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Abstract: The phenotypic and genotypic characteristics of a live-attenuated genotype I (GI) strain
(SD12-F120) of Japanese encephalitis virus (JEV) were compared with its virulent parental SD12
strain to gain an insight into the genetic changes acquired during the attenuation process. SD12-F120
formed smaller plaque on BHK-21 cells and showed reduced replication in mouse brains compared
with SD12. Mice inoculated with SD12-F120 via either intraperitoneal or intracerebral route showed
no clinical symptoms, indicating a highly attenuated phenotype in terms of both neuroinvasiveness
and neurovirulence. SD12-F120 harbored 29 nucleotide variations compared with SD12, of which 20
were considered silent nucleotide mutations, while nine resulted in eight amino acid substitutions.
Comparison of the amino acid variations of SD12-F120 vs. SD12 pair with those from other four
isogenic pairs of the attenuated and their virulent parental strains revealed that the variations at
E'38 and E!7® positions of E protein were identified in four and three pairs, respectively, while
the remaining amino acid variations were almost unique to their respective strain pairs. These
observations suggest that the genetic changes acquired during the attenuation process were likely to
be strain-specific and that the mechanisms associated with JEV attenuation/virulence are complicated.

Keywords: Japanese encephalitis virus; attenuation; virulence; vaccine; genotype; amino acid
substitution

1. Introduction

Japanese encephalitis (JE) caused by Japanese encephalitis virus (JEV) is endemic in Asia-Pacific
regions including the world’s most populous countries: China, India, Indonesia, Pakistan, and
Bangladesh. JE is a leading cause of encephalitis and its incidence is expected to increase in some
countries [1,2]. JEV infection typically results after 5-15 days with a non-specific febrile illness,
accompanied by headache, vomiting, reduced consciousness, and convulsions [3]. JEV is a member of
the genus Flavivirus in the family Flaviviridae has a single-strand, positive-sense RNA genome that is
nearly 11 kb in length [4]. Structurally, JEV genomic RNA contains an approximately 10,296 nucleotide
(nt) coding region flanked by the 5" and 3’ untranslated regions (UTR) that comprises an array of
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regulatory RNA elements required for viral genome replication and translation [5,6]. The JEV coding
region encodes a polyprotein precursor that is processed after translation by viral and/or host cellular
proteases into ten discrete products: [7] three structural proteins (capsid (C), precursor membrane
(prM), and envelope (E)) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5). The structural proteins are essential for formation of infectious viral particles, while the
non-structural proteins are involved in viral RNA replication, viral particle assembly, and evasion of
innate immunity [8,9].

JEV is phylogenetically classified into five genotypes (GI to GV) based on the nucleotide sequence
of the viral envelope (E) gene [3,10]. GIII was isolated in Japan in 1935 and was the dominant genotype
until the end of the 20th century in most countries in Asia [11,12]. GI was first identified in Cambodia in
1967 and was not detected until a new strain re-emerged in China in 1979 [13,14]. Previous surveillance
data have suggested that the number of GI isolates has been increasing in the past 20 years, thus
resulting in a JEV genotype shift from GIII to GI in many Asian countries [15]. GI strains replicate
more efficiently than GIII strains in JEV amplifying hosts, which has been considered to play a role
in the JEV genotype shift [16,17]. GI strains harbor a variety of amino acid substitutions, of which
NS2B-V99L/NS3-A78S/E177E substitutions have recently been demonstrated to contribute to the
replication advantage of GI strains over GIII strains in pigs and poultry [17].

JEV is a vaccine-preventable pathogen. Currently, four different types of JE vaccines: the mouse
brain-derived killed-inactivated Nakayama vaccine, the cell culture-derived live-attenuated SA14-14-2
vaccine (SA14-14-2 vaccine), the culture-derived killed-inactivated vaccine, and the genetically
engineered live-attenuated chimeric vaccine, are available for humans in various areas of the world [18],
all of which are derived from GIII strains. The mouse brain-derived killed-inactivated Nakayama
vaccine is no longer used and other vaccines have taken its place. SA14-14-2 vaccine is extensively
used in many Asian countries; however, the protective efficacies of GIlI-derived vaccines against G1
infection in mice are not consistent [19,20]. GI viruses have been isolated from patients vaccinated
with SA14-14-2 vaccine in China and India [21,22]. These observations have raised a concern about the
potential need for a GI-derived vaccine [23]. Several GI vaccines are being developed [24,25].

The most commonly used JEV vaccine strain in the vaccine industry is SA14-14-2, which was
derived from its virulent parental SA14 strain through an intricate course of ~150 serial passages
in cultured cells and non-neural tissues/organs of live animals [26]. During the serial passages, the
spontaneous substitutions of amino acids resulted in a loss of JEV virulence. JEV virulence is defined by
two properties: (i) neuroinvasiveness, that is the ability of JEV to enter the central nervous system (CNS)
when inoculated by a peripheral route; and (ii) neurovirulence, that is the ability of JEV to replicate
and cause damage within the CNS when inoculated directly into the brain of a host [27]. More than
17 amino acid substitutions present in viral E and other proteins are acquired during the attenuation
process of SA14 [28]. Some substitutions at E107 g138 E176/177 and E27° of E protein differentially
contribute to the neurovirulence attenuation of SA14-14-2 [29], improving the understanding of the
mechanisms associated with SA14-14-2 attenuation. However, the mechanisms associated with JEV
attenuation/virulence are complicated and remain largely unknown. We have previously produced
a live-attenuated GI strain (SD12-F120) by 120 serial passages of its virulent parental SD12 strain in
BHK-21 cells (unpublished data). In the present study, we performed a comparative analysis of the
phenotypic and genotypic properties of the isogenic SD12-F120 and SD12 strains, which differed in
terms of viral replication, neuroinvasiveness and neurovirulence, and genome sequence.

2. Materials and Methods

2.1. Ethics Statement

All animal experiments were approved by the Institutional Animal Care and Use Committee
of Shanghai Veterinary Research Institute (IACUC No: Shvri-mo-2018110508) and performed in
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compliance with the Guidelines on the Humane Treatment of Laboratory Animals (Ministry of Science
and Technology of the People’s Republic of China, Policy No. 2006 398).

2.2. Viruses and Cells

Virulent parental GI SD12 strain was isolated from the brain tissues of an aborted swine fetus [30].
The attenuated JEV SD12-F120 was derived from SD12 by 120 passages in baby hamster kidney cell
line (BHK-21) (Supplementary Table S1). BHK-21 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Thermo Fisher Scientific, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS) at 37 °C in an atmosphere containing 5% CO,. Mouse primary neuron cells were
prepared from 24 h newborn baby mice (Shanghai SLAC Laboratory Animal Co. LTD) as described
previously [31] and cultured in Neurobasal medium supplemented with 1% B27 vitamin (Thermo
Fisher Scientific) and 1% penicillin-streptomycin solution at 37 °C in 5% COs,.

2.3. Attenuation of SD12 by Serial Passaging in BHK-21 Cells

BHK-21 cell monolayer in T25 flask was inoculated with SD12 at 0.01 MOL After 1 h adsorption,
the cells were washed three times with phosphate-buffered saline (PBS) and cultured in fresh DMEM
supplemented with 2% FBS at 37 °C until the appearance of a substantial cytopathic effect. The
supernatants were harvested and stored in aliquots at —80 °C for repeated culture. The SD12
underwent serial passages from passage 1 to 120 in BHK-21 cells. Three plaque purifications on BHK-21
cells and virulence tests in three-week-old mice were performed at passage 100 and 120, respectively.

2.4. Plaque Size Determination

BHK-21 cells precultured on 6 well plates (3 x 10° cells per well) were mock-inoculated or
inoculated with 10-fold serial dilutions of SD12 or SD12-F120 and incubated at 37 °C for 1 h. The cells
were washed twice with PBS and overlaid with 4 mL. DMEM containing 1% low gelling temperature
agarose and 2% FBS. The cells were fixed with 4% paraformaldehyde at 5 days post-infection (dpi) and
stained with 0.5% crystal violet. Plaques were visualized and their size was determined.

