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Abstract

Japanese Encephalitis (JE) is a disease caused by the Japanese Encephalitis Virus (JEV). JEV is
an arbovirus that spreads primarily through the bite of a female Culex spp. mosquito. JE shows
predominance over the Asia-pacific region and has the potential to spread globally with a higher
rate of morbidity and mortality. JE, a neuro-invasive disease, initiates with mild fever which may
lead to encephalitis with severe neurological sequelae in some cases. Efforts have been made to
identify and select various target molecules essential in JEV progression, but until now, no
licensed anti-JE drugs have been available. From a prophylactic point of view, a few licensed JE
vaccines are available but various factors viz. high cost and different side effects imposed by them
has narrowed their global use. With an average occurrence of >67,000 cases of JE annually, there
is an urgent need to find a suitable antiviral drug to treat patients at the acute phase, as only
supportive care is available to mitigate infection. This systematic review highlights the current
status of efforts put in to develop antivirals against JE and the available vaccines along with their
effectiveness. It also summarizes epidemiology, structure, pathogenesis, and potential drug targets
that can be explored to develop a new range of anti-JEV drugs to combat JEV infection globally.

1 Introduction

Japanese Encephalitis (JE) is one of the most common epidemic encephalitic disease in the world
which is majorly distributed in South and Southeast Asia [1]. It is caused by a mosquito-borne
virus, the Japanese Encephalitis Virus (JEV) which belongs to the family Flaviviridae and genus
Flavivirus [2]. Other clinically relevant viruses belonging to the same genus include Yellow
Fever Virus (YFV]) Murray Valley Encephalitis (MVE), Dengue Virus (DENV), West Nile Virus
(WNV), Zika Virus (ZIKV), St. Louis Encephalitis Virus (SLEV) and Tick-Borne Encephalitis
Virus (TBEV) [3]. According to the WHO report (2019), almost 68,000 cases of JE with a 20-
30% mortality rate were recorded annually. A study based on mathematical modeling with age-
stratified case data estimated that approximately 100,308 clinical cases and 20,000-30,000 deaths
occurred due to JEV in 2015 across the globe [4]. Children aged 0 to 15 years are comparatively
more vulnerable with increased threat of neurological complications than adults [5]. Almost 2
billion people living in endemic countries face constant threat of JE and upsurge in the mosquito
population poses risk of JEV expansion to newer geographical areas.

JEV is a single-stranded positive-sense RNA virus, which is primarily transmitted through the
bite of infected female mosquito Culex tritaeniorhynchus. Other Culex species such as Cx.
annulirostris, Cx. vishnui, Cx. pseudovishnui, Cx. gelidus, Cx. sitiens and Cx. fuscocephela are
also reported to be involved in the transmission of JEV along with some species of Anopheles
mosquito such as Anopheles subpictus, An. Peditaeniatus and An. hyrcanus [6]. The primary
reservoirs of JEV are the birds of the family Ardeidae, like herons and egrets. Pigs are highly
susceptible to the virus where they get amplified in optimum level and develop high circulating
viral titer [amplified host], therefore are able to spread the infection to naive mosquitoes [7].
Cases are also reported at this stage pigs tend to shed the virus in oronasal secretion and may
potentiate the horizontal transmission of JEV infection [8]. Humans and animals like cattle and
horses do not develop high viral titers to spread the virus through uninfected mosquito bite and
making them ‘dead-end’ hosts, as shown in Figure 1. Nonetheless, JEV has an enzootic cycle,
due to which the virus can persist in nature to such an extent that it might be next to impossible to
eradicate it in the near future. Thus, an effective antiviral therapy and an ideal vaccine against
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Figure 1: Cycle of Japanese
) m Encephalitis Virus (JEV) infection and
Sy amplification. Long-legged water birds
like herons, storks, and ibises are the
s primary reservoirs and make it as a
S \$L amplification n 2l natu ra_l host for JI?V. JEV-infected female
(natural hosts) ™ /" reservoir mosquitoes, especially Culex
’ tritaeniorhynchus transmit the virus from
wading water birds to other vertebrate
animal species (Pigs, Cattle and other
hooved animals) and humans. Pigs (wild
or domesticated) acts as a secondary host
where virus gets amplified at optimum
level and carries the infectious virion
from one place to another (vector-free
Beadend! " transmission), from where female Culex
mosquitos take up the virus and infects to
humans by biting them. The infected
human becomes ‘dead-end’ host for the
virus as the JEV do not develop a high enough titer in the blood circulation to transmit through
feeding mosquitoes.
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JEV is of great importance. JE research has increased rapidly with growing technological
advancements, with the primary aim of developing a safe and cost-effective therapeutics (drugs
and vaccines) for all age group. This review thoroughly discusses the recent trends in the
discovery of JEV-targeted compounds that have the potential to be developed as therapeutic drugs
and the efforts that have been done so far towards the therapeutic research against JEV.

