction neutralisation 50%
1175  titer (PRNTSsp) was calculated. Mean and standard error are shown. Statistics are paired t-test
1176  comparing Imojev with JEV nakayama OF JEV Nswiz2. (B) Human serum taken 2-12 months post-
1177  Imojev vaccination (n=10, cohort 2) was used in plague reduction neutralisation assays against
1178  JEV Nakayama, JEV U, JEV Nswize, and MV EV rci23130 and the plague reduction neutralisation 50%
1179  titer (PRNTSsp) was calculated. Mean and standard error are shown. Statistics are paired t-test
1180  comparing JEV nakayama With JEV nswize. (D) PRNTs titersin ‘B’ and ‘C’ plotted against

1181  percentage envelope protein amino acid identity in *A’. Curvefit is shown, and statistics

1182  calculated by Spearman correlation with p and rho values shown (black line represents all data,

1183  brown line excludes MV EV 1¢i123130 from analysis).
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A
Virus name GenBank JEV Isolation year Isolation source Passage history
accession Genotype
JEV Nakayama EF571853 3 1935 Human >11 x suckling mouse brain
cerebrospinal fluid
JEVg, AF217620 2 1995 Human C6/36 (unknown number)
serum
JEVNsw2022 OP904182 4 2022 Stillborn piglet 1 x C6/36
brain 1 x BHK-21
MVEV 123130 JN119814 N/A 1974 Human Unknown
brain
YFV 17D MT107250 N/A 1927 (Original Human serum 53 x monkeys
“Asibi” parent (Original “Asibi” 18 x embryonic mouse tissue
isolate) parent isolate) 50 x minced whole chicken
embryo
152 x nervous tissue deprived
chick embryo
Cor‘T]]EXﬁrg':t in 3 1954 m%ilel);itrgrl);\r/]:\e 100 x primary hamster kidney
'P MK585066 (Original SA-14 >d cells
Imojev (SAy,- arent isolate) (Original SA-14 22 x suckling mice
14-2 strain) P parent isolate) 9

Whole genome (nucleotide sequence)

JEV yakayama (EF571853.1)

prME (amino acid sequence)

Imojev (JEVga14.14.» (PrME; QCZ42158.1)

10 79
10 JEV¢, (AF217620.1) 93" JEV \akayama (ABQ52691.1)
97|LJEV,, (AAF73859.1)
99 JEV \swa002 (OP904182.1)
64 JEV yswaozs (UZY43901.1)
100 MVEV1c123130 (AFK12901.1)

Kunjin virus (KT934804.1)
W WNV
Nswaowr (0X123030.1)

ZIKV i (KU527068.1)

YFV 17D (MT107250.1)

Kunijin virus (ALK02501.1)
103

WNVswao11 (AFY22651.1)

ZIKV e (AMB18850.1)

0.10 100 Imojev (JEVga14.14.o PPIME+YFV 17D backbone) +—— YFV 17D (QPP12410.1)
. 0.10

Supplementary Figure 1. (A) Summary of virus isolates used in the study. (B) Phylogenetic
tree for whole genome nucleotide sequence (left) and prME amino acid sequence (right).
Phylogenetic trees were constructed after nucleotide or amino acid sequence alignment using
MEGA-X (Molecular Evolutionary Genetics Analysis 10, Penn State University, State
College, PA, USA) and the ClustalW plugin with default parameters. The phylogenetic tree
was constructed using the Maximum Likelihood method and the General Time Reversible
model (nucleotide sequence) or JTT matrix-based model (amino acid sequence). Whole
genome sequence is not available for MVEV¢;,3130- Whole genome sequence for Imojev
was constructed by combining the prME sequence from JEVgp14.14., With the remainder of
the genome from YFV 17D.


https://doi.org/10.1101/2023.04.26.538504
http://creativecommons.org/licenses/by-nd/4.0/