2.5. Neuroinvasiveness and Neurovirulence Tests in Mice

Three-week-old weanling female C57BL/6 mice (10 mice/group) purchased from the Shanghai
SLAC Laboratory Animal Co. LTD were inoculated intraperitoneally (100 puL/each) or intracerebrally
(30 pL/each) with either SD12 or SD12-F120, respectively, at doses ranging from 10° to 10°
plaque-forming unit (PFU) to measure neuroinvasiveness or neurovirulence. The mice were monitored
daily for 20 days. Mice that showed neurological signs of seizures, tremors, and paresis were euthanized
by CO; asphyxiation, followed by cervical dislocation according to the Guidelines on the Humane
Treatment of Laboratory Animals (Policy No. 2006 398). The 50% lethal dose (LDsj) values were
determined by the method of Reed and Muench for both these viruses [32].

2.6. Vaccination and Challenge

Three-week-old weanling female C57BL/6 mice (8 mice/group) were mock-vaccinated or vaccinated
intraperitoneally with SD12-F120 at doses ranging from 102 to 10* PFU (100 uL/each). After 14 days
of vaccination, the mice were challenged intraperitoneally with SD12 at a dose of 10% and 10* PFU
(100pL/each) and were monitored daily for 20 days. Mice that showed neurological signs were
euthanized according to the Guidelines on the Humane Treatment of Laboratory Animals (Policy No.
2006 398).

2.7. Detection of JEV Replication in Mouse Brains

Three-week-old weanling female C57BL/6 mice (10 mice/group) were inoculated intracerebrally
with either SD12 or SD12-F120 at a dose of 102 PFU (30 pL/each). Brain tissues were collected at 3, 5, and
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7 dpi, and JEV replication was detected by a quantitative real-time reverse transcription-polymerase
chain reaction (QRT-PCR) with primer pair and probe (Supplementary Table S2) for amplification of
JEV PrM gene as described previously [33].

2.8. Detection of Expression of NS1 and NS1" in BHK-21 Cells

BHK-21 cells infected with either SD12 or SD12-F120 at an MOI of 0.01 were harvested and
subjected to western blot analysis of the expression of NS1 and NS1’, as described previously [34]. The
polyclonal antibodies against NS1 and NS1” were generated in our laboratory.

2.9. Viral Genome Sequencing

JEV genomic RNA was isolated from the supernatants of JEV infected BHK-21 cells using RNA
Mini Kit (TaKaRa, Shiga, Japan) and reverse transcribed into cDNA using PrimeScript™ RT Master
Mix (TaKaRa). JEV gene was amplified with four specific primer pairs representing the full-length
viral genome using high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) based
on SD12 sequence (GenBank No. MH753127) (Supplementary Table S2). PCR products were excised
from an agarose gel and purified with QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA). The
purified products were bidirectionally sequenced by Sanger sequencing by Invitrogen Corporation
(Shanghai, China). The phylogenetic tree was constructed based on the nucleotide sequences of E gene
by MEGA version 7.0 software using SD12 and SD12-F120 strains and 25 known JEV strains belonging
to different genotypes.

2.10. Sequence Analysis

The nucleotide and deduced amino acid sequences of SD12-F120 were compared with SD12.
The resulting variations of SD12 vs. SD12-F120 pair were further compared with those from another
four isogenic pairs of the attenuated and their virulent parental strains including two GI pairs
(SCYA201201-0901 vs. SCYA201201 pair, 10S3 vs. HEN0701 pair) and two GIII pairs (SA14-14-2 vs.
SA14 pair, RP-2ms vs. RP-9 pair). The information on the production of each pair was provided in
Supplementary Table S1.

2.11. Statistical Analysis

All data were processed using Graph Pad Prism 7.0 (GraphPad, La Jolla, CA, USA). Student’s
t-test was used for statistical analyses. Kaplan-Meier estimates were plotted for the time-to-death
data observed in each group and pairwise log-rank tests were used to determine if time to death was
significantly different among the groups. A p value < 0.05 was considered statistically significant.

3. Results

3.1. Replication Phenotype and NS1’ Expression in BHK-21 Cells

The susceptible BHK-21 cells are frequently used to examine the virologic properties of the
SA14-14-2 vaccine strain in vitro [26-28], so we therefore compared the replication kinetics of the
attenuated SD12-F120 strain with its virulent parental SD12 strain in BHK-21 cells. BHK-21 cells were
inoculated with SD12-F120 or SD12 and harvested at the indicated time points for the detection of
JEV titers by plaque assay (Figure 1a). The viral titers of SD12-F120 in the supernatants peaked at
36 h post-infection (hpi) with the maximal titer of 107> PFU/mL, while SD12 reached the maximal
titer of 10%° PFU/mL at 48 hpi. This observation demonstrated that the attenuated SD12-F120 strain
replicated more efficiently than its virulent parental SD12 strain in BHK-21 cells. Analysis of the plaque
morphology formed on BHK-21 cells indicated that the plaque size of SD12 was 4.5 + 0.8 mm which
was significantly larger than that (3.5 + 0.5 mm) of SD12-F120 (Figure 1b,c), showing a small-plaque
property that has been regarded as an attenuation marker of SA14-14-2 vaccine strain [26].
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Figure 1. Replication phenotypes of SD12-F120 and SD12 in BHK-21 cells. (A) BHK-21 cells were
inoculated with SD12-F120 or SD12 at an MOI of 0.01 and the supernatants were collected at the
indicated time intervals. JEV titers in the supernatants were measured by plaque assay. (B,C) BHK-21
cells were mock-infected or infected with SD12-F120 or SD12 for analysis of plaque morphology. The
plaques were stained with crystal violet at 5 dpi (B). The sizes of plaques were measured and plotted (C).
(D) BHK-21 cells were mock-infected or infected with SD12-F120 or SD12 and harvested for western
blot analysis of NS1 and NS1’ expression with antibodies specific to NS1 and NS1'. Data are presented
as mean + SD from three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001
tested by Student’s t-test.

An RNA pseudoknot-mediated ribosomal frameshift event occurring between codons 8 and 9
of JEV NS2A results in synthetization of a derivative NS1 (NS1’), in which a 52 amino acid peptide
is added to the C-terminus of NS1 [35]. Ablating NS1” expression contributes to the attenuation of
SA14-14-2 strain [36], but does not impair the virulence of JaTH-IC strain [37]. We therefore detected
whether SD12-F120 and SD12 produced NS1” protein in BHK-21 cells by western blot analysis. As
shown in Figure 1d, NS1” together with NS1 was detectable in cells infected with SD12-F120 and SD12
with similar expression levels, suggesting that both strains expressed NS1” protein in BHK-21 cells.

3.2. Reduced Replication Efficiency of the Attenuated SD12-F120 Strain in Mouse Brains and Mouse Primary
Neuron Cells

The attenuated JEV strains including SA14-14-2 vaccine strain [27] and SCYA201201-0901 strain [38]
are able to replicate in mouse brain after intracerebral inoculation despite their attenuated phenotype.
Given the highly attenuated phenotype of SD12-F120, we compared the replication efficiency of
SD12-F120 with SD12 in mouse brains. Mice were intracerebrally inoculated with SD12-F120 or SD12
at a dose of 10° PFU and brain samples were collected for analysis of the levels of JEV gene expression
by gRT-PCR. JEV gene expression of both strains was detectable in the inoculated mouse brains at
3 dpi, peaking at 5 dpi, and then declined at 7dpi. However, the expression levels of SD12-F120 gene
were significantly lower than those of SD12 at all days post-infection (Figure 2a), showing a reduced
replication efficiency of the attenuated SD12-F120 strain in the nervous system compared with its
virulent parental SD12 strain.
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Figure 2. Replication of SD12-F120 and SD12 in mouse brains and mouse primary neuron cells.
(A) Mice (10 mice/group) were intracerebrally inoculated with SD12-F120 or SD12. Brain samples
were collected at 3, 5, and 7 dpi. The viral loads in the brain samples were measured by qRT-PCR.
(B) Primary mouse neuron cells were infected with SD12-F120 or SD12 at an MOI of 0.01. The viral
titers in the supernatants were measured by plaque assays. Data are presented as mean + SD from
three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001 tested by Student’s ¢-test.

To confirm the reduced replication efficiency of SD12-F120 in the nervous system, we examined
the replication kinetics of SD12-F120 and SD12 in mouse primary neuron cells. Mouse primary neuron
cells were infected with SD12-F120 or SD12 and the viral titers in the supernatants were measured by
plaque assay. As showed in Figure 2b, the mouse primary neuron cells have supported the replication
of both strains, but the viral titer of SD12-F120 was lower than that of SD12, showing the reduced
replication efficiency of the attenuated SD12-F120 strain in the mouse primary neuron cells compared
with its virulent parental SD12 strain.