2 Epidemiology

The majority of cases of viral encephalitis in the Asian subcontinent are due to JEV [5]. This
spans a large region that includes majorly tropical parts of Asia, such as Japan, China, Taiwan,
Korea, the Philippines, India and all of Southeastern Asia. Countries with confirmed JE epidemics
include India, Nepal, Pakistan, Sri Lanka, Myanmar, Laos, Vietnam, Malaysia, Philippines,
Singapore, China, Indonesia, maritime Siberia, Japan, and Korea [9]. Additionally, it has
intermittently and infrequently happened in portions of the Western Pacific and northern Australia
[5]. Historically, the JEV similar outbreaks had been recorded in Japan in the late 1800s,

however, the first confirmed JE case was documented in 1924 in Japan followed by Korea (1933),
China (1940), the Philippines (1950), India (1955), and many other Asian countries thereafter [4].
In recent decades, geographical hotspots for JE incidences have shifted considerably from South
Asian countries (e.g., Japan, South Korea, and Taiwan) to South East Asian countries like
Bangladesh, Cambodia, India, Indonesia, and Pakistan [5], as shown in Figure 2. Since the early
1970s, there has been a rise in epidemic activity of JEV in the Indian subcontinent. Afterwards, in
late 1990s, the virus persisted to spread in the neighboring territories like Southern Pakistan along
with the Kathmandu Valley of Nepal [10].
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Figure 2: Geographical distribution of JEV. The red part of focused Indo-Pacific
geographical regions and countries indicates where active JEV cases were reported since its
outbreak. And, orange color is showing areas which have highest risk of JEV infection in near
future. The epidemiological data of JEV was modified from https://www.who.int/news-room/fact-
sheets/detail/japanese-encephalitis .

In India, the first JEV evidence was observed back in 1952 and later on it expanded in several
states in 1955, with the predominant pediatric cases [10]. The incidence of JEV cases in India
have a positive correlation between the disease outbreak and vector density as outbreaks were
always preceded by the monsoon season. Indian states like Karnataka and Andhra Pradesh
experienced two outbreaks every year from April to July and September to December, however,
the outbreak in April-July being quite severe compared to the September-December outbreak
[11]. Nonetheless, the cause of seasonal JE severity is still unknown. Amongst the outbreaks in
India, the major one that was well documented occurred in the Bankura district of West Bengal
resulting in a 42.6% case fatality rate in 1973 [9]. Post-1973 outbreaks, JEV almost covered all
parts of the Indian continent and it has been reported at regular intervals. The hot spots for
outbreaks are Andhra Pradesh, Assam, Bihar, Haryana, Karnataka, Kerala, Maharashtra, Manipur,
Tamil Nadu, Orissa, Uttar Pradesh, and West Bengal. Uttar Pradesh has been under constant
surveillance for viral outbreaks since 1978 [11]. Gorakhpur district of Uttar Pradesh witnessed the
incidence of the most prolonged epidemic of viral encephalitis between July to November, 2005
[12]. A total of about 5,500 documented cases of viral encephalitis from seven districts of Uttar
Pradesh were reported with >1300 fatalities (~23%). Investigation of an encephalitis outbreak in
another district of Uttar Pradesh, Lakhimpur-Khiri led to the characterization and identification of
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the causal virus homologous to the most common JEV strain GP78 [13-15]. Several reports
indicated the expansion of the virus to the newer non-endemic areas, including the northern and
northeastern parts of the Indian continent and cases have been reported that signify the virus’s
spread, including urban areas such as New Delhi, the capital of India. Other massive outbreaks
that have been reported include the one in Malkangiri (2012) and another in Manipur (2016) [16].

More recently, JEV infection has been a threat of resurgence that was highlighted by the
fairly large epizootic outbreak in Australia in 2022 [17]. In Australia, the JEV case was first
identified in 1995 and has remained dormant over the past two decades [18]. In early 2021, it
reappeared again and diagnosed in the resident of northern territory in Queensland that resulted in
death and it appeared to be a sentinel human case of the recent outbreak in 2022 in the southern
Australian states. Afterwards, the JEV was detected in stillbirths, mummified fetuses and
newborn piglets from the several commercial piggeries majorly located in the four southern states
of Australia (New South Wales, Queensland, South Australia and Victoria), as represented in the
Figure 2. As of August 01, 2022, there had been 40 confirmed human cases across four states,
with five fatalities [19, 20]. The main causative agent of JEV transmission in Australia was the
members of the subgroup Culex sitiens, particularly Culex annulirostris [9]. The other Culex
species, Culex quinquefasciatus, Culex gelidus, and Culex tritaeniorhynchus were suspected to
transmit the disease in Australia [19], although more research and mosquito surveillance need to
be carried out to confirm their geographic distribution and abundance in Australia. Nonetheless,
the current JEV infection in Southern Australian states poses significant risk to their neighbouring
territorial states such as Northern territory and Western Australia.

3 JEV structure and its genome

Japanese Encephalitis Virus is an enveloped, positive-sense single-stranded RNA virus measuring
~ 40-50 nm in diameter with spheroid cubical symmetry. The viral RNA genome (~11 kb)
encodes genes for three structural (C: capsid; prM: precursor membrane and E: envelope) and
seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) with the
5’methylated cap and lacking the poly-A tail at 3° end. All ten of these proteins encoded from
3432 amino acids are translated from a single open reading frame of genomic RNA.

The capsid (C) structural protein of JEV dimerizes head-to-tail in an anti-parallel manner.
Multiple copies of capsid dimers tend to compose in spherical nucleocapsid, enclosing the viral
genomic RNA. Recently, the C protein crystal structure was revealed and it was shown to have a-
helixes 1-4 secondary structure, which closely resembles with the capsid protein of DENV,
WNV, and ZIKV [21]. Each monomer of the JEV capsid protein consists of four helices: al
(amino acid 29-38), a2 (amino acid 44-57), a3 (amino acid 63-70), and the longest a4 (amino
acid 74-96), connected by short loops. The amino-terminal of a helix-1 forms closed and open
confirmation by which it tends to be flexible and allows possible antivirals against this domain.
However, the carboxyl-terminal pairing of o helix 4-4 arrangements leads to form a coiled-coil-
like structure, which possibly helps in nucleic acid binding.

