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Abstract

Purpose of Review Japanese encephalitis (JE), a clinical indication of JE virus—induced brain inflammation, is the most
prevalent cause of viral encephalitis in the world. This review gives a comprehensive update on the epidemiology, clinical
features, therapeutic trials and approaches for preventing the spread of JE. It also outlines the different JE vaccines used in
various countries and recommendations for administration of JE vaccines.

Recent Findings According to the WHO, annual incidence of JE is estimated to be approximately 68,000 cases worldwide.
It is widespread across Asia—Pacific, with a potential for worldwide transmission. In endemic locations, JE is believed to
affect children below 6 years of age, but in newly affected areas, both adults and children are at risk due to a lack of protective
antibodies. Various vaccines have been developed for the prevention of JE and are being administered in endemic countries.
Summary JE is a neuroinvasive disease that causes symptoms ranging from simple fever to severe encephalitis and death.
Despite a vast number of clinical trials on various drugs, there is still no complete cure available, and it can only be prevented
by adequate vaccination. Various nanotechnological approaches for the prevention and treatment of JE are outlined in this
review.

Keywords Japanese encephalitis - Japanese encephalitis virus - Vaccines - Endemic disease - Viral transmission
Abbreviations Introduction
AES Acute encephalitis syndrome
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CNS Central nervous system
CSF Cerebrospinal fluid
IgM Immunoglobulin M
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endemic encephalitis infections in the world. It causes
severe inflammation in the central nervous system (CNS)
and mainly affects children below 6 years of age in endemic
areas and both children and adults in non-endemic areas
[1]. The fatality rate of JE is around 25 to 30%, and about
30 to 50% of JE survivors suffer long-term neurological
consequences, posing a significant burden on public health
and society [2]. The first case of JE was reported in 1871,
and during a severe outbreak in Japan in 1924, a filterable
agent was extracted from the human brain and transmitted
to rabbits, although the agent was unknown at the time of
identification [1, 3]. There is no antiviral treatment or other
drugs available, which has been proven to completely cure
the JE virus (JEV) infection. JEV is spread by mosquitoes,
and Culex mosquito is the main vector in most endemic loca-
tions [4]. Since the mosquitoes that carry the JE virus thrive
in rice paddies and other open water sources, hence vec-
tor control techniques are highly inefficient. According to
the World Health Organization (WHO), human vaccination
is the most effective tool for prevention of JE, and the JE
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vaccine should be included in immunization programmes at
all places where JE is a public health issue [5].

Epidemiology

JE is mainly prevalent in the southern and south-eastern
parts of Asia and the Pacific Rim. According to the WHO,
JEV transmission is endemic in 24 countries in the West
Asia and Western Pacific areas, putting more than 3 bil-
lion people at risk of infection. Nearly 68,000 cases of JE
occur annually with an incidence of more than 10 in 100,000
population during outbreaks resulting in 13,600 to 20,400
deaths [6]. Seasonal patterns with rare outbreaks can be
seen in the north (Bangladesh, Bhutan, China, Japan, South
Korea, North Korea, Nepal, northern Vietnam, northern
India, northern Thailand, Pakistan and Russia), whereas in
the south (Australia, Burma, Brunei Darussalam, Cambo-
dia, Indonesia, Malaysia, Philippines, Singapore, southern
Vietnam, southern Thailand, southern India and Sri Lanka),
endemic patterns are observed intermittently throughout the
year [7]. The geographical distribution of JE is shown in
Fig. 1.

The risk of JE for most Asian visitors is quite low,
although it varies according to the vacation destination,
duration, season, activities and accommodation [9]. The
total number of non-endemic travellers to Asia who con-
tract JE is estimated to be fewer than one case per million
tourists. People who stay longer in rural areas where the JE

virus is prevalent may have a risk level like the vulnerable
local population. Travellers on short journeys may be more
susceptible if they spend a lot of time outside in rural regions
during active transmission times [10, 11].