3.3. Differences in Neuroinvasiveness and Neurovirulence between the Attenuated SD12-F120 and Its Virulent
Parental SD12 Strains in Mice

Three-week-old weanling mice are a well-established small animal model for evaluation of
JEV virulence including the neuroinvasiveness and neurovirulence [28]. We therefore inoculated
the weanling mice intraperitoneally or intracerebrally with SD12-F120 and SD12 for testing their
neuroinvasiveness or neurovirulence, respectively. The mice inoculated with SD12-F120 at doses
ranging from 10°-10° PFU via either intraperitoneal route or intracerebral route showed no clinical
signs of JEV infection, even at the highest dose of 10° PFU (Figure 3a). The estimated LDs, of
neuroinvasiveness and neurovirulence for SD12-F120 was >10° PFU. In contrast, the mice inoculated
with SD12 via intraperitoneal route developed the clinical signs of JEV infection beginning from a dose
of 10! PFU. The LDs of neuroinvasiveness for SD12 was 500 PFU (Figure 3b). Additionally, the mice
inoculated with SD12 via intracerebral route produced the clinical signs of JEV infection starting from
a dose of 1 PFU. The LDs of neurovirulence for SD12 was 2.5 PFU (Figure 3b). Altogether, these data
indicate that the SD12-F120 strain lost the neuroinvasiveness and neurovirulence in mice, showing a
highly attenuated phenotype of virulence, whereas the virulent parental SD12 strain remained highly
neuroinvasive and neurovirulant in mice, consistent with our previous results [30].
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Figure 3. Neuroinvasiveness and neurovirulence tests in mice. Mice (10 mice/group) were inoculated
intraperitoneally or intracerebrally with either SD12-F120 (A) or SD12 (B) at doses ranging from 10°
to 10° PFU to measure neuroinvasiveness or neurovirulence, respectively. The mice were monitored
daily for 20 days. Kaplan-Meier test was used for survival analysis. Asterisks indicate values that are
statistically significant (* p < 0.05; ** p < 0.01).

3.4. Protective Efficacy of the Attenuated SD12-F120 Strain against Its Virulent Parental SD12 Challenge
Strain in Mice

To determine whether the attenuated SD12-F120 could be used as a vaccine candidate strain,
we examined the protective efficacy of SD12-F120 using a mouse challenge model [19]. Mice were
immunized with SD12-F120 at doses ranging from 102 to 10* PFU and challenged after 14 days with
SD12 at a dose of 10° and 10* PFU, respectively. All mock-vaccinated mice developed the clinical signs
of JEV infection following the SD12 challenge and were sacrificed (Figure 4). In contrast, the mice
vaccinated with SD12-F120 at doses ranging from 10? to 10* PFU survived without visible clinical
signs, showing that attenuated SD12-F120 strain provided the vaccinated mice complete protection
from the lethal dose challenge of its virulent parental SD12 strain.

3.5. Overview of Nucleotide and Amino Acid Variations between the Attenuated SD12-F120 and Its Virulent
Parental SD12 Strains

The genome sequence of SD12-F120 was determined and compared with SD12 sequence for
analysis of their genetic variations. The resulting sequence of SD12-F120 was deposited in GenBank
(GenBank No. MN544779). Phylogenetic analysis on the nucleotide sequence of JEV E gene revealed
that SD12-F120 vs. SD12 pair was mostly closed to a GI isogenic pair of the attenuated 1053 and its
virulent parental HENO0701 strains originally isolated from aborted pig fetuses in China in 2007 [31]
(Figure 5).
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Figure 4. Protective efficacy of SD12-F120 against SD12 challenge in mice. Mice (8 mice/group) were
mock-vaccinated or vaccinated intraperitoneally with SD12-F120 at doses ranging from 10 to 10* PFU.
After 14 days of vaccination, the mice were challenged intraperitoneally with SD12 at a dose of 103 and
10* PFU, respectively, and were monitored daily for 20 days.
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Figure 5. Phylogenetic tree of JEV strains based on the nucleotide sequence of JEV E gene. The
phylogenetic tree was constructed by the neighbor-joining method using MEGA version 7.0 software.
SD12-F120 and SD12 are labeled with red dot.

To determine the genetic changes acquired during the attenuation process, we compared the
nucleotide and amino acid sequences between SD12-F120 and SD12. As shown in Table 1, a total of 29
nucleotide changes were observed in the virus genome, of which 20 changes were considered silent
nucleotide mutations, while nine resulted in eight amino acid substitutions: two in E, one in NS1, two
in NIS3, one in NS4B and two in NS5 proteins. Notably, E'3® residue of E protein that is considered to
be associated with the attenuation of GI 10S3 strain [31] was changed from an acidic glutamic acid (E)
to a basic arginine (R) in SD12-F120. E'7° residue of E protein that is involved in the determination of
SA14 neurovirulence [29,39] was substituted from I to T in SD12-F120.
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Table 1. Nucleotide and amino acid variations between SD12-F120 and SD12.

Position Nucleotide Changes Amino Acid Changes

. Amino Acid
Region Amino

Nucleotide i SDI2-F120 SD12  SDI12-F120 SD12  Substitutions

PrM 540 -+

1338 -

1390 + 1391 138

E 1505 176
2055 -
2460 -

2694 -
NS1 3011 177
3132 -

NS2A 3924 -

4503 -
4513 -

4922 104
4974 -
6006 -
6191 527

6726 -
6735 -

NS4B 7407 46

7688 3
8238 -
8439 -
8506 276
NS5 8571 -
8715 -
9810 -
9840 -
10005 -

E138R
1176T

=R
—

NS2B

NS3

NS4A

HAAHP>0000[HA[0A>0 000 0F> >00F0]|H
NONONOHASA|=H 0N Hwn0R A1 >00 0-1—1633-1 o
|
|
|

* Silent mutation.

3.6. Comparison of Amino Acid Substitutions in E Protein among Five Isogenic Attenuated and Virulent
Strain Pairs

Amino acid substitutions in E protein are considered to be responsible for JEV
attenuation/virulence [27,29,31]. To determine common amino acid substitutions in the E protein
acquired during the attenuation process, we compared the amino acid variations of SD12-F120 vs.
SD12 with those from other four isogenic pairs of the attenuated and their virulent parental strains:
two from GI virus (SCYA201201-0901 vs. SCYA201201 pair [38], and 10S3 vs. HENO0701 pair [31])
and two from GIII virus (SA14-14-2 vs. SA14 pair [28], and RP-2ms vs. RP-9 pair [40]). The
attenuation history of these isogenic pairs is listed in Supplementary Table S1. As shown in Table 2,
each isogenic strain pair contained variable numbers of amino acid substitutions in the E protein
with the highest numbers (9) of SA14-14-2 vs. SA14 pair and the lowest numbers (1) of 1053 vs.
HENO0701 and RP-2ms vs. RP-9 pairs. The substitution at E'*® that has been demonstrated to be
the key determinant of SA14-14-2 neurovirulence [29] was present in four out of five pairs, with the
exception of SCYA201201-0901 vs. SCYA201201 pair. The substitution at E!7° that is involved in the
determination of SA14 neurovirulence [29,39] occurred in three pairs with the exception of 10S3 vs.
HENO0701 and RP-2ms vs. RP-9 pairs. The remaining substitutions were specific to their respective
strain pairs.
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Table 2. Amino acid substitutions in E protein between attenuated and virulent parental strains.