The viral precursor membrane or pre-membrane (prM) emerges from nascent polyprotein
following co-translational cleavage by signal peptide and starts to assemble at viral genomic RNA
containing vesicles of the ER. Soon after it is assembled, the vesicle buds from the ER and
reaches the Golgi body network, where prM is cleaved by furin enzyme into M protein and forms
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a mature virus particle before its release from the host cell. The exact function of prM/M in JEV
is still unknown. However, in other related viruses of the same family like DENV and YFV, it is
studied well, where it helps in the assembly of mature viruses and providing the moiety for the
proper conformational arrangement of the E protein. Also, the membrane protein of the virus
plays a crucial role in the binding of the E protein domain with the host receptor while
establishing the infection. After the virion internalization, membrane protein assists in the fusion
of viral vesicles to the endosome.
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Figure 3: JEV structure, pathogenesis and potential drug targets. (A) Spherical
representative diagram of JEV, comprising of three structural proteins namely capsid (C),
precursor membrane (prM) and Envelope (E), and seven non-structural (NS) proteins, NS1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5. N and C represents amino- and carboxyl-terminals of
the viral polyprotein. (B) JEV pathogenesis start from binding of virion onto the host receptor
(DC-SIGN, heparin sulphate, Fc-receptor, etc.) and internalised through Clathrin-mediated
endocytosis, thereafter, its fusion with endosome where viral particle changes their confirmation
and releases their genomic positive sense single stranded RNA on acidic pH. Soon after, viral
RNA starts their translation with the aid of host ribosomal and other essential proteins onto
rough endoplasmic reticulum (ER) and makes their structural and non-structural proteins. In
cognate, the NS viral proteins help in the making of replication complex and transcribed into
complementary negative sense RNA from the genomic positive sense RNA. Also, NS proteins
(majorly NS3, NS4B and NS5) form replication complex, and further transcribed into several
copies of positive sense genomic RNA which later encapsulated by capsid protein, assembled with
prM and E onto ER and assembled virus get matured over trans-Golgi network and finally
matured virions releases from host cell through exocytosis. The inhibitory symbols indicate the
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potential drug targets for which development of antivirals efforts have been done so far and
continuing research to diminish the JEV infection. Figure was originally created from
BioRender.com.

The E of the JEV is an essential protein that covers the virion and is responsible for binding
to the host cell receptors and fusion with the host plasma membrane. The E protein is the major
protein recognized by virus-neutralizing antibodies. Like other flavivirus E proteins, it has three
domains, envelope domain | (EDI), EDII and EDIII. The crystal structure of the E protein
revealed that it dimerizes antiparallel head-to-tail like other flavivirus E proteins but with a
relatively small interface [22]. The EDI forms the central domain of the envelope with the nine-
stranded B-barrel which is located between the extended EDII and globular domain EDIII. EDII is
basically formed with two extended loops that extend from EDI and are stabilized by binding
with three disulfide bonds and conserving its fusion peptide at the top. Like other flaviviruses,
EDIII retains immunoglobulin-like structures at the carboxyl terminus of the ectodomain which
tends to bind with host receptors for its virion internalization. With these properties, the EDIII
domain could be a potential target for designing antivirals for JEV infection mitigation.

All seven non-structural proteins (NS) are translated and cleaved from the single
polyprotein and are majorly involved in the replication and assist in the assembly of new viral
particles. The NS1 of JEV is relatively not well studied as other flaviviruses, and its exact
function is still unknown. Some studies indicated that JEV NS1 is involved in the replication
complex for transcribing the double-stranded intermediate RNA [23]. A few studies have shown
that small interfering RNA (siRNA) against the NS1 could inhibit the JEV replication in vitro
[24]. However, none of the siRNA was carried forward for clinical development. Also, a study
by Yen et al., 2015, indicated that NS1 acts as a heterologous epitope and induces a cross-reactive
immune response against various pathogens [25]. However, the NS2A protein has direct
involvement in the viral RNA genome synthesis and its assembly. The NS2B forms the complex
with NS3 and helps in the viral protease activity and NS3 on its own acts as helicase and aid in
the function of genome replication. Also, NS3 is believed to have originated from the ER or trans-
Golgi body network and works as a reservoir for viral proteins during virion assembly [26]. The
NS4 protein is highly hydrophobic and is supposed to participate in making the membrane
component. Due to this, it might play a crucial role in virus adaptability in different environments,
though the exact function of both NS4A and NS4B is still unclear. The NS5 is a multi-enzymatic
protein and a vital component of the viral RNA replication complex. Like other flaviviruses’
nonstructural and cellular proteins, the NS5 carries both methyl transferase domain in N-terminus
and RNA-dependent RNA polymerase (RdRp) domain in C-terminus [27]. The methyltransferase
domain of NS5 is largely responsible for the 5’ capping of viral genomic RNA and RdRp domain
directly plays a role in RNA replication [28-31].

