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Abstract: The emergence of Japanese encephalitis virus (JEV) in eastern Australia in 2022 caused
extensive reproductive disease in pigs and is a threat to public health. Groups of weaned piglets were
experimentally infected with the Australian outbreak strain of JEV (genotype 4). All pigs challenged
at 5 weeks of age were infected after an intradermal injection of 1 x 10> (n =4) or 1 x 10*5 TCIDs /pig
(n = 5). Intranasal instillation was less effective at this age, infecting 3/4 pigs with the same higher
dose and 1/5 with the lower dose. Intradermal injection using 1 x 10°? TCIDs,/pig also infected
9/9 pigs at 11 weeks of age. Infection in all cases was confirmed by qRT-PCR of blood samples, which
identified a viremia peak at 3—4 days and detected JEV-specific antibodies as early as 5 days after
the challenge. The detection of JEV in oral and nasal swabs and in saliva from chew ropes was less
consistent. JEV was detected in the tonsils of 21/22 infected pigs and was isolated from the tonsils of
9/9 pigs sampled 19 days after the challenge at 11 weeks of age. The infected pigs showed no clinical
signs other than pyrexia on Days 4-6. Histopathology consistent with JEV infection was evident in
the nervous tissues of all but two pigs sampled 28 days after the challenge and was characterized
by meningitis, encephalitis and gliosis throughout the brain. Serological studies showed extensive
cross-reactivity between JEV and Murray Valley encephalitis virus using blocking ELISAs. However,
the determination of limiting-dilution titres allowed for the identification of the infecting virus. This
in vivo infection model will be useful in evaluating JEV vaccines and for comparative pathogenesis
studies with other JEV genotypes.

Keywords: Japanese encephalitis virus genotype 4; viremia; serology; infection model; swine;
pathogenesis

1. Introduction

Japanese encephalitis virus (JEV) is a mosquito-borne (predominantly Culex spp.)
flavivirus that can cause fatal encephalitis in humans, with approximately 68,000 cases of
the disease occurring annually in China and Southeast Asia [1]. Pigs are an amplifying
host for JEV and the infection can cause reproductive and neurological disease in this
species [2,3]. Apart from two small transient incursions into remote Northern Australia [4],
JEV was considered exotic to mainland Australia before a large disease outbreak in early
2022 across Queensland, New South Wales, Victoria and South Australia [5]. This was
declared a ‘communicable disease incident of national significance’ in March 2022 until June
2023, with 42 cases of human disease including 7 fatalities associated with JEV genotype 4
(JEV G4) infection reported during this period [6].
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The incursion of JEV G4 into Eastern Australia caused large-scale economic and
welfare impacts, with the disease detected on more than 80 pig farms [7], prompting an
emergency animal disease response [8]. The disease caused extensive production losses
in NSW, with 60% of piggeries experiencing impacts on porcine foetuses and neonates
during the summer of 2021/2022 [9]. Most of the losses in pigs were due to abortions and
stillbirths, which were often associated with severe congenital abnormalities. Neurological
disease was sometimes observed in piglets soon after birth. Additionally, JEV can cause
orchitis in boars [10], resulting in reduced fertility due to poor semen quality or viability.
Apart from the reproductive impacts on boars, JEV infection does not frequently result
in clinical disease in healthy non-pregnant adult or growing pigs. However, subclinical
infections can occur and affected pigs may act as a reservoir for virus amplification which
has public health implications [11].

Previously considered exotic to Australia, it is now highly likely that JEV will become
endemic. Disease outbreaks and public health concerns will continue, particularly in large
pig populations where population turnover results in a large number of naive individuals
every year [12]. As a vector-borne flavivirus that is spread by mosquitoes, vaccines provide
a practical option for disease control. Vaccines are used extensively in pigs in Asia (espe-
cially Japan, Korea, Taiwan and China) where the virus is endemic [13,14]. In Australia,
there are major biosecurity impediments to vaccine importation, particularly attenuated
live virus vaccines for use in animals. Additionally, all vaccines used in animals are based
on genotype 3 whereas the virus that has entered Australia is a strain of genotype 4 [15].
While there is believed to be cross protection between vaccines produced against different
genotypes, this protection may not be optimal [16]. Our understanding of the epidemiology
and pathogenesis of JEV in pigs is predominantly informed by the dominant JEV genotypes
1 and 3, with limited data on JEV G4 which has only recently emerging as a pathogen of
pigs [5].

The objective of this study was to establish a reliable method for infecting pigs with
JEV G4 and to identify aspects of the virology that could be used as markers to assess the
efficacy of vaccines against this genotype. Data were also generated to assist the evaluation
of diagnostic tests and to guide approaches to ongoing surveillance for JEV transmission.

2. Materials and Methods
2.1. Source and Management of Pigs

Male, large white-landrace crossbred piglets were acquired at approximately 4 weeks
of age. They had previously had ear tags applied for individual identification and rou-
tine preventative health measures (iron injection, coccidiostat and porcine circovirus
2 vaccination). All piglets were the progeny of 10 gilts that had given negative results in
serological tests for JEV and related flaviviruses (Murray Valley encephalitis virus (MVEV)
and West Nile virus (WNV)). Further, each piglet was considered suitable for the trial
based on negative serology for JEV at the time of weaning (n = 63). A random selection of
27 piglets was recruited for this study, beginning October 2022 after 1 week of acclimation
in a biosecure accommodation.

Piglets were housed in small groups in biological containment level 2 indoor animal
housing with additional specific biosecurity measures for the containment of JEV and
personal protection. The rooms were fitted with raised wire mesh flooring and rubber
matting. Food and water were supplied ad libitum from multiple feeders and nipple
drinkers in each room. A commercial formulated pellet diet was supplied (Grolean weaner
pellets and pig grower pellets, Rivalea, Corowa Australia). The air temperature was
controlled by central air-handling, which was initially set at 30 °C for 4-week-old pigs and
reduced by 2 °C per week until 20 °C, where it was maintained for the remainder of the
trial. A heat lamp was provided until 10 weeks of age.