A (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 m

available under aGgyeR ;N 4.0 International license.
Activity JEV Nakayama JEV FU | MVEV score JEV Nakayama JEV FU | MVEV
Cgl Cgl Cgl Cgl Cgl Cgl|Cg2 Cg3|Cgl Cg4 Cgl Cgl Cgl Cgl Cgl Cgl|Cg2 Cg3|CglcCg4
Dpi #2 #6 #2 #3 #6 #4 | #1 #3 | #3 #1 Dpi #2 #6 #2 #3 #6 #4 | #1 #3 |#3 #1
oo o0 O O O o)JoOo OO o© oo 0 0O O O oJOoO OO O
10 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0 010 O
20 0 0 O O OO OO0 O 20 0 0 O O OO O0}JO0 O
3 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 010 O
40 0 O O O OJO OO © 40 0 0O O O OJO OO O
50 0 0 0 0 0 0 0 0 0 50 0 0 0 0 0 0 010 O
60 0 0 O O OfO OO0 O 60 0 0 O O OO 1|0 O
70 0 0 0 0 0 0 0 0 0 70 0 0 0 0 0 2 210 0
80 0 O O O O}l OO © 81 0 0 O O O0O}]3 3|2 0
9 1 0 1 1 0 0 0 1 1 9 3 0 1 1 0 0 3 1
10 0o 2 2 0 O 1 2 10 1 3 3 0 o0 3
11 1 0 0 1 11 3 1 0
12 2 0 12 3 0
13 1 13 2
14 2 14 3

Posture JEV Nakayama JEV FU | MVEV Fur ruffling JEV Nakayama JEV FU | MVEV
Cgl Cgl Cgl Cgl Cgl Cgl|Cg2 Cg3|Cgl Cg4 Cgl Cgl Cgl Cgl Cgl Cgl|Cg2 Cg3|CglCg4
Dpi #2 #6 #2 #3 #6 #4 |#1 #3 | #3 #1 Dpi #2 #6 #2 #3 #6 #4 | #1 #3 |#3 #1
00 0 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0]0 O
10 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0 010 O
20 0 0 0 0 0 0 0 0 0 20 0 0 0 0 0 0 0]0 O
30 0 0 0 0 0 0 0 0 0 30 0 0 0 0 0 0 0]0 O
4 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0]0 O
50 0 0 0 0 0 0 0 0 0 50 0 0 0 0 0 0 0 0 O
6 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0]0 O
7 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 O
8 0 0 0 0 0 0 1 0 0 0 8 0 0 0 0 0 0 0 0]0 O
9 1 0 1 1 0 0 0 1 1 9 1 0 0 0 0 0 0 1 0
10 0 1 1 0 0 1 1 10 0 0 0 0 0 0 0
11 1 0 0 1 11 0 0 0 1
12 1 0 12 0 0
13| 1 13| 0
14 2 14 3
B
L Score
Criteria 0 1 (mild) 2 (moderate) 3 (severe)
. . Slight to Mod?rate/pronounce Joint distortion or
Joint swelling Normal moderate swelling and/or isidit
swelling erythema riglatty
Injectllcm site No . Mild scaring Moderate ulceration | Severe ulceration
reaction reaction
Hunching noted Severej hun.ching, Wobb.ling,. unable
Posture Normal only at rest some impairment of | to maintain
normal movement upright posture
Mild to . Moderate
. Stationary unless )
Activity Normal moderately ) paralysis, 1 or
stimulated. .
decreased more limbs
F i Mild to
urr .|ng Normal moderate Severe ruffling Shivering
(fever sign) .
ruffling
Hind leg Normal Mild hind limb Moderate hind limb Severe hind limb
weakness weakness/very weakness and weakness/repeated
mild and/or occasional dragging of dragging of hind
occasional gait hind legs legs
alterations
Weight loss <10 % 10-15% 15-20% >20%

Supplementary Figure 2. Disease scores for the ten C57BL/6J mice that were
euthanized.

(A) For the mice shown in Fig. 1F and | that were euthanized, the disease scores are
shown. (B) The mice were monitored daily using the score card. Any animal reaching a
level of 3 in any single criteria were euthanized. If an animal reaches a grade of 2 in two
or more criteria the animal will be euthanized.
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Supplementary Figure 3. Viral antigen (NS1) staining in C57BL/6J mouse brains. IHC
using a pan-flavivirus NS1 monoclonal antibody (4G4). (A-C) The brains from the 3 other
C57BL/6J mice that required euthanasia in Fig. 1 (the fourth is shown in Fig. 2). (D) JEV,
infected C57BL/6J mice that lost ~15% body weight then recovered (from Fig. 1E). (E) A

representative image of a mouse brain where infection did not lead to significant weight loss.
(F) Uninfected control.
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Supplementary Figure 4. ApopTag staining in C57BI1/6J mouse brains. Staining for
apoptosis using Apoptag. (A-C) The brains from the 3 other C57BL/6J mice that required

euthanasia in Figure 1. (D) The JEV, infected C57BL/6J mice that lost ~15% body weight
then recovered (see Figure 1E). (E) Uninfected control.
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Supplementary Figure 5. GFAP