4 JEV pathogenesis

Viremia must be high enough in reservoir host for a biting naive mosquito to acquire the virus [6].
Once a mosquito sucks blood from an infected host, the virus has to be passed from various
physical and physiological barriers before it get replicated [33]. Once virus reaches to the midgut,
the viral envelope fuses with the plasma membrane of intestinal epithelial cells and releases its
genome into the cytoplasm, if the peritrophic membrane (a potential physical barrier) is not
formed yet. Thereafter, the virus gets replicated and virions burst out into the hemocoel from
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where it travels to the tracheal system and finally reaches the salivary glands [33]. Eventually,
acinar cells of salivary glands become infected with the virus after passing the salivary gland
infection barrier and start to shed virions into the saliva and the carrier mosquito ready to infect
the subsequent host when it bites.Upon infected mosquito bites, virions finally released to the
dermal cells of the healthy human [32], from where the virus causes either latent infection by
infecting only mononuclear cells or persistent infection in which it invades the nervous system
[34]. Pathogen-associated molecular patterns (PAMP) bind to pathogen recognition receptors
(PRR) to induce interferon stimulatory genes (ISGs like PKR, OAS, TRIM21, ISG15, and MX1)
via the JNK pathway. These interferons induce the antiviral state in the host cell and neighbouring
uninfected host cells, but the virus can change it in its favour. The virus invades primarily innate
immune cells in the skin like keratinocytes, Langerhans cells, fibroblasts, dermal dendritic cells
and endothelial cells [35]. The dendritic cells are the primary target for JEV infection and
potential the secretion of pro-inflammatory cytokines such as IL6, IL8, IL12 and TNF-a [36] and
attracts other immune cells by which virus gets opportunity to enter the draining lymph nodes and
secondary lymphoid organs like the spleen, followed by other peripheral tissues like the kidney,
liver, heart, and lungs. The virus replicates in macrophages in tissues and monocytes in the blood
[37]. If the immune system can generate a humoral response (IgM) in first 5-days of the virus
incubation period (sub-clinical stage) then virus may get cleared before reaching the central
nervous system [35]. If not, the most dangerous clinical phase begins and starts to enter the
central nervous system after breaching the blood-brain barrier (BBB). There are various ways of
breaching the BBB, (a) direct diffusion through endothelial cells, infecting them by replication;
(b) Trojan horse mechanism in which the virus enters cerebrospinal fluid (CSF) by colonising in
inflammatory cells or blood lymphocytes; (c) chymase release by mast cells or metalloproteases
(MMP 2/ MMP 9) which loosens tight junction between endothelial cells [38]; or (d) receptor-
mediated endocytosis [34, 35]. All these mechanisms can kill neurons directly by infecting the
more causing neuronal bystander death. Virus entry in CSF activates microglial cells, astrocytes,
and pericytes due to which they release excessive pro-inflammatory cytokines like COX-2, iNOS,
IL-6, TNF-a, which causes inflammation in some parts of the brain (neuroencephalitis) [31].
Studies report that IFN - o (anti-inflammatory cytokine) provides immunity against JEV by
inhibiting replication at various stages as well as assembly and release. Its efficacy has been
studied in vitro but a similar effect was not observed in humans [39,40].

Furthermore, JEV enters neuronal cells using PLVAP and GKNS3 receptors [41].
Subsequently, lowers the levels of anti-inflammatory cytokines (IL-10 and IL-4), and also kills
neuronal cells [34]. Killing the neurons, stimulates astrocytes and microglial cells to release
inflammatory mediators which causes further neuronal cell death [42]. Astrocytes and microglial
cells also release chemokines (IP-10, RANTES, IL-8, MCP-1) which facilitate the entry of blood
lymphocytes in the CSF, further elevating the infection [42]. The proliferation of neuron
progenitor stem cells (NPSC), that are responsible for immune response into CSF, is inhibited due
to virus infection. Prolonged inhibition of protein synthesis due to interferons may be lethal to
healthy neuronal cells. Studies showed that individuals with a higher concentration of anti-JEV
IgM in CSF have more chances of survival without much affecting CNS [43,44].

Interaction of the virus with host receptors includes recognition, attachment, binding, and
entry. The process initiates with the association of the virus to attachment factors like
heparansulfate proteoglycans which brings it to the vicinity of the target host cell until it finds a

d0i:10.20944/preprints202212.0581.v1
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suitable receptor on the plasma membrane. The virus interacts with several host receptors like
Heat Shock Protein 70, CD4, a5B3 Integrin, Dendritic cell-specific intercellular adhesion
molecule-3- grabbing non-integrin (DC-SIGN), Glucose-regulated protein 78 (GRP78), T-cell
immunoglobulin and mucin domain 1 (TIM-1), etc. [35]. After establishing the attachment with
the host receptor, the viral particles are internalized by clathrin-dependent and independent
endocytosisin fibroblasts, epithelial cells and neuronal cells. Conformational changes in E
glycoproteins occur inan endocytic vesicle, which releases hydropathic patches resulting in fusion
of the envelope with an endosomal membrane (Figure 3). Thereafter, the virus uncoats and
releases its single-stranded positive-sense RNA genome in the cytoplasm under the influence of
acidic pH [45]. Non-structural proteins of the virus along with host factors and endoplasmic
reticulum-associated protein degradation (ERAD) proteins like LC3-1, EDEM 1 and SEI1L
interact to form a replication complex at the surface of the endoplasmic reticulum [34, 46, 47].
SSRNA replicates to a double-stranded replicative form, which serves as a template for the
synthesis of positive sense MRNA. mRNA is synthesized, and protein is translated and processed
by host and viral proteases. Virion assembles in the ER lumen and matures via cleavage of prM to
M by host furin at trans-Golgi followed by its release. [35] (Figure 3).