Genotype I Genotype III
Positi Isogenic Strain Pair Isogenic Strain Pair Isogenic Strain Pair Isogenic Strain Pair Isogenic Strain Pair
osition
Attenuated Virulent Attenuated Virulent Attenuated Virulent Attenuated Virulent Attenuated Virulent
SD12-F120 SD12 SCYA201201-0901 SCYA201201 10S3 HENO0701 SA14-14-2 SA14 RP-2ms RP-9
72 A A T* A A A A A A A
107 L L L L L L F L L L
138 R E E E R E K E K E
176 T I R I I I G I I I
177 T T T T T T A T T T
244 E E E E E E G E E E
251 S S Y S S S S S S S
264 Q Q Q Q Q Q H Q Q Q
273 E E K E E E E E E E
279 K K K K K K M K K K
315 A A A A A A v A A A
439 K K K K K K R K K K
Total number 2 4 1 9 1

of substitution

* Substitutions are highlighted in red.
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3.7. Comparison of Variations in Other Regions among Five Isogenic Attenuated and Virulent Strain Pairs

In addition to the amino acid substitutions of E the protein, the nucleotide and/or amino acid
substitutions in other regions are also involved in the determination of JEV attenuation/virulence [41-43].
We first compared the amino acid variations in other viral proteins of SD12-F120 vs. SD12 pair with
those from four other isogenic pairs of the attenuated and their virulent parental strains. As shown
in Table 3, each isogenic strain pair contained variable numbers of amino acid substitutions in viral
proteins with the highest numbers (10) in the SCYA201201-0901 vs. SCYA201201 pair and the lowest
numbers (1) in the RP-2ms vs. RP-9 pair. Most of the variations were unique to their respective strain
pair, with the exception of NS2B®°, NS3195 NS5277 substitutions that were observed in two strain pairs.
It is known that 5’-UTR is involved in the attenuation of SA14-14-2 strain [44], so we therefore compared
the nucleotide variations in the UTRs among the five isogenic pairs of the attenuated and their virulent
parental strains. All nucleotide variations were strain pair specific. No common substitutions were
observed (Table 4).



Viruses 2020, 12, 552

Table 3. Amino acid substitutions in other viral proteins between attenuated and virulent strains.

Protein

Position

Genotype I

Genotype III

Isogenic Strain Pair

Isogenic Strain Pair

Isogenic Strain Pair

Isogenic Strain Pair

Isogenic Strain Pair

Attenuated
SD12-F120

Virulent
SD12

Attenuated Virulent
SCYA201201-0901 SCYA201201

Attenuated
10S3

Virulent
HENO0701

Attenuated
SA14-14-2

Virulent
SA14

Attenuated
RP-2ms

Virulent
RP-9

66

L

L

L

L

L

L

S

L

L

L

ptM

86
109

NS1

100
177
237
269
351

NS2B

44
63
65

NS3

59
102
105
527

NS4A

63
96
168
248

NS4B

46
106
192

NS5

3
277
313
386
623
879

S < I<AR|<~Pp mQrpom Oew9|lmm<|O0mm > | oI

—<I<mp| <—H mO>m<rm|omm<|J0HO» | oI

H=I<mu|<—9"|rom-dm 09" | mmp | O0mm-H|UR

—~ < I<me| <= mOprpoOo Q9" ODom<|UZ2o0Mmp|m I

—~<TOpom| =" mO>0 Q09" |OO<|TJ0Q0H» =T

—<IT<AT| <=3 mOrPo 090 mm<|U0mm > |mT

—<K<mHI|I<<HITOP>PO O0O0"S | OUS | Z0OHm»> | mT

—<IOD<m9| <=2 mOrodQOprp<"|Un< | U0nmp» | mT

—< k<O | <= QO>PH QP9 o0 <|U0HME>»|HI

—< k<O | <=1 QO>PoHQOpPp"|UOn<|U0HMm>» | oo

Total number of
substitutions

10

6

* Substitutions are highlighted in red.

12 of 19
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Table 4. Nucleotide variations in the UTR regions between attenuated and virulent strains.

13 of 19

Genotype I Genotype III
Region Position Isogenic Strain Pair Isogenic Strain Pair Isogenic Strain Pair Isogenic Strain Pair Isogenic Strain Pair
Attenuated  Virulent Attenuated Virulent Attenuated Virulent Attenuated  Virulent  Attenuated  Virulent
SD12-120 SD12-01 SCYA201201-0901 SCYA201201 10S3 HENO0701 SA14-14-2 SA14 RP-2ms RP-9
39 8) U 8) U 8} U A* U U U
5-UTR 43 A A G A A A A A A A
52 G G A G G G G G G G
10408 C C U C - C - - - -
10428 U U U U 8] 8) C U 8] U
10679 C C U C C C C C C C
,_
¥-UIR 10705 C C C C T C C C C C
10731 A A G A A A A A A A
10960 G G G G A G G G G G
Total number of 0 5 2

substitutions

* Substitutions are highlighted in red. — Sequence not available.
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4. Discussion

We compared the phenotypic and genotypic characteristics of the attenuated SD12-F120 strain
with its virulent parental SD12 strain. SD12-F120 formed smaller plaque on BHK-21 cells and showed
reduced replication in the mouse primary neuron cells and mouse brains compared with SD12. Mice
inoculated with SD12-F120 up to 10° PFU via either intraperitoneal or intracerebral route showed no
clinical signs of JEV infection, indicating high attenuation in terms of both neuroinvasiveness and
neurovirulence, while SD12 exhibited high neuroinvasiveness and neurovirulence in mice with LDsq
of 500 PFU and 2.5 PFU respectively. Mice immunized with SD12-F120 survived from the lethal dose
challenge of SD12, showing a complete protective efficacy of SD12-F120. These attenuated phenotypic
characteristics of SD12-F120 were mostly similar to those of SA14-14-2 vaccine strain [28,45].

SD12-F120 showed the smaller plaque phenotype; however, no reduced or delayed replication was
observed in BHK-21 cells compared with its virulent parental SD12. This result was inconsistent with
its replication kinetics in the mouse primary neuron cells as well as with a previous observation that
SA14-14-2 vaccine strain shows a smaller plaque phenotype associated with slower replication kinetics
in BHK cells as compared with its parental SA14 [28]. A possible explanation for this inconsistency
was that the cell-specific adaptation beneficial to virus fitness on BHK-21 cells occurs following 120
passages on BHK-21 cells. However, the mechanism(s) responsible for the reduced plaque phenotype
of SD12-F120 in BHK-21 cells needs to be examined by comprehensive experiments using a reverse
genetic system of JEV.

Mice are highly susceptible to JEV challenge via either intraperitoneal or intracerebral routes and
are well-established small animal model to study the virulence of JEV [28]. We observed that mice
inoculated with SD12-F120 up to 10° PFU via either intraperitoneal or intracerebral route showed no
clinical symptoms, while mice inoculated with SD12 produced the clinical signs of JEV infection starting
at 100 PFU via intracerebral route. These results indicated that SD12-F120 has a highly attenuated
phenotype in terms of both neuroinvasiveness and neurovirulence. It is known that the phenotype of
JEV virulence in mice is determined by viral proteins and UTRs [41-43], especially, the E protein that
has been considered the main determinant of JEV virulence [29].

JEV E protein mediates receptor-mediated endocytosis and low pH-triggered membrane fusion [46]
and plays a critical role in determination of JEV attenuation/virulence [29,41,47,48]. In this study, we
observed two amino acid substitutions at E'3® (E138R) and E'7® (1176T) in the E protein of SD12-F120
compared with SD12. Residue E'3 is positioned in the hinge region at the interface of domains I and 1I
of E protein and the mutation at this point results in the changes in SA14-14-2 virulence [29,49] and
therefore has been considered as the key determinant of SA14-14-2 neurovirulence [29]. In addition, the
substitution of E1®8 from E to alkaline residues contributes to the attenuation of neurovirulence, while
E-to-acidic residue replacement at E!38 enhances the neurovirulence of 10S3/HEN0701 strain [31]. In the
present study, E residue at E'3® was replaced with an alkaline residue R in SD12-F120, suggesting that
this mutation might contribute to attenuation. Residue E!7° is located in the domain I that is involved
in structural rearrangement and membrane fusion [38]. Substitution at EY® from I to R reduces the
neurovirulence of SA14 strain in mice [39]. Revertant mutation at E'7® from V to I slightly increases the
neurovirulence of SA14-14-2 strain [29]. We observed the substitution at E7¢ (I176T) in SD12-F120,
which might contribute to SD12-F120 attenuation. However, the significance of E!38 (E138R) and E'7®
(I176T) substitutions in SD12-F120 attenuation needs to be examined by comprehensive experiments
using a reverse genetic system of JEV.