Animal trials were conducted with approval from the Elizabeth Macarthur Agriculture
Institute Animal Ethics Committee (Project ID 341) and Institutional Biosafety Committee
(Approval M22/07).
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2.2. Experiment Design

Two separate experiments were conducted using piglets challenged with JEV at 5 or
11 weeks of age. Piglets challenged at 5 weeks of age were divided into 4 treatment groups
to compare different routes of infection and doses (Table 1). The groups were as follows:
(i) intradermal injection of JEV with a higher dose (1 x 10 >° TCIDsq/pig, n = 4) or
(ii) lower dose (1 x 10 *> TCIDs,/ pig, n = 5), and (iii) intranasal instillation of the same
high and (iv) low doses of JEV (1 = 4 and 5 pigs, respectively). The pigs were housed in
separate rooms according to the route of JEV challenge but were not separated according
to the dose. For the second experiment, pigs were challenged at 11 weeks of age by
intradermal injection of 1 x 10> TCIDs/pig (1 = 9). The pigs that were not selected for
use in the JEV challenge studies were housed in different rooms under the same conditions
and served as controls without JEV infection challenge.

Table 1. Experiment design and infection outcomes in pigs challenged with Japanese encephalitis
virus genotype 4 at 5 or 11 weeks of age. The negative control pigs were not exposed to JEV and were
housed under the same management conditions but in a different room. Specimens were collected
from all pigs as indicated.

No. . Indicator of JEV Infection (n)
C}‘?ge at Challenge ~ Dose of JEV /¢ t04q/No. End-Trial Samples - 2 .1ca oo J precion .
allenge Method (TCID5/Pig) Challenged Day (n) Viraemia Tonsil? Seroconversion
Intradermal 1 x 10°3 4/4 10 (2),28 (2) Oral and nasal swabs 4 4(1/2) 4
1 x 10%5 5/5 10 (1), 28 (4) (Days 1-10) 5 4(2/4) 5
= EDTA blood (Days 1-10)
5 weeks Nasal 110~ 3/4 10(2), 28 (2) Serum (every 7 days) 3 3(1/1) 3
1 x 1045 1/5 10 (1), 28 (4) Oral fluid, tissues 1 1 1
None No JEV 0/9 n/t Serum (every 7 days) n/t n/t n/t
11 weeks Intradermal 1 x 10°9 9/9 19 (9) EDTA blood (Days 1-8, 9 9(9) 9
10, 12, 14), serum

Control - 0/9 23 (3) (every 7 days) 0 0 0

Oral fluid, tissues

2 gRT-PCR and virus isolation results for samples collected at the end of the trial. For 5-week challenge, VI was
limited to samples collected at 28 days that were positive according to qRT-PCR; results are VI positive/tested by
virus isolation. n/t: samples were not tested.

The outcomes of the JEV challenge were determined by veterinary observations of
pigs at least twice a day to identify clinical signs including daily measurements of rectal
temperature. Samples used for laboratory analysis to determine the outcome for JEV
infection were EDTA-treated whole blood collected daily for 10 days after the challenge
and serum samples were collected weekly for serology, including prior to the challenge.
Additionally, nasal and oropharyngeal swabs were collected daily for 10 days after the
challenge of the 5-week-old cohort using plain cotton tip swabs that were placed into viral
transport medium (phosphate-buffered gelatine saline containing antibiotics (PBGS)) [17].
Saliva samples were collected from oral chew ropes at various times after JEV infection had
been confirmed; the ropes were placed in the rooms for 15-20 min and processed according
to the manufacturer’s instructions (Tego swine oral fluids kit, ITL Biomedical, Reston,
VA, USA).

To compare the serological responses with those of natural JEV infection, serum
samples were also collected from a group of 20 pigs. These were introduced at 14 weeks of
age from a JEV-free farm to a farm where JEV transmission was occurring. These pigs were
sampled on the day of arrival and 26 and 35 days later. These serum samples were tested
in the JEV, MVEV and WNYV blocking antibody ELISAs.

2.3. JEV Infection Challenge

The current study used the Australian reference Japanese encephalitis virus isolate
O-883/NSW /22 which was characterized as genotype 4 (Genbank accession number:
OP904182). This virus was isolated from the brain of an aborted foetus collected on
24 February 2022 from a farm located at Corowa, NSW. A 10% (w/v) suspension of the
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brain was mechanically homogenized in serum-free cell culture medium containing antibi-
otics (M199, MP Biomedicals, Santa Ana, CA, USA). The homogenate was then clarified
by centrifugation at approximately 2000x g at 4 °C for 20 min and filtered through a
0.2 um filter before adsorption at 3 dilutions onto a mosquito cell line (Aedes albopictus,
clone C6/36), as described in Section 2.4.3.

Pigs were challenged with JEV by intradermal (i/d) injection or intranasal (i/n) instilla-
tion with 1 mL of diluted cell culture-derived JEV. The virus stock used for challenge (O908)
was obtained by one additional passage of the isolate O883 in C6/36 cells incubated at
30 °C in serum-free medium and aliquots were stored at —80 °C. The cell culture su-
pernatant was titrated in C6/36 cells with immunoperoxidase staining (described in
Section 2.4.3) to determine the 50% tissue culture infective dose (TCIDsp). The dose for ad-
ministration in a 1 mL volume was obtained by dilution in serum-free cell culture medium
immediately prior to use. The intradermal injections were performed using a 25-gauge
needle to deliver 0.25 mL in 4 locations (2 injection sites on each of the left and right lateral
flanks). For intranasal administration, a 3 mL syringe was used to instil 0.5 mL into each
nostril, after which, the snout was elevated for 60 s.

2.4. Laboratory Assays
2.4.1. Real-Time Reverse Transcription PCR (qRT-PCR)

Nucleic acids were extracted from 25 pL. of EDTA-treated blood or from 50 pL of
viral transport medium containing swabs or oral fluids using the MagMAX™ Viral RNA
Isolation Kit (ThermoFisher Scientific, Waltham, MA, USA) and a semi-automated magnetic
bead-based nucleic acid extraction system (KF96, ThermoFisher).