5 Clinical manifestations

In general, most JE infections are mild subclinical febrile illness or without any evident
symptoms. But, among the patients who develop severe clinical illness (encephalitis), the case
fatality rate can be as high as 30%. The patients who survive after being severely infected, about
30-50% of them face behavioral or neurological sequelae such as paralysis, frequent seizures
and/or inability to speak [10,48]. The progression of JEV infection is divided into three stages in
patients who progress to neurological disease. The first stage, the prodromal phase, is marked by
mild fever, chills, muscle pain, meningitis, vomiting, diarrhoea. In the second stage, the acute
phase, a person suffers from reduced consciousness, seizures, a parkinsonian syndrome which
further manifests into viral encephalitis in which a person may experience tremors, generalized
hypertonia, cogwheel rigidity and other abnormalities that may even result in a coma. In some
cases, the disease progresses rapidly and maybe lethal. In the third stage, the late phase, the
person either recovers or suffers from elongated neurological sequelae [34, 42]. Several parts of
the brain such as the hippocampus, thalamus, basal ganglia, parenchyma, cerebral cortex,
midbrain, brain stem, temporal lobes, substantia nigra, and anterior horn cells of the spinal cord
get affected among which hippocampus is found to be majorly affected. Few histopathological
changes observed are perivascular cuffing, vascular leakage, microglial nodule formation,
gliomesenchymal nodules, necrolytic lesions, scarred ramified foci, cerebral edema, and
congested leptomeninges [34].

6 JEV Genetic Diversity

Sequencing of complete and partial viral genomes has led to the identification of prevalent viral
genotypes. Five different JEV genotypes have been identified (GI-GV) so far. The genotypic
distribution of JEVs has an observable geographic pattern, with (a) Indonesia- Malaysia region
having all 5 isolated genotypes; (b) GI and GlI found in the Australia-New Guinea region; (c) GlI
and GIII prevalent in the Taiwan-Philippines region; (d) Thailand-Cambodia-Vietnam region
having GI, GllI, and GllI genotypes; (¢) Japan-Korea-China region having Gl and GllIlI; and (f)


https://doi.org/10.20944/preprints202212.0581.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 December 2022 d0i:10.20944/preprints202212.0581.v1

V. an emerging threa

India-Sri Lanka-Nepal region having GlII. Although several reports suggested that Gl is replacing
GIII as the dominant genotype in India. Detailed phylogenetic analysis of the present strains
suggests the origin of JEV from an ancestor in the Indonesia-Malaysia region and diverged into
five different genotypes. The genotypes GIV and GV, which still circulate in the region are older
forms and the newer ones which are more recent in evolutionary history, viz., Gl, Gll and GllI
have spread to other parts of the world. A group of GV have been isolated in China and South
Korea post- 2008, which indicates that they emerged recently and circulated outside the
Indonesia—Malaysia region. Although all JEV genotypes form a single serotype, at least 5
antigenic groups are differentiated by various immunological assays, demonstrating some degree
of antigenic variation among circulating JEVs [49]. Thus, the genetic and antigenic heterogeneity
of JEV may have a significant impact on JE prevention and control. Genotypes of JEV along with
the most affected countries are given in Figure 4 [50].

S Figure 4: Genotypes of
Japan, India, JEV and most affected
Genotype lll Vietnam, Taiwan, countries. Based on the
China, Nepal nucleotide sequences of the
C/prM and E protein genes,
JEV is classified into five
genotypes as Genotype I, Il,
Indonesia (Bali and 11, IV and V. A general
Genotype ll (Ch:::’:l'rz;: a;,',?:ysia, representation of the origin
Australia, Korea of various JEV genotypes
along with the
countries/geographical
areas where they are most
abundant in or have the
Thailand, Cambodia, greatest impact (in the right
Genotype| Korea (Wando), China, side of the respective
Japan,-Vletnam, Indl:fl, genotypes). The data
Australia (Torres Strait) represented is adapted from
Solomon T et. al, 2003 [50],
JEV — Genotype IV Indonesia (Bali f':md Gao X et. al, 2015 [49], van
Java), Australia den Hurk et al., 2022 [19].
Malaysia (Muar), China
Genotype V (Tibet), South Korea

7 Potential Drug Targets

Various proteins, crucial for viral attachment, replication and maturation, can be considered as
potential drug targets. Data states that developing host-related proteins as drug targets can be
more advantageous than targeting the viral proteins, as it allows targeting multiple viruses
simultaneously [51]. It reduces the chances of drug resistance and maintains drug affectivity, even
if the virus is mutated. However, targeting host molecules might be disadvantageous as it may
induce various levels of cytotoxicity and side effects at the cellular level [52, 53]. Analysis of the
JEV lifecycle at different levels has also identified various levels at which the replication of the
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virus can be inhibited via targeting different structural and non-structural proteins. Structural
proteins like Capsid and Envelope proteins and Non-structural proteins like NS3 and NS5 can be
explored as unique drug targets [31].

The C protein dimerizes and the C-terminal of it associates with the viral RNA to form
nucleocapsid (NC) [54,55]. Such association allows the stabilization of viral RNA; thus,
molecules can be developed inhibiting the dimerization of C protein or the RNA-protein
interaction as Anti-JEV drugs [21]. The prM and E proteins, the main constituent of the immature
virion, inhibits the premature budding of virus particles [56]. The maturation of virions is a result
of the conformational changes of major surface component dimeric E -protein by cellular serine
protease furin [56,57]. Studies indicate that, N linked site of domain | of E protein interacts with
cellular receptors and can be concluded for the infectivity of the virus [22,58]. Structural analysis
has suggested various sites of the target in E protein like f-OG ligand binding pocket, E-protein
rafts in mature virus and E homotrimers [56-58].