In addition to E protein, other viral proteins are also involved in the determination of JEV
attenuation/virulence [41-43]. We observed several substitutions in NS1, NS3, NS4B, and NS5
proteins of the attenuated SD12-F120 strain. One substitution (G177E) was present in NS1 that is a
multifunctional glycoprotein with central roles in viral replication, eliciting the immune response, and
inhibition of the complement system [50,51]. Two substitutions (L104P and V527G) were observed in
the serine protease domain (L104P) and nucleoside 5'-triphosphatase domains (V527G) of NS3 that
possesses the enzymatic activities of serine protease, helicase and nucleoside 5'-triphosphatase and
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is involved in the processing of the viral precursor polyprotein and the replication of viral genomic
RNA [52,53]. One substitution (T46A) was shown in NS4B that plays an important role in viral
replication by facilitating the formation of the viral replication complexes and in counteracting innate
immune responses [54]. Two substitutions (A3P and E276K) were detected in NS5 that consists
of the methyltransferase and RNA-dependent RNA polymerase and plays a critical role in JEV
replication and inhibition of interferon response [55,56]. These substitutions may alter their roles in
viral replication, immune modulation, and/or immune evasion, and thereby synergistically influence
JEV attenuation/virulence. However, this needs to be defined by comprehensive experiments.

In addition to amino acid substitution, SD12-F120 harbored 20 silent nucleotide mutations. It is
known that the substitution within UTRs and silent nucleotide mutation in the coding region may cause
a variation of RNA secondary structures, regulatory RNA elements, and/or sub-genomic RNAs, thereby
playing important roles in viral replication and host fitness. For example, the 5-UTR of West Nile
virus that is a member of JEV serocomplex within the genus Flavivirus of the family Flaviviridae [57] is
important for RNA synthesis and virus replication [58], while a single silent nucleotide G66A mutation
in NS2A gene of SA14-14-2 disturbs viral RNA replication in mice brains [36]. The contribution of
these silent nucleotide mutations of SD12-F120 in the attenuation phenotype needs to be explored in
the future.

To determine common amino acid substitutions that may be involved in JEV attenuation, we
compared the amino acid variations of SD12-F120 vs. SD12 pair with those from other four isogenic
pairs of the attenuated and their virulent parental strains and observed that the numbers and positions
of amino acid variations were different from each other among the five pairs, showing a strain pair
specific pattern. SA14-14-2 vs. SA14 pair harbored the most variations in numbers accounting for
17 (9 in E and 8 in other proteins), followed by SCYA201201-0901 vs. SCYA201201 pair (4 in E and
10 in other proteins), SD12-F120 vs. SD12 pair (2 in E and 6 in other proteins), 10S3 vs. HEN0701
pair (1 in E and 6 in other proteins), and RP-2ms vs. RP-9 pair (1 in E and 1 in other proteins). These
differences in the numbers and positions of amino acid variations were probably attributable to the
difference in the virus strain, passage history as well as the cell types used for passage. Notably,
out of the five pairs, substitution at E'*® position was identified in four pairs (SD12-F120 vs. SD12,
10S3 vs. HEN0701, SA14-14-2 vs. SA14, and RP-2ms vs. RP-9), suggesting that the residue at E'3®
position is likely to be the common genetic determinant responsible for JEV attenuation/virulence.
However, revertant mutation of E'3® modifies the neurovirulence only but not the neuroinvasiveness
of SA14-14-2 strain, indicating that the residue at E!® position plays the most important role in
sustaining neurovirulence, but not the attenuated neuroinvasiveness phenotype associated with
SA14-14-2 strain [29]. In addition, no mutation at E'3® is observed in SCYA201201-0901 vs. SCYA201201
pair, suggesting that mutations at other positions (E'7, E*!, and E?”%) other than E!3® may contribute
to the attenuated neurovirulence phenotype of SCYA201201-0901 strain [38,39]. In addition to E'%,
substitution at E!7® position was observed in three pairs (SD12-F120 vs. SD12, SCYA201201-0901
vs. SCYA201201, and SA14-14-2 vs. SA14) out of the five pairs, suggesting that the residue at E'7°
position may also contribute to JEV attenuation/virulence. Substitution at E!7° from I to R reduces the
neurovirulence of SA14 strain in mice [39]. Revertant mutations at E'7® from V to I slightly increase
the neurovirulence of SA14-14-2 strain [29]. Besides the substitutions at E'3® and E!7° positions, most
of the remaining amino acid variations were unique to their respective strain pairs and their roles
in the determination of JEV attenuation/virulence remained unknown. Overall, our data together
with the previous observations suggested that the genetic changes acquired during the attenuation
process were likely to be strain-specific, implying the complexity of the mechanisms associated with
JEV attenuation/virulence.

Analysis of the protective efficacy of the attenuated SD12-F120 indicated that SD12-F120 provided
the vaccinated mice complete protection from the lethal dose challenge of its virulent parental SD12
strain. It is known that JEV E and prM proteins are able to induce a range of protective immune
responses including JEV-specific B cells and cytotoxic T cells in mice and pigs [18]. Comparison of the
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amino acid sequence between SD12-F120 and SD12 revealed that the amino acid substitutions were
present in E protein, but not in prM protein. JEV E protein has been considered the major immunogen
capable of eliciting protective immunity since JEV-neutralizing antibodies specific to E protein alone are
sufficient to confer protection against JEV challenge [18]. The neutralizing epitopes on E protein that is
structurally divided into domains I, II, and III are mapped at the domain I-II hinge, domain I lateral
ridge, domain III lateral ridge, and fusion loop. The residues critical for binding by JEV-neutralizing
antibodies include E%, E106 and E07 located at the fusion loop, E52, E126 E136 and E275 at domain
I-IT hinge, E” at domain I lateral ridge, E302 E337 360 and E3%7 at domain III lateral ridge [46].
Interestingly, these residues critical for JEV neutralizing antigen were identical between SD12-F120 and
SD12, which might play an essential role in the determination of the protective efficacy of SD12-F120.
However, the mechanism(s) underlying the protective efficacy of SD12-F120 against SD12 challenge
needs to be examined by comprehensive experiments using a reverse genetic system of JEV.

In conclusion, we compared the phenotypic and genotypic characteristics of SD12-F120 with SD12.
SD12-F120 was highly attenuated in both neuroinvasiveness and neurovirulence in mice as compared
with its virulent parental SD12. This isogenic pair could be used for exploring the mechanisms
associated with JEV attenuation/virulence. The numbers and positions of amino acid variations
between the attenuated and the virulent parental strains were different from each other among five
isogenic pairs, suggesting that the genetic changes acquired during the attenuation process were
likely to be strain specific. These findings could be useful for understanding the determination of JEV
attenuation/virulence as well as for the development of GI vaccines. In addition, although SD12-F120
provided the immunized mice complete protection from SD12 challenge, more comprehensive
experiments including examination of the genetic stability, attenuation stability, attenuation phenotypic
stability as well as the protective efficacy against heterologous strain challenge should be conducted to
evaluate the potential of SD12-F120 as a vaccine candidate.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/5/552/s1,
Table S1: Attenuation history of JEV isogenic pairs, Table S2: Primers sequences used in this study.

Author Contributions: Conceptualization, ].W. and Z.M.; Formal analysis, M.H., C.L., M.S,, L.P,, and M.LM,;
Funding acquisition, Y.Q., ].W. and Z.M.; Investigation, M.N.A. and X.W.; Methodology, M.N.A.; Resources, B.L.
and J.W.; Supervision, Z.M.; Validation, X W., A.W., K.L., and ]. W.; Writing-original draft, M.N.A.; Writing-review
& editing, Z.M. All authors have read and agreed to the published version of the manuscript

Funding: The study was supported by the Project of Shanghai Science and Technology Commission (No. 17391901600)
awarded to Z.M., National Key Research and Development Program of China (No. 2016YFD0500404) awarded
to Y.Q., National Natural Science Foundation of China (No. 31302116) awarded to J.W., the Project of Chinese
Academy of Agricultural Science (No. 2019]B10) awarded to ].W., and Central Public-interest Scientific Institution
Basal Research Fund (No. Y2020PT40) awarded to J.W. The funders had no role in study design, data collection,
and analysis, decision to publish, or preparation of the manuscript.

Acknowledgments: We are highly thankful to Shuang Guo for helping in the attenuation of the virus. We are also
thankful to Zaib Ur Rehman and Sawar Khan for helping in the discussion of the experiments.

Conflicts of Interest: Authors declare no conflict of interest.