Testing for JEV RNA was performed using the universal JEV assay described by Shao
et al. [18] for the detection of a 63 bp target in the NS-1 gene. Briefly, 5 uL of extracted
nucleic acid was added to 20 pL of AgPath One-Step RT-PCR mastermix (ThermoFisher)
containing 300 nM of forward (5-GCCACCCAGGAGGTCCTT-3') and reverse primers (5'-
CCCCAAAACCGCAGGAAT-3') and 200 nM of a probe (5'-FAM-CAAGAGGTGGACGGCC-
MGB-3'). The assay was run for 45 cycles on an ABI 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA) using the cycling conditions recommended for the
mastermix. Fluorescent data (FAM and ROX) were analysed using the 7500 Software v2.3
with a fixed manual threshold (0.05). Positive and negative results were differentiated
based on examination of the normalized FAM amplification curve. To indicate the relative
quantity of JEV RNA, a cycle threshold value (Ct) was assigned to positive samples for
which amplification was detected within 40 cycles. The result was classified as inconclusive
for Ct values >40 and negative if there was no evidence of amplification at 45 cycles.

An in-house internal RNA control assay (XIPC) was added to the sample lysis buffer
during nucleic acid extraction [19] and was detected in a duplex reaction with the JEV
qRT-PCR to identify inhibition of the PCR reaction or reduced efficiency of the nucleic acid
extraction. When inhibition was detected, a new nucleic acid preparation was extracted
from 25 pL of the undiluted sample and from 50 pL of a 1/10 dilution of the sample.

2.4.2. Blocking ELISAs for Antibodies to JEV and Other Flaviviruses

Antibodies to JEV were detected with an in-house blocking ELISA (bELISA), previ-
ously described for West Nile Virus [20], with the following modifications: the antigen
used was inactivated purified recombinant Binjari virus virions which contained a JEV
PrME (pre-membrane and envelope protein) gene insert based on JEV genotype 3 [21].
The monoclonal antibody MAb 989 [22,23] was used to detect this antigen and blocking
by the test serum provided results that are expressed as the percentage inhibition (PI%)
relative to the reactivity of the negative control sample. A positive result was determined
as PI values > 60%, a negative result as a PI < 40%, and the other samples were consid-
ered inconclusive. A quantitative measure of the level of JEV antibodies in samples that
were positive at a 1/10 dilution was determined by testing a 2-fold dilution series starting
from 1/10 to identify the highest dilution that gave a PI > 40% in the bELISA. As a pilot
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study, oral fluid samples collected from ‘chew ropes” were diluted 1/5 and tested in the
JEV bELISA.

The pig sera were also tested for antibodies to the related Australian flaviviruses ac-
cording to previously described bELISAs for Murray Valley encephalitis virus (MVEV) [24]
and West Nile virus (WNV) [20].

2.4.3. JEV Virus Isolation, Amplification and Titration

Virus isolation was attempted on selected qRT-PCR positive samples to detect in-
fectious JEV. The mosquito cell line (Aedes albopictus, clone C6/36; ATCC number: CRL-
1660) was grown to approximately 80% confluence in cell culture tubes (Greiner Bio-One,
Kremsmiinster, Austria) and the growth medium was removed and replaced with 2 mL of
maintenance medium (M199 containing 1% foetal bovine serum and antibiotics). Samples
consisting of a 10% (w/v) homogenate of tissue in cell culture medium or undiluted swab
fluid or saliva obtained from chew ropes were filtered using a 0.2 pm filter. Subsequently,
200 pL of the sample was added to the culture tubes and the cultures were incubated at
30 °C. At the end of a 7-day incubation, passaging of the cultures was completed by scrap-
ing the cells into the medium and 100 pL of the culture medium and cell suspension were
adsorbed onto an 80% confluent monolayer of BHKj; cells. Evidence of virus replication
in either C6/36 cells or BHKj; cells was confirmed by a reduction in Ct values in the
JEV qRT-PCR assay. The culture supernatant was collected when there was evidence of
cytopathology involving more than 50% of the monolayer; the culture supernatant was
clarified by centrifugation and the virus was stored in 1 mL aliquots at —80 °C.

The JEV preparations used for infecting the pigs were titrated by inoculating C6/36
cells in 96-well plates with a series of 10-fold dilutions of the virus stock in cell culture
growth medium. As cytopathology was not usually observed in C6/36 cells, virus replica-
tion was detected by in situ immunoperoxidase staining [25] using mAb 989 to detect the
JEV PrM/E protein. Briefly, cells were fixed for 10 min by adding 3% formaldehyde and
0.1% NP-40 (ThermoFisher) and blocked with 5% skim milk powder in phosphate-buffered
saline (PBS). The mAb in 1% gelatine PBS was added for 90 min at 37 °C in a humid cham-
ber; after washing, the mAb was detected using peroxidase-conjugated rabbit antimouse
IgG (ThermoFisher).

2.5. Post-Mortem Examination and Histopathological Evaluation

A post-mortem examination was conducted on selected animals. Fresh and formalin-
fixed tissue samples were collected, including samples of all major organs including the
reproductive system and comprehensive sampling of the central nervous system (whole
brain and cervical, thoracic and lumbar spinal cord). Fresh tissues were stored at —80 °C
after the collection of tissue swabs to test for JEV RNA by qRT-PCR. Tissues were fixed in
10% neutral buffered formalin for histological processing and sectioning. Initially, 3 pigs
with confirmed JEV infection were euthanized for sampling 10 days after the challenge at
5 weeks of age. For euthanasia, intramuscular sedation with azaperone (Stresnil, Elanco,
Australia) was used, followed by intravenous administration of pentobarbitone sodium
(Lethabarb, Virbac, Sydney, Australia). Two pigs were selected from each of the high dose
groups and one pig from each of the low dose groups (Table 1). The remaining pigs that
had been challenged at 5 weeks of age were euthanized on Day 28 and those challenged at
11 weeks were sampled on Day 19.