IHC for reactive astrocytes in
mouse brains. Staining for reactive
actrocyte using GFAP for the brains
from C57BL/6J, IRF7-- and
IFNAR-- mice that succumbed to the
indicated virus. Uninfected mouse
brains are also shown.
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Activity Nakayama NSW/22 FU MVEV
Cgl9# Cgl9# Cgl9# Cgl9# Cgll# Cgl2# Cgla# Cgla#
DpiCgl#1Cgl#2 Cgl#3Cg5#1 Cgl#1 Cg3#1Cgl#1Cgl#2| Cg2#1 1 2 3 4 1 1 1 2 Cg3#2Cg3#4lCgata
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 3 0 2 1 0 0 0 0 0 0
7 0 1 0 1 0 0 2 0 2 2 1 0 2 0 2 2 0
8 0 2 1 0 0 1 2 0 2 0
9 0 2 0 1 0
10 O 1 0
1 1 0
12 2 0
Posture Nakayama NSW/22 FU MVEV
Cgl9# Cglo# Cglo# Cgl9# Cgll# Cgl2# Cgld# Cgla#
DpiCg1#1Cgl#2 Cgl#3Cg5#1 Cgl#1Cg3#1Cgl#1Cgl#2| Cg2#1l 1 2 3 4 1 1 1 2 Cg3#2Cg3i#4|Cga#a
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 2 0 2 1 0 0 0 0 0 0
7 0 2 0 1 0 0 1 0 1 1 1 0 1 0 2 2 0
8 0 2 1 0 0 1 2 0 2 1
9 0 2 1 1 1
10 O 2 0
1 1 1
12 2 1
Weight loss
score Nakayama NSW/22 FU MVEV
Cgl# Cgl# Cgl# Cg5# Cgl# Cg3# Cgl# Cgl# Cgl9# Cgl9# Cgl9# Cgl9# Cgll# Cgl2# Cgla# Cgla# Cg3# Cg3#|Cga#
Dpi 1 2 3 1 1 1 1 2 | Cg2#1 1 2 3 4 1 1 1 2 2 4 4
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 1 0 0 3 0 0 0 1 0 1 2 0 0 0 1 0 0
7 0 2 0 2 0 1 2 0 3 2 2 1 2 0 3 2 1
8 0 1 3 1 2 3 3 1 3 1
9 0 3 3 2 1
10 O 3 2
1 2 2
12 3 3
Fur ruffling Nakayama NSW/22 FU MVEV
Cgl# Cgl# Cgl# Cg5# Cgl# Cg3# Cgl# Cgl# Cgl9# Cgl9# Cgl9# Cgl9# Cgll# Cgl2# Cgla# Cgla# Cg3# Cg3#|Coa#
Dpi 1 2 3 1 1 1 1 2 | Cg2#1 1 2 3 4 1 1 1 2 2 4 4
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0
7 0 2 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0
8 0 1 1 1 0 1 1 0 1 0
9 0 3 1 1 0
10 O 2 0
1 0 0
12 0 0

Supplementary Figure 6. Disease scores for IRF7-/- mice that were euthanized.
Mice described in Figure 3C, D. Scoring system shown in Supplementary Figure 2B.
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Supplementary Figure 7. Viral antigen staining in IRF77- mouse brains. IHC using a
pan-flavivirus NS1 monoclonal antibody (4G4) for the brains from 2 other IRF7-- mice
that required euthanasia (Figure 3). Low levels of staining of neurons were found in the
JEV \akayama Infected mice that had a low virus titer in the brain (3.9 log,,CCIDs,/g) (left).
Black arrowheads show small patches of staining in the cortex, hippocampus and
thalamus (right).
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Activity FU Nakayama NSW/22 MVEV 123130 %
Cga# Cgd# Cgatt Cgat Cglit|Cga# Cg5# CgSH Cg5H|Ca3# Cg3# Cg3# Cg3#|Cg3# Cg3# Cg3# Cg3t 3
Dpi 1 2 3 4 1[1 1 2 3 | 1 2 3 a4 | 1 2 3 4 a 7 °
00 0 0o 0 0|0 0 O OO O 0 O0]O O 0 O Q
10 0 0 0 1{1 0 0 0|0 O O O[O O 0 O 03
21 1 1 1 2|1 0 o of1 1 1 1|0 0 0 O o)
32 2 2 22 2 2 2|2 2 2 2|1 1 2 1 L 6
5
Posture FU Nakayama NSW/22 MVEV; 153130 ; P
Cgait Cgdtt Cghlt Cga#t Cglii|cg2# g5 Cgsi Cg5#|Cg3# Cg3# Cg3# Cg3#|Cgl# Cgl# Cgl# Cgl#t 2 5. R2=0.78
Dpi 1 2 3 4 1|1 1 2 3|1 2 3 4|1 2 3 4 S
0o o 0o 0o ofl0O 0 O O[O O O O[O O 0 O = ° p<0.0001
10 o 0o 0o o|/o o o o|0O O O 0[O0 0 0 O I
21 1 1 1 1)1 1 1 oflo 0o 0 0|1 0 0 O o 4
32 2 2 2> 2 2 2|2 2 2 2|2 2 1 2 T T T T T 1