References

1.  vandenHurk, A.F; Ritchie, S.A.; Mackenzie, ].S. Ecology and geographical expansion of Japanese encephalitis
virus. Annu. Rev. Entomol. 2009, 54, 17-35. [CrossRef]

2. Campbell, G.L.; Hills, S.L.; Fischer, M.; Jacobson, ].A.; Hoke, C.H.; Hombach, ].M.; Marfin, A.A.; Solomon, T.;
Tsai, T.E; Tsu, V.D.; et al. Estimated global incidence of Japanese encephalitis: A systematic review. Bull.
World Health Organ. 2011, 89, 766-774. [CrossRef]

3. Solomon, T,; Ni, H.; Beasley, D.W.; Ekkelenkamp, M.; Cardosa, M.].; Barrett, A.D. Origin and evolution of
Japanese encephalitis virus in southeast Asia. J. Virol. 2003, 77, 3091-3098. [CrossRef]

4. Unni, S.K,; Rtzek, D.; Chhatbar, C.; Mishra, R.; Johri, M.K,; Singh, S.K. Japanese encephalitis virus: From
genome to infectome. Microbes Infect. 2011, 13, 312-321. [CrossRef]


http://www.mdpi.com/1999-4915/12/5/552/s1
http://dx.doi.org/10.1146/annurev.ento.54.110807.090510
http://dx.doi.org/10.2471/BLT.10.085233
http://dx.doi.org/10.1128/JVI.77.5.3091-3098.2003
http://dx.doi.org/10.1016/j.micinf.2011.01.002

Viruses 2020, 12, 552 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lindenbach, B.; Thiel, H.; Rice, C. Flaviviruses: The viruses and their replication. In Fields Virology, 5th ed.;
Lippincott Williams and Wilkins: Philadelphia, PA, USA, 2007; pp. 1101-1152.

Brinton, M.A; Basu, M. Functions of the 3’ and 5" genome RNA regions of members of the genus Flavivirus.
Virus. Res. 2015, 206, 108-119. [CrossRef]

Kim, ] K,; Kim, ].M.; Song, B.H.; Yun, S.I; Yun, G.N.; Byun, S.J.; Lee, Y.M. Profiling of viral proteins expressed
from the genomic RNA of Japanese encephalitis virus using a panel of 15 region-specific polyclonal rabbit
antisera: Implications for viral gene expression. PLoS ONE 2015, 10, 0124318. [CrossRef]

Bollati, M.; Alvarez, K.; Assenberg, R.; Baronti, C.; Canard, B.; Cook, S.; Coutard, B.; Decroly, E.; de
Lamballerie, X.; Gould, E.A.; et al. Structure and functionality in flavivirus NS-proteins: Perspectives for
drug design. Antivir. Res. 2010, 87, 125-148. [CrossRef]

Brinton, M.A. Replication cycle and molecular biology of the West Nile virus. Viruses 2013, 6, 13-53.
[CrossRef]

Uchil, P.D.; Satchidanandam, V. Phylogenetic analysis of Japanese encephalitis virus: Envelope gene based
analysis reveals a fifth genotype, geographic clustering, and multiple introductions of the virus into the
Indian subcontinent. Am. J. Trop. Med. Hyg. 2001, 65, 242-251. [CrossRef]

Feng, Y.; Zhang, H.L.; Yang, WH.; Zhang, Y.Z.; Huang, L.J.; Deng, S.Z.; Sun, Y.J.; Yang, D.J.; Zhou, J.H.
Molecular epidemiology of Japanese encephalitis viruses isolated in Yunnan province, 1977-2010. Zhonghua
Liu Xing Bing Xue Za Zhi 2016, 37, 1519-1525. (In Chinese)

Han, N.; Adams, J.; Fang, W.; Liu, S.Q.; Rayner, S. Investigation of the genotype III to genotype I shift
in Japanese encephalitis virus and the impact on human cases. Virol. Sin. 2015, 30, 277-289. [CrossRef]
[PubMed]

Schuh, A.J.; Ward, M.].; Brown, A.].; Barrett, A.D. Phylogeography of Japanese encephalitis virus: Genotype
is associated with climate. PLoS Negl. Trop. Dis. 2013, 7, e2411. [CrossRef] [PubMed]

Wang, H.Y.; Takasaki, T.; Fu, S.H.; Sun, X.H.; Zhang, H.L.; Wang, Z.X.; Hao, Z.Y.; Zhang, ] K.; Tang, Q.;
Kotaki, A.; et al. Molecular epidemiological analysis of Japanese encephalitis virus in China. J. Gen. Virol.
2007, 88, 885-894. [CrossRef] [PubMed]

Pan, X.L.; Liu, H.; Wang, H.Y.; Fu, S.H.; Liu, H.Z.; Zhang, H.L; Li, M.H.; Gao, X.Y.; Wang, ].L.; Sun, X.H.;
et al. Emergence of genotype I of Japanese encephalitis virus as the dominant genotype in Asia. J. Virol.
2011, 85, 9847-9853. [CrossRef]

Xiao, C.; Li, C,; Dj, D.; Cappelle, J.; Liu, L.; Wang, X.; Pang, L.; Xu, J.; Liu, K,; Li, B,; et al. Differential
replication efficiencies between Japanese encephalitis virus genotype I and III in avian cultured cells and
young domestic ducklings. PLoS Negl. Trop. Dis. 2018, 12, €0007046. [CrossRef]

Fan, Y.C,; Liang, J.J.; Chen, ].M.; Lin, JW.; Chen, Y.Y; Su, K.H.; Lin, C.C.; Tu, W.C.; Chiou, M.T.; Ou, S.C.
NS2B/NS3 mutations enhance the infectivity of genotype I Japanese encephalitis virus in amplifying hosts.
PLoS Pathog. 2019, 15, €1007992. [CrossRef]

Yun, S.I; Lee, Y.M. Japanese encephalitis: The virus and vaccines. Hum. Vaccin. Immunother. 2014, 10,
263-279. [CrossRef]

Wei, J.; Wang, X.; Zhang, J.; Guo, S.; Pang, L.; Shi, K.; Liu, K.; Shao, D.; Qiu, Y.; Liu, L.; et al. Partial
cross-protection between Japanese encephalitis virus genotype I and III in mice. PLoS Negl. Trop. Dis. 2019,
13, e0007601. [CrossRef]

Liu, X;; Yu, Y;; Li, M,; Liang, G.; Wang, H; Jia, L.; Dong, G. Study on the protective efficacy of SA14-14-2
attenuated Japanese encephalitis against different JE virus isolates circulating in China. Vaccine 2011, 29,
2127-2130. [CrossRef]

Sarkar, A.; Banik, A.; Pathak, B.K.; Mukhopadhyay, S.K.; Chatterjee, S. Envelope protein gene based molecular
characterization of Japanese encephalitis virus clinical isolates from West Bengal, India: A comparative
approach with respect to SA14-14-2 live attenuated vaccine strain. BMC Infect. Dis. 2013, 13, 368. [CrossRef]
Zhang, ].S.; Zhao, Q.M.; Guo, X.E; Zuo, S.Q.; Cheng, ] X,; Jia, N.; Wu, C.; Dai, PF,; Zhao, ].Y. Isolation and
genetic characteristics of human genotype 1 Japanese encephalitis virus, China, 2009. PLoS ONE 2011, 6,
e16418. [CrossRef]

Halstead, S.B.; Thomas, S.J. New Japanese encephalitis vaccines: Alternatives to production in mouse brain.
Expert Rev. Vaccines 2011, 10, 355-364. [CrossRef]


http://dx.doi.org/10.1016/j.virusres.2015.02.006
http://dx.doi.org/10.1371/journal.pone.0124318
http://dx.doi.org/10.1016/j.antiviral.2009.11.009
http://dx.doi.org/10.3390/v6010013
http://dx.doi.org/10.4269/ajtmh.2001.65.242
http://dx.doi.org/10.1007/s12250-015-3621-4
http://www.ncbi.nlm.nih.gov/pubmed/26311492
http://dx.doi.org/10.1371/journal.pntd.0002411
http://www.ncbi.nlm.nih.gov/pubmed/24009790
http://dx.doi.org/10.1099/vir.0.82185-0
http://www.ncbi.nlm.nih.gov/pubmed/17325361
http://dx.doi.org/10.1128/JVI.00825-11
http://dx.doi.org/10.1371/journal.pntd.0007046
http://dx.doi.org/10.1371/journal.ppat.1007992
http://dx.doi.org/10.4161/hv.26902
http://dx.doi.org/10.1371/journal.pntd.0007601
http://dx.doi.org/10.1016/j.vaccine.2010.12.108
http://dx.doi.org/10.1186/1471-2334-13-368
http://dx.doi.org/10.1371/journal.pone.0016418
http://dx.doi.org/10.1586/erv.11.7