Histological sections were prepared according to standard procedures, stained with
hematoxylin and eosin (HE), digitally scanned using an Olympus Slideview VS 200 scan-
ner, and visualized using Olyvia 4.1 software (Olympus, Tokyo, Japan). Brain sections
from all animals, including rostral, mid and caudal cerebral cortex, diencephalon, hip-
pocampus, midbrain, brainstem, cerebellum and cervical, thoracic and lumbar spinal cord
sections were examined. Lesions were described and a grading score (— (absent), + (mild),
++ (moderate), +++ (severe)) was given to each section, focusing on viral-mediated lesions



Microorganisms 2024, 12, 2163 6o0f 16

(i.e., inflammatory infiltrate, gliosis and necrosis). All remaining organs, including the
reproductive tissues, were also evaluated.

3. Results
3.1. Acquisition of Pigs and J[EV Inoculum

On arrival at the EMAI, the piglets weighed 7.27 £ 1.77 kg (mean and standard
deviation; range: 3.49-10.60 kg). All were considered healthy based on clinical examination
and veterinary supervision during acclimation. All piglets were confirmed to be free of
antibodies to JEV, MVEV and WNV at the start of the trial based on blood samples collected
after arrival. Additionally, weekly samples from the pigs held for challenge at 11 weeks
remained negative for antibodies to these flaviviruses prior to the challenge.

The titre of the prototype Australian isolate of JEV after passage in C6/36 cells
(0908) was 6.1 x 10° TCIDsy/mL. The titre of the diluted inoculums measured after
being held under the same conditions during the inoculation of the pigs was slightly
lower than the intended dose for pigs at 5 weeks (1 x 10°2 TCIDsy/mL (higher dose) and
1 x 10*! TCIDsy/mL (lower dose)) and as intended after challenging the pigs at 11 weeks
of age (1 x 10°>° TCIDsp/mL).

3.2. Clinical Observations

No signs of clinical disease were observed in any pigs challenged with JEV at 5 or
11 weeks of age. Pyrexia was detected in pigs infected with JEV between 3 and 6 days
after the challenge at 5 weeks of age (Figure 1a). Compared to the control pigs, the mean
temperature elevations were significantly higher on Days 3, 4 and 6. Pyrexia was also
detected starting from 4 days after the challenge at 11 weeks of age in 3/9 infected pigs
(>40.2 °C), although overall, there were no significant differences between infected pigs in
this age group and pigs that were not infected (Figure 1b).

40.2 * * * ; 40.2
Winfected ® Not infected m Infected ™ Not infected
40.0 40.0
39.8 —~ 39.8
e
T 396 v 39.6
S 2
[
5 394 s 394
® aQ
3 £
g 392 g 392
]

5 5
L 300 G 390
B &
o) 388
g 38.8 .

38.6 38.6

38.4 38.4

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 9 12 14
Days after JEV challenge Days after JEV challenge

(@) (b)

Figure 1. Rectal temperature of pigs measured daily after JEV challenge. Data are the mean and
standard deviation; significant differences between infected and uninfected pigs on each day are
indicated (p < 0.01) *. (a) Pigs challenged at 5 weeks of age were classified as infected or not
infected based on the composite outcome of all laboratory analyses. There were 13 pigs that were
infected by intradermal or intranasal challenge and 14 that were not infected (9 negative controls and
5 challenged by intranasal inoculation that showed no evidence of infection). (b) Pigs challenged at
11 weeks of age by intradermal injection were all infected (1 = 9). Whilst there were no significant
differences between infected and uninfected groups on any day, 3 of 9 infected pigs on Day 4 had
pyrexia (temperature > 40.0 °C).
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3.3. Onset and Duration of Viraemia

JEV RNA was detected by qRT-PCR in EDTA-treated blood of all pigs after the intra-
dermal challenge, commencing as early as 24 h after inoculation and continuing through to
Day 7 in one animal (Table 2). The duration of viraemia in individual pigs ranged between
2 and 6 days. For pigs infected by the intranasal route, viraemia was detected between
Days 4 and 9, with one exception. Virus isolation was not attempted on the positive blood
samples (the Ct values were generally high: 33.1 & 2.91).

Table 2. Detection of JEV RNA in EDTA-treated blood samples collected daily after challenge by
intradermal or intranasal administration. Positive qRT-PCR results are indicated by shading, data are
the Ct values for positive samples. Neg: negative, JEV RNA not detected.

Challenge Age at Doseof JEV Pig Day Day Day Day Day Day Day Day Day Day Day
Method Challenge  (TCID5(/Pig) No. 0 1 2 3 4 5 6 7 8 9 10
1 Neg Neg 342 356 344 357 Neg Neg Neg Neg Neg

2 Neg Neg 350 293 351 Neg Neg Neg Neg Neg Neg

1 x 1045 3 Neg 369 321 290 373 Neg 363 Neg Neg Neg Neg

4 Neg Neg 319 288 324 Neg Neg Neg Neg Neg Neg

5 weeks 5 Neg Neg 299 290 Neg Neg Neg Neg Neg Neg Neg

6 Neg 344 300 286 309 372 Neg Neg Neg Neg Neg

55 7 Neg Neg Neg 362 343 339 Neg Neg Neg Neg Neg

1x10 8 Neg Neg 320 302 334 Neg Neg Neg Neg Neg Neg

Intradermal 9 Neg Neg 321 281 308 361 Neg Neg Neg Neg Neg
10 Neg Neg Neg 31.0 329 346 Neg 36.6 Neg Neg Neg