The proteolytic cleavage of NS2A-NS2B, NS2B-NS3, NS3-NS4A and NS4B-NS5 are
essential for the assembly of viral replicase complex [57]. This is processed by a heterodimeric
complex of NS2B-NS3. NS3 has a serine protease domain at N-terminal, which is enzymatically
inactive, and is active in association with NS2B. NS2B contributes to the essential folding of the
NS3 protease site [59, 60]. The C-terminal of protease and helicase domain of NS3 has 7
conserved motifs of NTPase and RNA helicases [59]. NS3 helicases perform vital viral
replication functions like DNA duplex resolvation, helping in RNA synthesis initiation, removing
protein bound to the genome and secondary structures melting [61,62]. It also has ATPase
activity, which regulates ATP-dependent strand separation. Similarly, all NS3 helicases have
NTPase activity to hydrolyze nucleoside triphosphate non-specifically to meet the energy
requirement of the replication process [62]. NS5 has methyltransferase activity at the N-terminal
which regulates the 5’ capping of nascent RNA by methylating the 5’ guanine cap and ribose
2’0OH position. Mutation at this site has caused impairment of viral replication [63]. The C-
terminal of NS5 has RNA-Dependent RNA polymerase (RARp) activity which initiates the RNA
synthesis in the absence of primers [64]. Absence of RdRp in humans makes NS5 RdRp a very
promising drug target. Hence, viral proteins such as NS2B-NS3 protease, NS3 helicase, NS5
methyltransferase and NS5 RdRp might be exploited as potential drug targets for the development
of anti-JEV drugs.

8 Anti-JEV drugs

Japanese Encephalitis is one of the most serious infections, and no specific antivirals are available
to date. Current therapeutic strategies do not target attenuating the virus but it is the only
treatment for various clinical manifestations. Many drugs have been investigated [Table 1], but
none have been found effective to date, so the journey to find any specific drug against JEV
continues.

8.1. Broad spectrum (Non-specific) antiviral molecules used against JEV

Many broad-spectrum antivirals have been studied to inhibit JE. Some of them were identified to
inhibit JEV infection actively. Rosmarinic acid has been observed to reduce the viral replication
of JEV (GP78) in mice brains [65, 66]. Curcumin, a phytochemical which is also an antioxidant,
has shown a reduction in new virus formation via dysregulation of the ubiquitin protease system
[31, 67]. A derivative of tetracycline, minocycline has shown a reduction of virus titer, prevention
of neuronal apoptosis, and activation of microglial activation in vitro and in vivo studies [68]. It
has also shown effects on the protection of the blood-brain barrier which usually impairs during
infection [69, 70]. These all drugs can be tested for their particular activity against JEV.
Interferons and interferon inducers like aloe-emodin have also shown inhibitory activity against
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JEV infection by creating an antiviral state by triggering an adaptive immune response [71, 72].
Ribavirin, an inhibitor of guanine nucleotide synthesis by targeting inosine monophosphate
dehydrogenase, has been tested for JE in children, but it showed an almost negligible effect in
treating JEV [73-76]. These several phenomena can be exploited to inhibit the infection of JEV
and hence can be explored for an active anti-JEV candidate. Various host factors such as ornithine
decarboxylase, histone deacetylases, and HSP70 have been identified to play a crucial role in
advancing viral infection which inhibits them with inhibitors. HSP70 due to its upregulation and
its function during JEV infection, its inhibitors like apoptozole have also been identified to inhibit
JEV invitro [77] (Table 1).

8.2. Nucleic acid based anti-JEV molecules

Development in micro-RNA-based studies has allowed exploring nucleic-acid based drug
designing against JEV. Targeting the viral genome with miRNA inhibits the virus propagation at
transcription and translation levels [102]. Although they lack of specificity with various strains,
and require simultaneous administration, have provided a promising outcome in partially or
completely inhibiting JEV infection in vitro and in vivo [30, 64, 78]. Several studies have shown a
great and efficient reduction in JEV infection by targeting genes for various essential proteins by
miRNA [79]. Besides miRNA, shRNA can also be used to silence a part of the viral genome [80].
Other aspects of nucleic acid-based drugs are morpholino oligomers and peptide nucleic acids
(PNAs). PNAs are peptide-like backbones containing nucleic acid derivatives with side chains of
heterocyclic bases. Morpholino oligomers are DNA bases attached to methylene morpholine rings
backbone linked to phosphorodiamidate groups. They both have the ability to irreversibly bind to
complementary sequences with high specificity hence they can be used to inhibit viral replication
binding at some sequences of the viral genome [81-83] (Table 1).

8.3. Replication cycle-based anti-JEV molecules

Inhibiting viral replication at different stages can be potential target for any drug identification.
Initiating from entry to the maturation and release of viral progenies, for every step molecule can
be designed which may inhibit the particular step, concluding to inhibit the viral replication.
Different approaches have been made to inhibit the attachment and entry of JEV. Proteoglycans
like heparin sulfate and chondroitin sulfate, essential cellular receptor, has been identified as a
potential target against JEV [30]. Their derivatives have been found to have partial protection
against JEV, in vitro and in vivo [84-86]. Bovine lactoferrin binds to the heparin sulfate receptors
and prevents attachment of the virus to the cells [87]. RNA replication is governed by several
factors hence many compounds have been tested to target viral replication and have provided
effective results in eliminating the infection. MCPIP1 [Monocyte chemoattractant protein 1-
induced protein 1] has a nuclease domain which has been observed to express anti-JEV activity in
vitro. MCPIP1 targets various RNA sites and inhibits replication [88-89]. A phytochemical,
pokeweed protein extracted from Phytolacca americana, exhibits depurination of viral RNAs.
Partial progression of JEV was observed in mice with this protein [90]. Kaempferol, a natural
flavanol, has also shown inhibitory activity against JEV by neutralizing the virus via binding to
the frameshift site of viral RNA [91] [Table 1].