4 5 6 7 8 9 10

Fur ruffling FU Nakayama NSW/22 MVEV, 153130 Viremia (log,,CCIDgy/ml)
Cg4tt Cga#t Cga# Cgatt Cgl#|Ca2# Cg5# Cg5# CgS#|Cg3# Cg3# Cg3# Cg3#|Cgl# Cgl# Cgl# Cgl#

Dpi 1 2 3 4 1|1 1 2 3|1 2 3 4|1 2 3 4
00 o0 ofo o o ofo o o o0 0 0 o©
10 0 0 0o 0|0 0 0 0|0 O O OfO O 0 O
21 1 1 1 o0Jo o o ofl0 0O 0O OfO0O O 0O O
31 1 1 1Mo 1 1 1/l0 0o o o1 1 2 1

Weight loss score FU Nakayama NSW/22 MVEV;¢153130

Cgat Cga Cga# Cga# Cglii|Caa# Cash Cg5# CgSH|Ca3# Ca3# Cg3# Cg3#|Cal# Cgl# Cgl# Cal#
Dpil 2 3 4 1 P 1 2 3 @b 2 3 a4 |1 2 3 4

00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11 1 0 0 oflo 0o o 0|0 0 0 0[O0 0O 0 O
2 2 1 2 2 2 1 1 1 1 0 0 0 0 0 0 0 0
32 1 2 23 2 2 22 1 2 1|2 2 2 2
C JEVswi2e brain IFNAR”-mouse, 3 dpi, titer 6.6 log,, CCIDs/g
Anti-flavivirus NS1 ApopTag

Supplementary Figure 8. JEV and MVEYV infection of IFNAR”- mice. (A) Disease scores as
per Supplementary Figure 2B for mice shown in Figure 3. (B) Pearson correlation between
brain titer (y-axis) from Figure 3E and viremia (x-axis) from Figure 3A. (B) IHC for flavivirus
NS1 (left) or ApopTag (right) showing no detectable staining of brain cells. Images are
representative of all IFNAR”- brains and JEV isolates.
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A Acute (euthanized due to weight loss/disease scores)

Mouse C57BL/6J Irf7-- Ifnar--
RISVARIEI] NSW Nakayama FU NSW Nakayama FU NSW Nakayama FU
Euthanasia 9-14 dpi 8-12 dpi 8 dpi 7-12 dpi 6-10dpi 3 dpi 3 dpi 3 dpi

Neuronal
degeneration N/A 6/6 2/2 1/1 3/8 7/10 0/4 0/3 0/4
/vacuolation
Perivascular ;o 6/6 212 1/1 8/8 1010  0/4 0/3 0/4
cuffing
Hemorrhage N/A 5/6 1/2 0/1 5/8 6/10 3/4 2/3 2/4
Leukocyte —\n 5/6 212 1/1 1/8 310  0/4 0/3 0/4
infiltrates
Microgliosis ~ N/A 6/6 2/2 1/1 5/8 7/10 0/4 0/3 0/4
Meningitis N/A 6/6 2/2 1/1 6/8 8/10 0/4 0/3 0/3
B C . .
Chronic (euthanized after recovery from acute phase)
0.207 Mouse C57BL/6J Irf7+
p=0.004 .
S 1|1 ——-: JEV isolate NSW  Nakayama FU NSW  Nakayama FU
S & 0.15
ko) ;' SNGEWENEY 32 dpi 32dpi  32dpi 19-21dpi 19-21 dpi 19-21 dpi
g g
3 £0.107 Neuronal
55 degeneration 0/6 0/4 0/5 0/13 0/6 0/4
Q£ . /vacuolation
5 €005
xS i
Z Pervascular 16 0/4 15 213 5/6 1/4
0.00- g
,@o\"p @0@6 Hemorrhage 3/6 2/4 1/5 5/13 5/6 1/4