11 Neg Neg Neg 36.0 329 370 Neg Neg Neg Neg Neg

12 Neg Neg Neg 352 331 367 Neg Neg Neg Neg Neg

13 Neg Neg Neg 337 350 Neg Neg Neg Neg Neg Neg

11 weeks 1 x 10°9 14 Neg 355 365 353 360 Neg Neg Neg Neg Neg Neg

15 Neg Neg Neg Neg 368 332 Neg Neg Neg Neg Neg

16 Neg Neg 348 303 332 Neg 366 Neg Neg Neg Neg

17 Neg Neg Neg 338 340 355 Neg Neg Neg Neg Neg

18 Neg Neg Neg 302 312 Neg Neg Neg Neg Neg Neg

19 Neg Neg Neg Neg 364 334 338 Neg Neg Neg Neg

20 Neg Neg Neg Neg Neg Neg Neg 294 Neg Neg Neg

1 x 10%5 21 Neg Neg Neg Neg Neg Neg 363 Neg Neg Neg Neg

22 Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg

Intranasal 5 weeks 23 Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg

24 Neg Neg Neg Neg Neg 313 280 Neg 362 Neg Neg

55 25 Neg Neg 31.0 278 Neg Neg Neg Neg Neg Neg Neg
1x10 26 Neg Neg Neg Neg Neg 313 290 3325 Neg 347 Neg
27 Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg

3.4. Detection of [EV RNA in Ante-Mortem and Post-Mortem Samples

Nasal swabs were not effective for the detection of infection, although 6/13 pigs
infected at 5 weeks returned at least one positive swab result during 10 days of daily
sampling. Oral swabs were more reliable with at least 1 positive sample obtained from
12/13 pigs that were infected at 5 weeks. Saliva samples from chew ropes demonstrated
that JEV RNA was present in the groups of challenged pigs after the viraemia had cleared
and they had seroconverted (Table 3). Antibodies to JEV were also detected in these saliva
samples. Virus isolation from the oral fluid samples that were positive for JEV RNA was
not successful.

At the time of the post-mortem examination, JEV RNA was detected by qRT-PCR
in the tonsils of all but one of the pigs that were shown to have been infected with JEV
(Table 4). JEV was isolated from the tonsils of four pigs that were infected during the
challenge at 5 weeks of age and from the tonsils of all the pigs challenged at 11 weeks
of age, when sampled 19 days after the challenge. Each of these pigs had seroconverted
14 days earlier and included a sample with a low virus load (Ct = 34.6). There was limited
detection of JEV by qRT-PCR in a broad range of other tissues collected at post-mortem,
with tests of swabs of tissues rather than tissue homogenates having reduced sensitivity.
There was a notable detection of JEV RNA in the prostate of one pig when sampled 19 days
after the challenge at 11 weeks of age (Table 4).
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Table 3. Tests for JEV in oral fluids from ‘chew ropes’ from groups of pigs challenged at 5 or
11 weeks of age. Data are the cycle threshold (Ct) values for samples that tested positive for JEV
RNA by qRT-PCR and the percentage inhibition (PI) in the JEV bELISA. n/t: not tested; Pos: positive;
Neg: negative; Inc: inconclusive.

Antibody ELISA
Age at Challenge Group Time (Days) qRT-PCR Result (Ct)
Result (PD)
17 36.6 Pos 74
18 Neg Pos 84
19 Neg Pos 84
. 20 35.9 Pos 84
5 weeks 12 piglets, 21 Neg Pos 87
7 infected 24 372 Pos 92
25 Neg Pos 88
26 Neg Pos 87
27 Neg Pos 86
4 355 n/t n/t
5 325 n/t n/t
6 32.6 n/t n/t
7 36.2 n/t n/t
. 8 36.8 n/t n/t
11 weeks 9 pigs, all 9 33.7 Pos 66
infected 10 Neg Pos 76
11 35.0 n/t n/t
12 Neg Pos 61
14 Neg Inc 52
21 Neg n/t n/t

Table 4. Detection of JEV RNA by qRT-PCR in tissues collected from infected pigs at postmortem
examination at various times after exposure to JEV. Data are the number of positive samples for
each tissue type and the range for Ct values. Negative results were not tabulated and were obtained
from all pigs from brain (cerebellum, cerebrum, diencephalon, olfactory bulb), spinal cord (thoracic,
lumbar), sciatic nerve, testis, bulbourethral gland, vesicular gland and skin samples.

No. of Lymph Node Spinal
Challenge Age at Days After Infected Tonsi Spl Thymus Kid
Chall hall Pi onsil pleen idney  Ileum . Sub- Cord—  Prostate
Method atlenge Challenge Exar:'lgi;ed Mesenteric Mandibular Cervical
Intradermal 5 weeks 10 E 3 0 0 1 0 1 0 0 0
28.0-29.7 - - 33.7 - 33.7 - - -
28 6 5 0 1 0 1 1 3 1 0
25.0-36.3 - 329 34.4 36.8 33.6-37.3 37.0 -
11 weeks 19 9 9 0 0 0 n/t n/t 2 1
26.3-34.6 - - - - - - 36.3-39.4 29.2
Intranasal 5 weeks 10 3 3 2 0 0 1 1 0 0 0
28.3-32.3  33.6-35.7 - - 36.5 333 - - -

2 JEV infection was defined as detection of viraemia (positive qRT-PCR) at any time from daily blood samples and
seroconversion. n/t—not tested.

3.5. Serological Response

The JEV specific serological response detected by bELISA had a rapid onset with
antibodies present 5 days after the intradermal challenge in all 18 pigs (Table 5). The
antibody response developed more slowly in four pigs that were infected by the intranasal
route, which was detected in all the pigs that seroconverted by Day 9. The strength of the
antibody response peaked 7 to 9 days after the challenge, with end-point titres as high
as 10,240 which then declined to a relatively stable level through to the end of the study.
Antibodies to JEV were also detected in oral fluid samples (Table 3).

The serial sampling from pigs up to 28 days after the challenge at 5 weeks of age
provided 28 samples, of which, 25% were reactors in the MVEV bELISA (one was positive
and six were inconclusive). In contrast, 58% (26/45) of all the serum samples collected
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to monitor the serological response of the pigs infected with JEV at 11 weeks of age were
reactors in the MVEV bELISA (9 were positive and 17 were inconclusive). The PI values
were consistently lower for the MVEV bELISA compared to the JEV assay, and the end-point
titres when titrated were markedly lower in the MVEV bELISA compared to the JEV assay,
which ranged from 10 to 320. No reactivity was detected in the WNV bELISA for any samples.