Viruses 2020, 12, 552 18 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Qian, P; Zhi, X.; Wang, B.; Zhang, H.; Chen, H,; Li, X. Construction and immune efficacy of recombinant
pseudorabies virus expressing PrM-E proteins of Japanese encephalitis virus genotype 1. Virol. |. 2015, 12,
214. [CrossRef]

Fan, Y.C.; Chen, J.M.; Lin, ].W.; Chen, Y.Y.; Wu, G.H.; Su, K.H.; Chiou, M.T.; Wu, S.R.; Yin, ].H.; Liao, ].W.; et al.
Genotype I of Japanese Encephalitis Virus Virus-like Particles Elicit Sterilizing Immunity against Genotype I
and III Viral Challenge in Swine. Sci. Rep. 2018, 8, 7481. [CrossRef] [PubMed]

Yu, Y. Phenotypic and genotypic characteristics of Japanese encephalitis attenuated live vaccine virus
SA14-14-2 and their stabilities. Vaccine 2010, 28, 3635-3641. [CrossRef] [PubMed]

Yun, S.I; Song, B.H.; Kim, ] K.; Yun, G.N.; Lee, E.Y,; Li, L.; Kuhn, R].; Rossmann, M.G.; Morrey, ].D.; Lee, Y.M.
A molecularly cloned, live-attenuated japanese encephalitis vaccine SA14-14-2 virus: A conserved single
amino acid in the ij Hairpin of the Viral E glycoprotein determines neurovirulence in mice. PLoS Pathog.
2014, 10, €1004290. [CrossRef] [PubMed]

Yun, S.I; Song, B.H.; Polejaeva, I.A.; Davies, C.J.; White, K.L.; Lee, YM. Comparison of the live-attenuated
Japanese encephalitis vaccine SA14-14-2 strain with its pre-attenuated virulent parent SA14 strain: Similarities
and differences in vitro and in vivo. J. Gen. Virol. 2016, 97, 2575-2591. [CrossRef]

Yang, J.; Yang, H.; Li, Z.; Wang, W.; Lin, H.; Liu, L.; Ni, Q.; Liu, X.; Zeng, X.; Wu, Y.; et al. Envelope Protein
Mutations L107F and E138K Are Important for Neurovirulence Attenuation for Japanese Encephalitis Virus
SA14-14-2 Strain. Viruses 2017, 9, 20. [CrossRef]

Xiao, C.; Wang, X.; Cui, G.; Pang, L.; Xu, J.; Li, C,; Zhang, J.; Liu, K,; Li, B.; Shao, D.; et al. Possible
pathogenicity of Japanese encephalitis virus in newly hatched domestic ducklings. Vet. Microbiol. 2018, 227,
8-11. [CrossRef]

Zheng, X.; Zheng, H.; Tong, W.; Li, G.; Wang, T.; Li, L.; Gao, F,; Shan, T.; Yu, H.; Zhou, Y.; etal. Acidity/Alkalinity
of Japanese Encephalitis Virus E Protein Residue 138 Alters Neurovirulence in Mice. ]. Virol. 2018, 92,
€00108-e00118. [CrossRef]

Reed, L.]J.; Muench, H. A simple method of estimating fifty per cent endpoints. Am. |. Epidemiol. 1938, 27,
493-497. [CrossRef]

Yuan, L.; Wu, R;; Liu, H.; Wen, X.; Huang, X.; Wen, Y;; Ma, X,; Yan, Q.; Huang, Y.; Zhao, Q.; et al. Tissue
tropism and molecular characterization of a Japanese encephalitis virus strain isolated from pigs in southwest
China. Virus Res. 2016, 215, 55-64. [CrossRef]

Qiu, Y;; Shen, Y,; Li, X,; Liu, Q.; Ma, Z. Polyclonal antibody to porcine p53 protein: A new tool for studying the
p53 pathway in a porcine model. Biochem. Biophys. Res. Commun. 2008, 377, 151-155. [CrossRef] [PubMed]
Firth, A.E; Atkins, ].FE. A conserved predicted pseudoknot in the NS2A-encoding sequence of West Nile and
Japanese encephalitis flaviviruses suggests NS1’ may derive from ribosomal frameshifting. Virol. J. 2009, 6,
14. [CrossRef]

Ye, Q.; Li, X.E; Zhao, H.; Li, S.H.; Deng, Y.Q.; Cao, RY.; Song, K.Y.; Wang, H.].; Hua, RH,; Yu, YX; etal. A
single nucleotide mutation in NS2A of Japanese encephalitis-live vaccine virus (SA14-14-2) ablates NS1’
formation and contributes to attenuation. J. Gen. Virol. 2012, 93, 1959-1964. [CrossRef]

Takamatsu, Y.; Raekiansyah, M.; Morita, K.; Hayasaka, D. NS1’ Protein Expression in the JaOArS982 Strain
of Japanese Encephalitis Virus Does Not Enhance Virulence in Mice. Trop. Med. Health. 2015, 43, 233-237.
[CrossRef]

Zhou, Y.; Wu, R;; Feng, Y.; Zhao, Q.; Wen, X.; Huang, X.; Wen, Y,; Yan, Q.; Huang, Y.; Ma, X,; et al. Genomic
changes in an attenuated genotype I Japanese encephalitis virus and comparison with virulent parental
strain. Virus Genes 2018, 54, 424—431. [CrossRef]

Zhou, Y,; Wu, R.; Zhao, Q.; Chang, Y.F; Wen, X,; Feng, Y.; Huang, X.; Wen, Y.; Yan, Q.; Huang, Y.; et al.
Mutation of I176R in the E coding region weakens Japanese encephalitis virus neurovirulence, but not its
growth rate in BHK-21 cells. Arch. Virol. 2018, 163, 1351-1355. [CrossRef]

Lin, Y.L.; Liao, C.L.; Yeh, C.T.; Chang, C.H.; Huang, Y.L.; Huang, Y.Y.; Jan, J.T.; Chin, C.; Chen, L.K. A highly
attenuated strain of Japanese encephalitis virus induces a protective immune response in mice. Virus Res.
1996, 44, 45-56. [CrossRef]

Chambers, T.J.; Droll, D.A; Jiang, X.; Wold, W.S.; Nickells, J.A. JE Nakayama/JE SA14-14-2 virus structural
region intertypic viruses: Biological properties in the mouse model of neuroinvasive disease. Virology 2007,
366, 51-61. [CrossRef]


http://dx.doi.org/10.1186/s12985-015-0449-3
http://dx.doi.org/10.1038/s41598-018-25596-1
http://www.ncbi.nlm.nih.gov/pubmed/29748549
http://dx.doi.org/10.1016/j.vaccine.2010.02.105
http://www.ncbi.nlm.nih.gov/pubmed/20226891
http://dx.doi.org/10.1371/journal.ppat.1004290
http://www.ncbi.nlm.nih.gov/pubmed/25077483
http://dx.doi.org/10.1099/jgv.0.000574
http://dx.doi.org/10.3390/v9010020
http://dx.doi.org/10.1016/j.vetmic.2018.10.016
http://dx.doi.org/10.1128/JVI.00108-18
http://dx.doi.org/10.1093/oxfordjournals.aje.a118408
http://dx.doi.org/10.1016/j.virusres.2016.02.001
http://dx.doi.org/10.1016/j.bbrc.2008.09.117
http://www.ncbi.nlm.nih.gov/pubmed/18840405
http://dx.doi.org/10.1186/1743-422X-6-14
http://dx.doi.org/10.1099/vir.0.043844-0
http://dx.doi.org/10.2149/tmh.2015-27
http://dx.doi.org/10.1007/s11262-018-1559-y
http://dx.doi.org/10.1007/s00705-018-3765-2
http://dx.doi.org/10.1016/0168-1702(96)01343-3
http://dx.doi.org/10.1016/j.virol.2007.04.016