& A}

O Leukocyte g 0/4 15 013 0/6 0/4
infiltrates

Microgliosis 0/6 0/4 2/5 2/13 5/6 2/4

Meningitis 0/6 0/4 0/5 1/13 0/6 1/4

Supplementary Figure 9. Lesion presence in H&E brain sections. A) Scoring for lesions
described in Figure 6 for mice with acute disease. H&E scoring of 0 indicates no overt
presence of these lesions. N/A — not available. B) Ratio of nuclear (blue/dark purple) to non-
nuclear (red) staining of H&E stained brain sections (a measure of leukocyte infiltration).
Data is the mean and standard error for n=30 infected and n=14 uninfected mouse brains from
C57BL/6J and Irf7--mice that succumbed to JEV or MVEV infection (Fig. 1F, 11 and 3D).
Statistics by t-test. C) As for *A’ but for mice that survived infection.
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Supplementary Figure 10. Histopathological lesions overlapped with areas of virus
infection. (A) Cortex regions from JEV infected C57BL/6J, IRF7--, IFNAR- mice or
uninfected mice. The cortex regions from JEV infected mice were heavily infected, with most
neurons stained positive for viral antigen. H&E detectable signs of neuron
degeneration/vacuolation were concentrated in regions with high staining for viral antigen. (B)
Viral antigen staining (left) in hippocampus overlapped with histological signs of neuron
degeneration/vacuolation (right) (see Figure 6).


https://doi.org/10.1101/2023.04.26.538504
http://creativecommons.org/licenses/by-nd/4.0/

(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 m
available under aCC-BY-ND 4.0 International license.

A IRF7/-and C57BL/6J mice (n=27) that were euthanized due to ethically defined disease end points

Neuron

degenerat.ion/ Pe::il:/;siﬁzlar Hemorrhage Ii‘rfflij::?;ig: Microgliosis
vacuolation

Cerebral cortex 17/27 20/27 8/27 8127 8/27
Hypothalamus 0/27 827 3/27 2127 727
Thalamus 0/27 16/27 2127 2127 9/27
Hippocampus 0/27 10/27 0/27 1/27 8127
Caudate putamen 1/27 16/27 1/27 5/27 727
Basal forebrain 0/27 12/27 2127 0/27 0/27
Midbrain 0/27 7127 1/27 0127 5127
Pons 0/27 6/27 6/27 1/27 1/27
Medulla 0/27 4127 0127 0/27 0/27
Cerebellum 0/27 6/27 1/27 0/27 0/27
olfa Qg‘:;gﬁ;leus 0/27 3/27 0/27 0/27 0/27
Ventral striatum 0/27 7127 0/27 0/27 0/27

B IRF77/-and C57BL/6J mice (n=38) that survived infection (taken on day 19-21 and day 32, respectively)

Ne“mr? Perivascular Leukocyte . .
degenerat-lon/ cuffing Hemorrhage infiltrates Microgliosis
vacuolation
Cerebral cortex 0/38 4/38 7/38 1/38 5/38
Hypothalamus 0/38 0/38 2/38 0/38 0/38
Thalamus 0/38 2/38 1/38 0/38 4/38
Hippocampus 0/38 0/38 0/38 0/38 0/38
Caudate putamen 0/38 4/38 0/38 0/38 5/38
Basal forebrain 0/38 1/38 5/38 0/38 0/38
Midbrain 0/38 0/38 0/38 0/38 2/38
Pons 0/38 0/38 3/38 0/38 1/38
Medulla 0/38 0/38 1/38 0/38 0/38
Cerebellum 0/38 1/38 2/38 0/38 0/38
olfa g‘;rt;ﬂzrcleus 0/38 0/38 1/38 0/38 0/38
Ventral striatum 0/38 0/38 2/38 0/38 1/38