Table 5. JEV blocking ELISA results for determination of antibody titres in pigs at different times
after challenge. The titre was determined as the highest 2-fold dilution of the sample that gave a
result above the cut-off value (PI = 40%). Positive samples are indicated by shading with the titre
shown. negative samples: Neg.

Challenge Age at Doseof JEV  Pig Day Day Day Day Day Day Day Da;f Day Day Day
Method Challenge (TCIDs5o/Pig)  No. 0 3 5 6 7 8 9 10 14 19/21 28
1 Neg Neg 40 160 640 1280 1280 320a 640 640 640
2 Neg Neg 160 1280 5120 5120 2560 1280 1280 1280 1280
1 x 1045 3 Neg Neg 320 1280 10,24( 10,24C 5120 2560 2560 5120 2560
4 Neg Neg 80 640 2560 5120 5120 1280 NS NS NS
5 weeks 5 Neg Neg 320 1280 10,24C 5120 5120 5120 640 1280 2560
6 Neg Neg 320 1280 5120 2560 2560 640 NS NS NS
55 7 Neg Neg 20 160 1280 2560 2560 640 640 640 1280
1x10 8 Neg Neg 160 1280 5120 5120 2560 1280 NS NS NS
Intradermal 9 Neg Neg 320 1280 10,24C 5120 5120 1280 2560 2560 5120
10 Neg Neg 160 640 2560 NS 2560 1280 640 1280 NS
11 Neg Neg 20 80 640 NS 2560 1280 320 1280 NS
12 Neg Neg 80 320 1280 NS 1280 640 320 640 NS
13 Neg Neg 80 320 1280 NS 1280 640 160 320 NS
11 weeks 1 x 1050 14 Neg Neg 80 320 1280 NS 1280 1280 320 640 NS
15 Neg 10 40 40 320 NS 1280 1280 640 320 NS
16 Neg Neg 160 640 10,240 NS 10,24( 640 640 1280 NS
17 Neg Neg 80 320 1280 NS 1280 1280 320 640 NS
18 Neg Neg 21 80 640 NS 1280 640 320 640 NS
19 Neg Neg Neg Neg 10 80 640 2560 NS NS NS
20 Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg
1 x 1045 21 Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg
22 Neg Neg Neg Neg Neg Neg Neg Neg NS Neg Neg
Intranasal 5 weeks 23 Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg
24 Neg Neg Neg Neg Neg Neg 40 1280 NS NS NS
55 25 Neg Neg Neg 160 2560 5120 5120 10,240 NS NS NS
1 %10 26 Neg Neg Neg Neg Neg 10 40 1280 5120 1280 5120
27 Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg
2 Plasma from EDTA blood was used on Day 10; some pigs were euthanized on Day 10 and have no further
samples (NS).
To further evaluate cross-reactivity in the JEV and MVEV bELISAs, the samples from
pigs that were naturally exposed to JEV infection at 14 weeks old were tested (Table 6). All
20 were positive in the JEV bELISA when sampled 26 days from the potential time of exposure
while 60% reacted in the MVEV bELISA (five were positive and seven were inconclusive).
At Day 35, samples from the same pigs were again all positive in the JEV bELISA and 85%
reacted in the MVEV bELISA (7 were positive and 10 were inconclusive), although the titres
were higher for JEV (range: 320-2560) compared to MVEV (10-80).
Table 6. Comparison of the serological response in JEV and MVEV blocking ELISAs for pigs that
were naturally infected with JEV at 14 weeks of age. Data are the percentage inhibition (PI) at a
starting dilution of 1/10 with darker shading for a positive result (PI > 60%) and lighter shading
for an inconclusive result (PI 40-60%). The titre was determined for positive samples as the highest
2-fold dilution that gave a result above the cut-off value for a negative result (PI = 40%). All samples
were also tested in the WNV blocking ELISA with negative results.
Day 0 Day 26 Day 35
Pig No. JEV MVEV ~ MVEV JEV MVEV ~ MVEV JEV MVEV ~ MVEV
JEVPI Titre PI Titre JEV PI Titre PI Titre JEV PI Titre PI Titre
1 24.8 <10 6.5 <10 93.2 1280 65.1 20 95.0 1280 74.0 40
2 2.7 <10 —7.2 <10 84.3 640 36.5 <10 87.8 640 23.9 <10
3 29.6 <10 11.6 <10 87.9 1280 57.7 20 94.7 2560 49.0 10
4 —22 <10 —-1.1 <10 92.9 1280 61.1 20 95.0 2560 43.5 10
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Table 6. Cont.