Advancements in structural virology and in silico methodologies have eased methods to
identify new molecules against viral targets, primarily against NS3, NS5 and E proteins due to
their essentiality in virus replication and infection. Bortezomib has been identified to target the
genome of JEV in-silico [92]. Various compounds/drugs have been studied through
computational guided drug discovery approach and analysed them via advanced high throughput
technologies. Although they had different high efficacy levels in vitro and in vivo many of them
failed to show a similar effect in humans or they were detected to be unsuitable in clinical studies
[31]. Hence the journey to find some promising drug against JEV continues.
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9. JEV Vaccine

Due to the dearth of therapeutics, vaccination is the only reliable means of prevention, other than
avoiding mosquito bites 146]. As a part of pre-travel precaution in most countries, multiple doses
of JEV vaccines are recommended [147]. Since the 1990s, significant progress has been made in
JE surveillance and the implementation of vaccination programs. In 2012, 75% of countries with
JE transmission risk had some surveillance programs in place, and 46% had immunization
program [148]. Large-scale vaccination of the susceptible human population must be
implemented in order to prevent JE. There are several types of JE vaccines, including purified,
formalin-inactivated mouse-brain derived, cell-culture derived inactivated, and cell-culture
derived live attenuated vaccines. [9]. A brief summary of JEV vaccines are given in Table 2

9.1. JE-MB

The first-generation inactivated Nakayama strain JE-MB [marketed as 'JE-VAX' or '‘Biken']
vaccine derived from mouse brain was manufactured in Japan and got licensed in 1954 [9]. In
Taiwan, the first trials of the crude vaccine were conducted in 1965, where 80% effectiveness was
observed. Later, adults from India, Japan, Thailand, and the US reported 80% to 100%
seroprotection after receiving a purified vaccination. [149] The Beijing-1 strain, also known as P-
1, replaced the Nakayama strain in 1988 after observing its better cross-neutralization and broader
coverage on different JEV strains [149]. Based on the JEV Beijing-3 strain, in 1967, a primary
hamster kidney [PHK] cell culture-derived inactivated vaccine was produced in China having
fewer adverse effects [9]. The vaccination was recommended by the Centers for Disease Control
and Prevention (CDC) for age group 1 — 3, in a three-dose regimen 0, 7, and 30 days which
showed good neutralizing antibodies in 100% of vaccinee in 6 months. Immunity against JEV
was reported to be persisting in some recipients even without the booster for two years, although
booster is recommended after one year followed by once every 3 years until age of 10. [9,150].
Later in 2005, the Japanese government retracted this vaccine from their immunization plan when
it was temporarily linked to the risk of acute disseminated encephalomyelitis. Though it was
uncommon illness but serious when it associated with other hypersensitive responses and become
fatal at the rate of 1-17/10,000 vaccinated people. Despite the fact that, the WHO Global
Advisory Committee on Vaccine Safety (GACVS) clarify and explained that the JE-MB vaccine
had no causal relationship with an elevated risk for acute disseminated encephalomyelitis [151].
The Nakayama strain of JEV had been the predominant strain utilized in JE-MB production
throughout Asia since it was identified from a patient's CSF in 1935 and maintained via continual
mouse brain passage [152]. However, cell-culture-based vaccinations have mostly supplanted the
JE-MB vaccine [153,154].

9.2. JE-VC

JE-VC is a Vero cells culture-derived vaccine made up of inactivated SA 14-14-2 strain of JEV
with 0.1% of aluminum hydroxide as an adjuvant [150]. In the United States and most other
countries the JE-VC marketed as IXIARO®. However, in Australia and New Zealand, it is sold as
JESPECT® and in India its brand name is JEEV® [155]. The JE-VC was initially manufactured
by Intercell biomedical, Austria and licensed in 2009 for aged >17 years. Later in 2013, it further
licensed for aged > 2 months to 16 years [156] and reported 100% seroconversion in vaccinated
individuals with the booster dose. But some cases also reported that the decline in seroconversion
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rate with time [157,158]. The most common side effects of this vaccine were identified in clinical
trials in 13-26% of participants as headache, myalgia, influenza-like sickness, and fatigue in the
first week of immunization [150]. The other variant of JE-VVC vaccines which are available
without using any adjuvant, are made up of inactivated Beijing-1 strain of JEV, being licensed as
JEBIK-V and ENCEVAC in Japan in 2009 and 2011, respectively. TC-JEV that was
manufactured in Boryung/Korea licensed in 2013 [155].

9.3. JE-CV

IMOJEV is a recombinant chimeric JE vaccine (JE-CV), based on the 17D-204 Yellow Fever
Vaccine, where two structural genes (prM and E) were replaced with the JEV prM and E genes of
SA 14-14-2 attenuated strain [159]. It was designed by Chamber’s group in 1999, and further
developed by Guirakhoo’s group (Acambis, USA) as a ChimeriVax™-JE vaccine. Thereafter, it
was licensed in Europe, USA and Australia with the brand name IMOJEV in 2009, which is
manufactured by Sanofi Pasteur [160]. This single-dose live vaccine induces a significant
immune response with ~95% seroconversion rate [9] and recommended for its immunization in
age group >9 months and <18 years followed with a booster dose after 1-2 years of priming.
Later on, the vaccine was recommended for adults (>18 years) with its single dose followed an
optional booster dose after 5 years [149. 161] in JEV endemic areas. Headache, weariness,
myalgia, and malaise were the most common side effects observed in its clinical trials in 17-24%
of vaccine recipients. Till date, the CV-JE vaccine is approved in 14 countries including Thailand,
Australia, Malaysia, Philippines, Hong Kong, and Singapore [162].