JE has been a serious paediatric health problem since
1955, with outbreaks documented in several parts of India
[3]. It has been actively evident in nearly every state of
India, and in states like Uttar Pradesh, Bihar, Haryana,
Maharashtra, Karnataka, Manipur, Tamil Nadu, Odisha,
Andhra Pradesh, Assam, West Bengal and Kerala, JE is
occurring regularly while Uttar Pradesh being the major
zone for the occurrence of JE in India [12e]. Gorakhpur
District of Uttar Pradesh and neighbouring districts have
been witnessing seasonal outbreaks of acute encephali-
tis syndrome (AES) for the last three decades. Between
2004 and 2013, Murhekar et al. [13] documented JE out-
breaks throughout the monsoon and post-monsoon months
(June—October), with a significant death rate in children.
The highest number of cases, i.e. more than 5737 cases, was
reported in 2005 in Gorakhpur alone.

Japanese Encephalitis Virus

In 1935, the prototype strain of JEV, known as the Nakay-
ama strain, was isolated from the human brain in Tokyo,
Japan [14]. JE is caused by the JEV belonging to the family
Flaviviridae and the genus Flavivirus. It belongs to a class of
Arbovirus, which requires an arthropod for its transmission.

Fig. 1 Geographical distribution of Japanese encephalitis (reproduced with permission from Sharma et al. [8])
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It is closely related to viruses belonging to the same fam-
ily as West Nile virus, St. Louis encephalitis virus, Zika
virus and dengue virus. The phylogenetic hierarchy of JEV
is listed in Table 1.

JEV is the most common Flavivirus-based mosquito-
borne encephalitis infectious agent in the world [15]. Itis a
single-stranded positive sense RNA virus with a diameter
of 40-50 nm and has a spheroid shape with cubical sym-
metry [16]. The cryo-electron microscopy study by Wang
et al. [17¢] showed that the virion consists of a central
nucleocapsid core (viral RNA) and capsid protein. The
JEV genome consists of 11 kB of viral RNA with an open
reading frame flanked by a 5’ cap and a 3’ poly tail [18].
There are 2 types of protein in the genome of the virus:
structural and non-structural. The structural proteins start
from the 5’ end and include capsid (C), pre-membrane pro-
tein (prM) and envelope (E). The non-structural proteins
(NS 1, 2A, 2B, 3, 4A, 4B and 5) take part in replication
[19e]. The structure and genetic organization of JEV is
shown in Fig. 2.

JEV is categorized into five genotypes (I, II, III, IV
and V) based on the nucleotide sequence of the partial
or complete viral genome [20]. Genotype III is mainly
widespread in Asia until 1990, but now genotype I is also
detected commonly [21]. Various strains of JEV based on
the coding of prM and E protein coding genes are listed in
Table 2 and Table 3, respectively.

Transmission Cycle of Japanese Encephalitis Virus

The JEV is transmitted to humans through the bite of
infected Culex mosquitoes, mainly Culex tritaeniorhyn-
chus, Culex tarsalis and Culex annulirostris [22]. The
zoonotic transmission cycle and different stages involved
in replication of JEV are shown in Figs. 3 and 4, respec-
tively. The virus is spread by a zoonotic cycle of mosqui-
toes and vertebrate hosts, mostly pigs and wading birds
(herons, egrets, etc.). Humans are unintended or dead-end
hosts because they do not produce enough JE viraemia in
their bloodstreams to infect feeding mosquitoes. Wading
birds act as maintenance hosts in the transmission cycle of
JEV whereas pigs play the most important part in the cycle
as amplification host because of their higher capacity to

Table 1 Taxonomy of Japanese

ST Realm Riboviria
encephalitis virus

Kingdom Orthornavirae
Phylum Kitrinoviricota
Class Flasuiviricetes
Order Amarillovirales
Family Flaviviridae
Genus Flavivirus

produce JE viraemia, the higher titre of viraemia lasting
up to 2—4 days to infect the mosquitoes [1].

Infection in Humans

Most JE infections in humans are asymptomatic, while
symptomatic infections are limited to specific locations.
Asymptomatic JEV infection produces only immunoglobulin
M (IgM) in the serum but no antibodies in the cerebrospinal
fluid (CSF) [23]. The ratio of symptomatic to asymptomatic
cases ranges from 1:25 to 1:1000 [24]. There are 3 stages of
symptomatic JEV infection: (a) prodromal stage (headache,
fever and malaise), (b) acute encephalitic stage (prominent
symptoms such as muscular rigidity, convulsions, focal CNS
signs, altered sensorium and coma) and (c) sequelae (neu-
rologic signs stabilize or improve, resulting in recovery). JE
is diagnosed by detecting the presence of JEV-specific IgM
in the CSF of a patient by enzyme-linked immunosorbent
assay [25-27].