Day 0 Day 26 Day 35
Pig No. JEV MVEV ~ MVEV JEV MVEV ~ MVEV JEV MVEV ~ MVEV
JEV PI Titre PI Titre JEV PL Titre PI Titre JEV P Titre PI Titre
5 3.3 <10 74 <10 92.8 640 39.3 <10 95.3 1280 56.3 10
6 -1.6 <10 244 <10 93.5 1280 23.8 <10 94.6 2560 41.8 10
7 1.2 <10 14.3 <10 86.6 640 29.5 <10 92.8 1280 15.8 <10
8 1.3 <10 73 <10 91.4 2560 84.1 80 94.4 2560 82.7 80
9 26.7 <10 —2.8 <10 92.5 320 30.0 <10 93.8 320 37.1 <10
10 21.2 <10 -0.2 <10 87.4 640 49.7 10 87.2 640 66.7 20
11 30.5 <10 —6.2 <10 88.3 320 38.6 <10 94.4 640 49.1 10
12 21.6 <10 —6.5 <10 90.7 1280 443 20 95.1 1280 40.3 10
13 16 <10 6.0 <10 93.9 640 55% 10 86.8 1280 75.0 40
14 —-1.6 <10 10.1 <10 92.8 1280 38.5 <10 95.0 1280 47.4 20
15 -1.1 <10 1.7 <10 93.2 2560 72.3 40 95.3 2560 66.8 40
16 —-3.2 <10 —29.8 <10 93.6 2560 50.7 10 94.7 2560 60.3 40
17 -0.4 <10 -7.1 <10 93.2 1280 79.4 40 95.2 2560 83.7 40
18 223 <10 —7.6 <10 93.1 640 24.8 <10 95.2 1280 51.3 20
19 19.4 <10 -20.1 <10 90.6 640 57.9 20 90.6 640 53.0 10
20 28.1 <10 -7.0 <10 92.1 1280 45.7 10 95.1 1280 57.7 20
3.6. Pathology
No gross abnormalities associated with JEV infection were observed on post-mortem
examination. Histological lesions suggestive of Japanese encephalitis were evident in the
nervous tissues of all but 2 pigs that were confirmed to be infected, including 4/6 when
sampled 28 days after challenge at 5 weeks of age and 9/9 that were sampled 19 days after
the challenge at 11 weeks of age (Table 7). Lesions including lymphoplasmacytic perivascular
cuffing (encephalitis), meningitis and gliosis were distributed predominantly throughout the
brain and occasionally in the spinal cord for samples taken several days after the viraemia
had cleared (Figure 2). Lesions suggestive of JEV infection were seen infrequently in other
tissues; one pig challenged at 11 weeks had a lymphoplasmacytic interstitial nephrosis and
another had lymphoplasmacytic and suppurative prostatitis (Figure 3).
Table 7. Classification and severity of histopathological changes in the brain and spinal cord of the
pigs that were confirmed to be experimentally infected with JEV. Data are (a) the severity of lesions
for individual pigs and (b) the severity average according to different anatomical locations in the
brain and spinal cord. Lesions were scored as —, absent; +, mild; ++, moderate; +++, severe.
No. of
Challenge Age at Dose of JEV  Days after Infected Lymphoplasmacytic Lymphoplasmacytic - .
Method Challenge  (TCIDsp/Pig) Challenge Pigs Meningitis Encephalitis Gliosis  Malacia
Examined
Intradermal 5 weeks 1 x 10*5 10 1 ++ ++ ++ -
28 4 + — - -
— + f— f—
_ + + _
1 x 10%5 10 2 — ++ + —
- + ++ -
28 2 + + ++ -
(@) - - - -
11 weeks 1 x 1050 19 1 +++ + ++ -
2 ++ + + -
3 ++ + — —
4 ++ + + —
5 + + + -
6 + ++ ++ —
7 - + + —
8 - ++ ++ -
9 - + + -
Intranasal 5 weeks 1 x 10%° 10 1 ++ +Ht +Ht ++t
1 x 10°° 10 2 + + + _
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Table 7. Cont.

Challenge Age: 5 weeks Chilllisrl‘egeekls\ge:
Anatomical location 10 days after challenge 28 days after challenge 19 days after
(n=6) n=6) challenge (1 =9)
Cerebral cortex rostral +++ — ++
mid +++ + +4++
caudal ++ + +
(b) Diencephalon ++ + T+
Hippocampus ++ + +
Midbrain ++ — ++
Brainstem +++ + ++
Cerebellum ++ + i
Spinal cord cervical +++ — 4+
thoracic + — +
lumbar — — ++

-
B - O ¥

p
e ‘

-

- .-

Figure 2. Histopathological lesions in the central nervous system of pigs infected with JEV at
5 weeks of age and sampled 10 days after challenge. (a) Brainstem section showing necrotising
encephalitis. Focal extensive area of necrosis (malacia) adjacent to a lymphoplasmacytic perivascular
cuffing, associated with moderate infiltration of macrophages, lymphocytes, plasma cells and a few
neutrophils; HE, 20x. (b) Cerebrum section showing lymphoplasmacytic meningitis. Meninges are
expanded due to moderate infiltration of macrophages, lymphocytes and plasma cells; HE, 20x.
(c) Cervical spinal cord section showing lymphoplasmacytic myelitis. Mild to moderate focal infiltrate
of lymphocytes, macrophages and plasma cells; HE, 40 x. (d) Cerebrum section showing moderate
lymphoplasmacytic encephalitis. Three vessels are cuffed by up to 3 layers of lymphocytes and
plasma cells; HE, 10x.
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Figure 3. Histopathological lesions in tissues of pigs infected with JEV at 11 weeks of age and sampled
19 days after challenge. (a) Prostate section showing lymphoplasmacytic and neutrophilic prostatitis.
Mild to moderate infiltrates of lymphocytes, plasma cells, macrophages and a few neutrophils
surrounding prostatic glands. Glands are occasionally dilated and filled with eosinophilic fluid and a
few necrotic cells. HE, 10x. (b) Kidney section showing lymphoplasmacytic interstitial nephritis.
Mild to moderate infiltrates of lymphocytes, plasma cells and macrophages associated with mild
fibrosis and surrounding tubules; HE, 10 x.

4. Discussion

As a predominantly mosquito borne pathogen, the control of JEV infection is heavily
reliant on the availability and application of effective vaccines. There is a need for detailed
knowledge of the biology and pathogenesis of genotype 4 infection of pigs to identify key
parameters that can be monitored to assess the efficacy of vaccines. There are advantages to
using an experimental transmission model where the time, dose and route of infection are
strictly controlled. At present, there are few studies of animals experimentally infected with
JEV genotype 4 and these are limited to studies in mice [21,26]. In the present study, we
showed that even using intradermal inoculation with a relatively low dose of cell culture-
amplified JEV G4, young growing pigs can be readily infected. Intradermal injection most
closely simulates infection by mosquitoes and results in a very high incidence of infection
which allows small groups of animals to be used to achieve significant results. Additionally,
an effective dose for infection by intranasal instillation of JEV provided another route that is
more natural compared to some methods such as intravenous and intramuscular injections
that bypass some components of the immune response. The rapid amplification of JEV that
was detected as viraemia in a high proportion of young pigs highlights the role of pigs as
an amplifying host in natural transmission cycles of JEV.

Consistent with experimental studies of pigs infected with other genotypes of JEV, the
rapid onset and readily detectable viraemia which lasts only few days [27-30] provides a
key parameter for identifying a productive infection. Additionally, the prolonged detection
of virus in tonsils should provide a powerful measure of the efficacy of a vaccine in
preventing the establishment of JEV infection.