Viruses 2020, 12, 552 19 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kim, ].M.; Yun, S.I; Song, B.H.; Hahn, Y.S.; Lee, C.H.; Oh, HW.; Lee, YM. A single N-linked glycosylation
site in the Japanese encephalitis virus prM protein is critical for cell type-specific prM protein biogenesis,
virus particle release, and pathogenicity in mice. . Virol. 2008, 82, 7846-7862. [CrossRef] [PubMed]

de Wispelaere, M.; Khou, C.; Frenkiel, M.P.; Despres, P.; Pardigon, N. A Single Amino Acid Substitution in
the M Protein Attenuates Japanese Encephalitis Virus in Mammalian Hosts. ]. Virol. 2015, 90, 2676-2689.
[CrossRef] [PubMed]

Gromowski, G.D.; Firestone, C.Y.; Whitehead, S.S. Genetic Determinants of Japanese Encephalitis Virus
Vaccine Strain SA14-14-2 That Govern Attenuation of Virulence in Mice. ]. Virol. 2015, 89, 6328-6337.
[CrossRef]

Yang, D.; Li, X.E; Ye, Q.; Wang, H.J.; Deng, Y.Q.; Zhu, S.Y.; Zhang, Y.; Li, S.H.; Qin, C.F. Characterization
of live-attenuated Japanese encephalitis vaccine virus SA14-14-2. Vaccine 2014, 32, 2675-2681. [CrossRef]
[PubMed]

Luca, V.C.; AbiMansour, J.; Nelson, C.A.; Fremont, D.H. Crystal structure of the Japanese encephalitis virus
envelope protein. J. Virol. 2012, 86, 2337-2346. [CrossRef] [PubMed]

Ni, H.; Barrett, A.D. Attenuation of Japanese encephalitis virus by selection of its mouse brain membrane
receptor preparation escape variants. Virology 1998, 241, 30-36. [CrossRef] [PubMed]

Chiou, S.S.; Liu, H.; Chuang, C.K.; Lin, C.C.; Chen, W.J. Fitness of Japanese encephalitis virus to Neuro-2a
cells is determined by interactions of the viral envelope protein with highly sulfated glycosaminoglycans on
the cell surface. J. Med. Virol. 2005, 76, 583-592. [CrossRef]

Liu, X.; Zhao, X.; Na, R.; Li, L.; Warkentin, E.; Witt, J.; Lu, X;; Yu, Y.; Wei, Y.; Peng, G.; et al. The structure
differences of Japanese encephalitis virus SA14 and SA14-14-2 E proteins elucidate the virulence attenuation
mechanism. Protein Cell 2019, 10, 149-153. [CrossRef]

Poonsiri, T.; Wright, G.S.A.; Diamond, M.S.; Turtle, L.; Solomon, T.; Antonyuk, S.V. Structural Study of the
C-Terminal Domain of Nonstructural Protein 1 from Japanese Encephalitis Virus. J. Virol. 2018, 92. [CrossRef]
Rastogi, M.; Sharma, N.; Singh, S.K. Flavivirus NS1: A multifaceted enigmatic viral protein. Virol. J. 2016, 13,
131. [CrossRef]

Deng, X.; Shi, Z.; Li, S.; Wang, X; Qiu, Y.; Shao, D.; Wei, J.; Tong, G.; Ma, Z. Characterization of nonstructural
protein 3 of a neurovirulent Japanese encephalitis virus strain isolated from a pig. Virol. J. 2011, 8, 209.
[CrossRef]

Yamashita, T.; Unno, H.; Mori, Y.; Tani, H.; Moriishi, K.; Takamizawa, A.; Agoh, M.; Tsukihara, T.; Matsuura, Y.
Crystal structure of the catalytic domain of Japanese encephalitis virus NS3 helicase/nucleoside triphosphatase
at a resolution of 1.8 A. Virology 2008, 373, 426—436. [CrossRef] [PubMed]

Zmurko, J.; Neyts, J.; Dallmeier, K. Flaviviral NS4b, chameleon and jack-in-the-box roles in viral replication
and pathogenesis, and a molecular target for antiviral intervention. Rev. Med. Virol. 2015, 25, 205-223.
[CrossRef] [PubMed]

Lu, G.; Gong, P. Crystal Structure of the full-length Japanese encephalitis virus NS5 reveals a conserved
methyltransferase-polymerase interface. PLoS Pathog. 2013, 9, €1003549. [CrossRef]

Ye, J.; Chen, Z.; Li, Y.; Zhao, Z.; He, W.; Zohaib, A.; Song, Y.; Deng, C.; Zhang, B.; Chen, H.; et al. Japanese
Encephalitis Virus NS5 Inhibits Type I Interferon (IFN) Production by Blocking the Nuclear Translocation of
IFN Regulatory Factor 3 and NF-«B. J. Virol. 2017, 91. [CrossRef]

Kobayashi, S.; Yoshii, K.; Phongphaew, W.; Muto, M.; Hirano, M.; Orba, Y.; Sawa, H.; Kariwa, H. West
Nile virus capsid protein inhibits autophagy by AMP-activated protein kinase degradation in neurological
disease development. PLoS Pathog. 2020, 16, e1008238. [CrossRef]

Li, X.F; Jiang, T,; Yu, X.D.; Deng, Y.Q.; Zhao, H.; Zhu, Q.Y.; Qin, E.D.; Qin, C.F. RNA elements within the 5’
untranslated region of the West Nile virus genome are critical for RNA synthesis and virus replication. J.
Gen. Virol. 2010, 91, 1218-1223. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/JVI.00789-08
http://www.ncbi.nlm.nih.gov/pubmed/18524814
http://dx.doi.org/10.1128/JVI.01176-15
http://www.ncbi.nlm.nih.gov/pubmed/26656690
http://dx.doi.org/10.1128/JVI.00219-15
http://dx.doi.org/10.1016/j.vaccine.2014.03.074
http://www.ncbi.nlm.nih.gov/pubmed/24709585
http://dx.doi.org/10.1128/JVI.06072-11
http://www.ncbi.nlm.nih.gov/pubmed/22156523
http://dx.doi.org/10.1006/viro.1997.8956
http://www.ncbi.nlm.nih.gov/pubmed/9454714
http://dx.doi.org/10.1002/jmv.20406
http://dx.doi.org/10.1007/s13238-018-0551-6
http://dx.doi.org/10.1128/JVI.01868-17
http://dx.doi.org/10.1186/s12985-016-0590-7
http://dx.doi.org/10.1186/1743-422X-8-209
http://dx.doi.org/10.1016/j.virol.2007.12.018
http://www.ncbi.nlm.nih.gov/pubmed/18201743
http://dx.doi.org/10.1002/rmv.1835
http://www.ncbi.nlm.nih.gov/pubmed/25828437
http://dx.doi.org/10.1371/journal.ppat.1003549
http://dx.doi.org/10.1128/JVI.00039-17
http://dx.doi.org/10.1371/journal.ppat.1008238
http://dx.doi.org/10.1099/vir.0.013854-0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Viruses and Cells 
	Attenuation of SD12 by Serial Passaging in BHK-21 Cells 
	Plaque Size Determination 
	Neuroinvasiveness and Neurovirulence Tests in Mice 
	Vaccination and Challenge 
	Detection of JEV Replication in Mouse Brains 
	Detection of Expression of NS1 and NS1’ in BHK-21 Cells 
	Viral Genome Sequencing 
	Sequence Analysis 
	Statistical Analysis 

	Results 
	Replication Phenotype and NS1 Expression in BHK-21 Cells 
	Reduced Replication Efficiency of the Attenuated SD12-F120 Strain in Mouse Brains and Mouse Primary Neuron Cells 
	Differences in Neuroinvasiveness and Neurovirulence between the Attenuated SD12-F120 and Its Virulent Parental SD12 Strains in Mice 
	Protective Efficacy of the Attenuated SD12-F120 Strain against Its Virulent Parental SD12 Challenge Strain in Mice 
	Overview of Nucleotide and Amino Acid Variations between the Attenuated SD12-F120 and Its Virulent Parental SD12 Strains 
	Comparison of Amino Acid Substitutions in E Protein among Five Isogenic Attenuated and Virulent Strain Pairs 
	Comparison of Variations in Other Regions among Five Isogenic Attenuated and Virulent Strain Pairs 

	Discussion 
	References