Clinical Features of Japanese Encephalitis

The symptoms of JE infections develop in less than 1% of
affected patients. Patients suffering from encephalitis are at
risk of experiencing seizures during the acute stage as well
as in the later stages. The infection of JE begins with a non-
specific febrile illness, and the incubation period of JEV in
humans is 5-15 days. Non-specific symptoms such as diar-
rhoea, coryza and rigors usually develop 3—4 days before the
onset of AES, which manifests as clouding of consciousness,
headache, vomiting and, in some cases, seizures [19e]. Elec-
trophysiological experiments performed by Solomon et al. [23]
showed that JEV myelitis is produced by injury to the anterior
horn cells of the spinal cord, as in poliomyelitis. JE has also
been associated with an autoimmune neuronal disorder known
as Guillain—Barré syndrome. It causes demyelination and
axonal damage, and inflammatory infiltrates of lymphocytes
and monocytes have also been detected in a fatal case [28, 29].

Typical symptoms include a phase of fever, headache
and vomiting lasting less than a week, followed by convul-
sions, coma and neurologic abnormalities with or without
signs of meningeal irritation. Severe cases may result in
a life-threatening surge in intracranial tension, decerebra-
tion or flaccid coma. This stage typically lasts for 7 to
10 days, after which there is progressive recovery with or
without sequelae [30]. Further, severe dystonia and unusual
movements (head nodding, lip-smacking, face grimacing,
pill-rolling motions or choreoathetosis) may occur, gradu-
ally improving over weeks to months. In dire situations,
hyperventilation, indications of increased intracranial ten-
sion, shock and death may happen progressively. Gastric
haemorrhage is a major cause of mortality in critically sick
children [31].
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Fig.2 Structure and genomic arrangement of Japanese encephalitis virus (reproduced with permission from Unni et al. [20])

Treatment and Management of Japanese
Encephalitis

Given the potential severity of the disease and its ability
to spread in non-endemic areas, the lack of research in the
treatment options for JE is a serious concern. An effective
treatment is yet to be developed for the cure of JE. However,
supportive treatment is beneficial in JE patients and certain
clinical problems that elevate the risk of death are control-
lable [19e¢]. In case of seizures, the increase in intracranial
pressure can be mitigated by the use of mannitol [32, 33].
Special care should be taken to avoid underhydration and
overhydration of patients during illness [34]. In unconscious
patients, practitioners should be on the watch for aspiration
pneumonia, which must be treated as soon as clinical suspi-
cion appears. In order to find a cure against JE, clinical trials
have been conducted on various drugs like dexamethasone,
minocycline and ribavirin which have been discussed in the
following subsections [35].

@ Springer

Dexamethasone

Dexamethasone is a steroidal drug that was investigated as a
potential treatment for JE. A study was carried out in south-
ern Thailand during an epidemic season of JE in 1986. It
consisted of 13 subjects with confirmed JE cases, in which
6 patients were treated with dexamethasone (with an initial
loading dose of 0.6 mg/kg followed by 0.2 mg/kg every 6 h
for 5 days) and 7 patients were treated as control group. Both
the groups were examined daily for 5 days. It was reported
that 2 patients treated with dexamethasone and 4 patients
without any treatment died. The overall results of the clinical
or laboratory measurements showed no remarkable change
between the treatment and non-treatment pools. However,
13 patients were a too small sample to draw any type of
conclusion [25].