Supplementary Figure 11. Histopathological lesions in specific brain regions for C57BL/6J and
IRF7-. Scoring only reflects presence or absence of lesions, and does not indicate severity of
lesions. (A) Acute (B) Chronic.
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Supplementary Figure 12. RNA-Seq read counts from brains of C57BL/6 JEV-
infected and mock-infected mice obtained from the Gene Expression Omnibus (GEO
accession: GSE154002) were normalised for sequencing depth and composition using
DESeq2. An estimation of cell type abundances was performed on normalised read
counts with the SpatialDecon package in R, using an adult mouse immune cell gene
expression reference (Yoshida et al. 2019. Cell 176; 897-912.e20). Log,, abundance
scores are shown for cell types that were significantly different between infected and
mock-infected groups (t-test, p-value < 0.05), with cell types ordered from largest to
smallest difference in mean abundance score between groups.
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Supplementary Fig. 13. Human cortical brain organoids measurements and
magnified virus staining. (A) Occasional cells staining positive for IHC for viral
antigen in hBOs infected with Imojev or YFV 17D. (B) Light microscopy images of
hBOs infected with JEV \aayamar JEVFus JIEVNswa0220 MVEV1¢123130, IMOjev or YFV
17D at day 0 and day 11 post infection compared to uninfected hBOs. Scale bar is
consistent across all images. (C) Change in hBO area on day 4, 7, 9 and 11 compared
to day 0. n=8 for uninfected and MVEV 1193130, N=4 for all others.
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Supplementary Figure 14. Replication and CPE in RENcell VM neural progenitor and
Vero EG6 cell lines. (A) Viral growth kinetics in RENcell VM determined by CCIDg, assays of
culture supernatant at the indicated times post infection. Data is the mean of 6 replicates per
virus isolate across 2 independent experiments; (limit of detection is 2 log,,CCIDg,/ml). (B)
Images of crystal violet stained RENcell VM at 6 dpi (representative of n=3 per group). Less
blue/violet stained cells indicates more viral CPE. (C) Vero cells were seeded at 2.5x10° cells
per well in 24 well plates overnight at 37°C. Cells were infected at MOI=0.05 for 1 hr at 37°C
before overlay media (0.375% w/v high viscosity carboxymethyl cellulose [CMC, Sigma-
Aldrich]/RPMI 1640 substituted with 2% FCS) was added to each well. Plates were incubated
for 5 days before the media was removed and monolayers were fixed and stained with 0.1%
wi/v crystal violet (Sigma-Aldrich) in formaldehyde (1% v/v) and methanol (1% v/v). Plates
were washed in tap water and dried before images were taken. Images shown are
representative of n=4 per group. CPE is less pronounced in JEV g, infected cells, with
plaques (arrows), rather than fulminant CPE, apparent at 5 dpi.
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Supplementary Fig. 15. Percentage neutralisation of JEV and MVEYV at serum
dilution 1:160. (A) Human serum from cohort 1 (n=9) taken taken pre-vaccination
(baseline) and day 28 post-Imojev vaccination was used in plaque reduction
neutralisation assays against Imojev, JEV \ayamas JEVnswizz and JEVgy. (B) Human
serum from cohort 2 (n=10) taken >2 months post-Imojev vaccination was used in
plaque reduction neutralisation assays against Imojev, JEV yyayamas JEV nswiz2 and
JEV, and MVEV ;53150 Individual data points in both A and B represent the mean
percentage neutralisation at serum dilution 1:160 from duplicate wells in PRNTg,
assay. The mean of all individuals (n=9 from cohort 1 and n=10 from cohort 2) and
standard error is shown. Statistics are by paired t-test.
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Supplementary Fig. 16. Neither mouse background nor Nnt significantly affected JEV
neuropathogenesis. Female C57BL/6J (10-16 weeks old ) (black circles), C57BL/6NJNnt--
(blue squares), and C57BL/6NJ (red triangles) mice were infected s.c. with 5x10% CCIDsg,
JEV Nakayama: (A) Average viremia as determined by CCIDs, assays; limit of detection for
individual mice is 2 log,,CCIDg,/ml. (B) Percent body weight change of individual mice
compared to their weight 0 dpi. Six mice lost >20% body weight and required euthanasia
(). (C) Kaplan Myer plot showing percent survival (n=6 for each mouse strain). (D) Viral
tissue titers in brains of the six euthanized mice (n=2 from each mouse strain). Tissue titers
determined by CCIDg, assays (limit of detection ~2 log,,CCIDs,/g). (E) Representative
images of H&E stained sections of brains from mice that required euthanasia. No overt
differences were identified between C57BL/6J, C57BL/6NJIN"- or C57BL/6NJ mice.
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