9.4.JE-LV

Live attenuated Japanese Encephalitis VVaccine (JE-LV) is made up of attenuated strain of SA 14-
14-2 virus and produced from the primary culture of hamster kidney cells [163]. The vaccine was
initially developed by CDIBP [Chengdu Institute of Biological Product], China in 1988. This is a
single-dose live vaccine, recommended to be administered for children at the age of 8-9 months
with a booster dose after 3-12 months. The vaccine has shown 85-95% of efficacy with single as
well as double doses in reported trials [149]. According to WHO, neutralizing antibodies are
produced in ~90% of vaccine recipients [161] and confer protection against JE infection at least
for 5 years. Approximately more than 700 million doses of the JE-LV vaccine have been given
out globally since 1988. Although it is an effective vaccine, it has shown various side effects
including fever, sleepiness, irritability, nasopharyngitis, gastroenteritis, conjunctivitis and rhinitis
in their clinical trials [164]. JE-LV has the largest global production share of almost 50% among
all JE Vaccines including its presence in West Pacific regions and Asia [Nepal, Sri Lanka, India
and Korea] [164]. Owing its potential effects, it has been used more frequently in JEV endemic
areas since 2003 [30].

9.5. JEN-VAC

JEN-VAC is a Vero cell adapted inactivated vaccine developed from Indian Kolar strain

(821564 XY) which is manufactured and licensed by Indian pharma company, Bharat Biotech
International Ltd, since 2014 [165].This vaccine provided >90-96% seroconversion and
seroprotection after 28 days of immunization in reported clinical trial which was conducted in 1-
50 years aged healthy individuals with the minimal recorded adverse effects like, fever, headache,
vomiting, pain at injection site and body ache[165]. The double dose of JENVAC with 24 months
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interval shows highest antibody titer and has proven to induce better immunogenicity over live
attenuated vaccine made with (SA-14-14-2), hence it is recommended to use for adults as well as
children of age groups > 1 year. [166]. JENVAC is a promising vaccine, though not much
superior to other alternatives according to the currently available data. [167].

10. Discussion

Despite numerous studies that have improved our comprehension of the virus and how it interacts
with the host, JE still poses a serious threat to public health and has the potential to spread
globally. Coordinated efforts are required for JE control and management, ranging from mosquito
control to the design of effective vaccines and specific antiviral drugs. The majority of JEV
outbreaks have taken place in developing countries. Therefore, finding drugs that could reach the
underprivileged masses is the obligation of the scientific community, federal governments, and
WHO. Anti-JEV drugs developed must be safe for all including children, the elderly, and
immuno-compromised people. These drugs must cross the blood-brain barrier (BBB), reach the
central nervous system, and remain active even after the initial stage of the infection when the
patient begins to show the symptoms of disease and must possess a high genetic barrier to
resistance.

Novel antiviral drug development and clinical application must be a significant area of
focus in the current scenario. Antivirals with fewer off-target effects include those that inhibit the
activity of conserved viral non-structural proteins like protease and polymerase. The availability
of JEV NS3 and NS5 crystal structures has made it possible to identify potential inhibitor-binding
sites for developing the most effective drugs using structure-guided target-based drug
development. [142,168,169,170]. It may be possible to develop antivirals from specific inhibitors
targeting host proteins necessary for any stage of the viral life cycle, from attachment and entry to
replication and outflow. An active area of research that could produce safe and effective antiviral
drugs involves high throughput screening of drug libraries and natural compounds. [141,171].
Also, research focused on Dengue Virus (DENV), Zika Virus (ZIKV) and other similar viruses
could be extrapolated to design an effective JEV-specific drug. Studies have shown that several
types of phytochemicals, including flavonoids, terpenoids, polysaccharides, alkaloids, thiophenes,
lignans, and lectins, have significant antiviral activities. Extensive research is required to fully
explore the potential for natural products to be developed as anti-JEV drugs. In addition to having
a synergistic antiviral effect, combining different drugs/compounds is an intriguing way to create
optimal anti-JE therapies. This strategy allows for a lower dose of each antiviral treatment while
maintaining its efficiency and, thus, a lower level of cytotoxicity (unwanted side effects).
Different combinations of multiple drugs from various pharmacological categories need to be
studied in vitro followed by in vivo to discover the most effective formulations.

A JEV-specific monoclonal antibody is one example of a prospective treatment. If effective,
it might serve as a clinical proof-of-concept for developing treatments for other arboviral
encephalitis. This approach has the potential to hasten the development of therapies for more
emerging flaviviruses. It is anticipated that novel vaccines with excellent safety profiles and
improved immunogenicity will be available in the near future which may restrict JEV infection in
new areas. Some examples include the experimental Japanese Encephalitis vaccines that have
already been studied in preclinical studies and the next-generation vaccines that could be
produced quickly by utilizing adaptable vaccine platforms, similar to the strategy recently used
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for the development of COVID-19 vaccine. With highly advanced biomedical science
technologies at our disposal, the future holds out hope for establishing specific effective JE
treatments and immunization with high coverage rates in the near future and that JE will be an
easily controllable disease worldwide.
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