In JE infection, it was observed that the death of patients
occurred within 5 days of hospitalization due to an increase
in intracranial pressure, which possibly caused depression
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Table 2 Strains of Japanese
encephalitis virus reported

on GenBank and used in
phylogenetic analysis of pre-
membrane protein coding genes
(reproduced with permission
from Seo et al. [21])

Genotype

Strain

Source of virus

Geographical origin

Collection date

N B W W W W W W W W W W W W W W W W W W W N N N DN = o e e e e e e e e e

JX61

JX66
SX09S-01
SH17M-07
KO01-GN
KO01-JB
KO1-JN
K94P05
KV1899
4790-85
JEV-eq-Tottori
JEV-sw-Mie-40
Bennett
B-1381-85
FU

JKT654

47

Beijing-1
CTS

G35

GB30
JEV-NIJ1
LYZ

P3
SA14-12-1-7
SA14-14-2%*
YUNNANO0902
CH2195
CJN-L1

HVI
T1P1-L4
Indonesia
Nakayama*
JaOHO0566
CNU-LP2x
JKT6468
X70934

Pig serum China 2008
Pig China 2008
Swine brain China 2009
NA China 2007
NA Republic of Korea 2005*
NA Republic of Korea 2005*
NA Republic of Korea 2005*
NA Republic of Korea 1999%
NA Republic of Korea 2003%
Homo sapiens Thailand 2009?
Horse cerebrum Japan 2003
Swine serum Japan 2004
Homo sapiens Republic of Korea 1951
Pig Thailand 2009*
Human serum Australia 1999%
Mosquito Indonesia 1978
Cerebrospinal fluid China 1950
Human brain China 1949
Human brain China 2003*
Mosquito China 2003*
Murina aurata China 1997
Culex China 2009
Human brain China 2003*
Human brain China 2003*
NA China 2001*
SA14 derivate China 1953
Sus scrofa China 2009
NA Taiwan 1994
NA Taiwan 2003*
Aedes albopictus Taiwan 1998*
NA Taiwan 2003*
NA Indonesia 1993*
Human brain Japan 1395
NA Japan 1997
NA Republic of Korea 2009*
Mosquito Indonesia 1968
NA China 2009°

NA not available
4Submitted date
"Published date

*Vaccine strains that have been used in the Republic of Korea

and eventually death. Considering this, dexamethasone was
investigated as a potential drug to alleviate the intracranial
pressure. The trial included 55 individuals with confirmed
JE cases, 25 of whom were administered dexamethasone and
30 were given a placebo. It was observed that dexametha-
sone did not bring about any difference in parameters like
mortality rate and number of days hospitalized [36]. These
studies suggested that dexamethasone could not provide

any significant benefits in the treatment of JE in the clinical
trials.

Minocycline
Minocycline is a semi-synthetic second-generation tet-

racycline that can cross the BBB and enter the CSF due
to its small size (457.5 Da) and high lipophilicity. The
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Table 3 Strains of Japanese
encephalitis virus reported

on GenBank and used in
phylogenetic analysis of
envelope protein coding genes
(reproduced with permission
from Seo et al. [21])

@ Springer

Genotype Strain

Source of virus

Geographical origin

Collection date

SC04-15
LX10P-09
LY5P-09
XP174M0-08
B2239
P19Br
M859
KO01-JB
K96A07
JKT1749
WTP-70-22
Beijing-1
CH2195
FJ03-97
GZ04-43
HLJ08-01
HLJ08-02
SA14-14-2%
SHO04-10
YNDLO04-1
Chiang Mai
B18A
Mie44-1
Nakayama*
Osaka
Sagiyama
JaNAr0990
JaOHO0566
JaOH3767
K83P34
K84A071
K87A071
K88A071
K94A071
H49778
Indonesia
JKT6468
826,309
P20778
R53567
PhAn1242
VN118
JKT7003
JKT9092
2372
X70934

WD A A bR W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W N N o e e e e e e

Culex tritaeniorhynchus

Cerebrospinal fluid
Cerebrospinal fluid
C. tritaeniorhynchus
Pig

Human

Mosquito
Mosquito
Mosquito
Mosquito
Mosquito

Human brain

NA

Homo sapiens
Culex sp.

Swine

Swine

SA14 derivate

C. tritaeniorhynchus
C. tritaeniorhynchus
Human

Mosquito
Mosquito

Human brain
Mosquito
Mosquito
Mosquito

Human brain
Human brain
Mosquito
Mosquito
Mosquito
Mosquito
Mosquito

Human

Mosquito
Mosquito

Human

Human

NA

Pig serum
Mosquito
Mosquito
Mosquito

Human

Mosquito

China

China

China

China

Thailand
Thailand
Cambodia
Republic of Korea
Republic of Korea
Indonesia
Malaysia