The short duration of viraemia and rapid seroconversion followed by the development
of high antibody titres limit opportunities to differentiate between historical and recent
infection in pigs during diagnostic investigations. However, the persistence of virus in
tonsils and its detection in oral swabs and saliva does provides a marker of recent infection
and identifies a practical approach to JEV surveillance at a farm or at the population level.
The use of chew ropes to detect viral nucleic acid and antibody in oral fluids has been
adopted for surveillance purposes for many viruses [31]. The results of the present study
confirm that this approach can also be used for the non-invasive detection of JEV RNA
and perhaps antibodies. In this study, JEV RNA was detected in oral fluids beyond the
period of viraemia and in some cases more than 3 weeks after infection. The detection of
antibodies in oral fluids could be of value as a non-invasive method for surveillance in
large pig populations to identify herds where there has been an active JEV infection or
where there are large numbers of susceptible animals. However, more extensive studies
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are needed to establish the sensitivity of detection of both JEV RNA and antibodies in oral
fluids as factors such as pen size, age, number of pigs, the number of ropes and sampling
time all have an impact on sensitivity.

Although limited in extent and apparent efficiency compared to intradermal infec-
tion, the detection of infectious JEV in the oropharynx following inoculation by the nasal
route support other studies [28,30] that highlighted a potential alternative transmission
pathway directly between pigs, possibly involving superficial bite wounds. The presence
of infectious virus in the oral cavity of pigs suggests that a low level of virus transmission
could be maintained in the absence of insect vectors. Pigs also have a propensity to ingest
reproductive material. Because there are potentially high quantities of JEV in foetal and
placental tissues, ongoing transmission and higher infection rates might also occur in
susceptible populations where animals are at critical stages of pregnancy.

Disease has generally been limited following postnatal experimental JEV infection of
young pigs, ranging from a lack of clinical signs to moderate but transient illness. Despite
these variable clinical effects, a consistent finding of experimental studies in pigs is mild
to moderate histopathology changes in CNS tissues [28-30,32]. The lack of clinical signs
with the detection of a range of histopathological changes in this experiment is consistent
with these reports. During the Australian 2022 outbreak, while neurological signs were
occasionally observed in newborn piglets, these manifestations were most likely an outcome
of in utero infection. Disease in older, non-breeding pigs was not reported, raising the
possibility that the JEV G4 outbreak strain (represented by O-0883/NSW /22) may be less
virulent than some strains. This aligns with the current experiment, where most of the
changes observed in the brain, though consistent with a viral infection, were mild. This
interpretation is consistent with experimental studies in mouse models, where the NSW
2022 JEV G4 isolate was less virulent than isolates from genotypes 2 and 3 [21,26]. However,
during the 2022 outbreak, there was still extensive and profound reproductive failure
in pigs due to foetal infections and orchitis in boars and disease in horses and humans
that included deaths. Further studies are recommended to evaluate the distribution and
persistence of JEV using immunohistochemistry in key tissues including tonsils and male
reproductive organs.

This study shows that definitive serological confirmation of active JEV infection re-
mains challenging. Regardless of the age of pigs that were challenged, there was an
extremely rapid seroconversion; initially, in the JEV bELISA, all pigs showed strong ELISA
reactivity within 5 days of exposure. However, this was soon followed by low levels of
reactivity in the assay for the related flavivirus MVEV. Although there was no evidence
of prior or concurrent infection with MVEYV, this cross-reactivity appears to increase with
increasing age of the pigs. Within approximately 30 days of infection, samples from 85%
of the 18-week-old pigs were reacting in the MVEV bELISA. However, the strength of
cross-reactivity based on both the PI values and titres were markedly lower than those for
JEV infections. This observation was reinforced by the surveillance undertaken during
the outbreak where it was common to see almost all pigs in some populations had pos-
itive results in the MVEV assay. Without the concurrent use of assays for the detection
of antibodies to both JEV and MVEYV, there is potential for a failure to detect infection
with either virus if relying solely on a qualitative result in a serological assay. While the
percentage inhibition values consistently showed much stronger reactivity, and there was a
higher proportion of reactors in the JEV bELISA, testing 2-fold dilutions of sera to establish
“titres’” gave much more convincing differentiation between the serological response to the
two viruses. In contrast, although also a closely related virus, cross-reactive antibodies to
WNYV were not detected in the assays employed. While a different genotype of JEV and
a different monoclonal antibody were used for the JEV bELISA, collectively, the results
of the present study are very similar to those described previously for pigs of similar age
that were experimentally infected with JEV genotype 1 [33]. The known geographical
distribution of MVEYV is limited to Australia and Southeast Asia. This study demonstrated
that antibodies that cross-react with MVEV will develop in pigs infected with JEV. This
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extensive cross-reactivity between viruses belonging to the JEV serogroup [34] make it
important to be aware of the background serological status of animal populations for the
presence of other flaviviruses that may confound the interpretation of serological results.
Plaque reduction neutralization tests provide another approach to assessing the antibody
response to JEV and related viruses and are important to predict vaccine efficacy [16]. The
emergence of JEV in Australia has demonstrated the need for a One Health approach to
diagnosis, surveillance and control of zoonotic disease [35].

5. Conclusions

In this study, we showed that JEV genotype 4 readily infects susceptible weaned and
growing pigs when inoculated by the intradermal route, with a viraemia characterized
by a rapid onset and a rapid antibody response that reached a high titre. Laboratory
tests for viraemia and seroconversion were a reliable indicator of infection, together with
histopathology suggestive of JEV infection. Together, this provides an experimental chal-
lenge model suitable for the evaluation of JEV vaccines in pigs. Further work is required to
determine if the challenge model is suitable for pigs of all ages as the ultimate measure of an
effective JEV vaccine for pigs is the prevention of foetal infections. This study also indicated
the persistence of readily detectable levels of JEV RNA and infectious virus in the tonsils of
infected animals many days after the clearance of the viraemia and seroconversion. This
included the detection of virus components in saliva samples collected from chew ropes.
This provides an additional method for disease surveillance, including the consideration of
pig-to-pig transmission and over-wintering.
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