China

China

China

China

China

China

China

China

China

Thailand

Japan

Japan

Japan

Japan

Japan

Japan

Japan

Japan

Republic of Korea
Republic of Korea
Republic of Korea
Republic of Korea
Republic of Korea
Sri Lanka
Indonesia
Indonesia

India

India

India

Philippines
Vietnam
Indonesia
Indonesia
Thailand

China

2006*
2009
2009
2008
1984
1982
1967
2001
1996
1979
1970
1949
1994
2006"
2006*
2008
2008
1953
2006"
2006"
1964
1978
1969
1935
1979
1957
1990
1966
1967
1983
1984
1987
1988
1994
1987
1996*
1981
1982
1958
1996*
1984
1979
1981
1981
1979
2009

NA not available
4Submitted date

*Vaccine strains that have been used in the Republic of Korea
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Fig.3 Zoonotic transmission of
Japanese encephalitis virus
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neuroprotective and anti-inflammatory activity of minocy-
cline has sparked great interest to explore minocycline in
neurogenerative disorders and viral CNS infections [37]. In
a study by Singh et al. [37], 44 patients who were IgM posi-
tive for JE were divided into two equal groups. One group
was administered minocycline (5-6 mg/kg), and the other
group was given a placebo as a control. It was observed
that the group treated with minocycline showed beneficial
effects like reduced fever, and mean duration of hospitaliza-
tion which may be attributed to the anti-inflammatory and
neuroprotective activities of minocycline [37].

In another study carried out by Kumar et al. [38] in
Uttar Pradesh, India, out of 281 participating patients, 140
patients were administered nasogastric and oral minocy-
cline and the remaining 141 patients were given a placebo.
It was observed that minocycline showed beneficial results
in patients older than 12 years of age and in patients who did
not die very soon after being hospitalized. However, there
were some problems in the study as the test was carried
out in the poorest regions of India, which compromised the
study due to the lack of proper resources and some patients
included in the test were in dying condition [38]. Therefore,
it can be concluded that minocycline could act as a potential
anti-JE drug and further trials are required to be carried out
taking a larger pool of subjects.

Ribavirin

Ribavirin is a broad-spectrum antiviral agent primarily used
for the treatment of hepatitis C and viral haemorrhagic fevers.
It is a synthetic guanosine analogue and a nucleoside inhibi-
tor and acts by interfering with the synthesis of viral mRNA.
As JEV is a single-stranded RNA virus, ribavirin may be
used as a potential drug against it. A study was carried out

between 2005 and 2007 in Gorakhpur, India, involving 153
children of 6-15 years of age, who were tested for the pres-
ence of IgM against JE and the presence of acute febrile
encephalopathy. Out of 153 subjects, 70 received nasogastric
or oral ribavirin (10 mg/kg divided into 4 doses per day for
7 days), and the other group of 83 subjects received placebo.
After completion of the study, it was observed that ribavirin
was ineffective against early mortality in children occurring
due to JE [26]. Therefore, it can be concluded that though
ribavirin has broad-spectrum antiviral action, it was inef-
fective to show any type of activity against JEV and is not
recommended to be used for the treatment of JE.

Immunoglobulins

Intravenous immunoglobulins (IVIG) are postulated as
a potential treatment for Flavivirus-related encephalitis
(JEV, West Nile virus) because of their antiviral and anti-
inflammatory properties. Rayamajhi et al. [39] conducted a
study in Nepal involving 22 children out of which 13 were
confirmed JE cases, divided into two groups of 11 each.
They administered IVIG containing anti-JEV neutralizing
antibody (400 mg/kg per day) to one group for 5 days, and
the other group received 0.9% normal saline solution as a
placebo. They observed that the group treated with IVIG
exhibited higher titres (16-fold) of JEV-specific neutralizing
antibody than the group treated with placebo. An increase
in interleukin-4 and interleukin-6 levels was also observed
in IVIG-treated patients [39]. Based on the above results,
IVIG could be considered to be used as a potential treatment
against JE, but the number of subjects in the above study was
too low to derive any type of significant conclusion. Hence,
further studies are required to be conducted with a larger
number of subjects.
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Translation and
processing

Fig.4 Schematic representation of various steps involved in entry,
replication, maturation and release of JEV from the host cells rep-
resenting: 1 interaction of JEV with host cell receptor, 2 receptor-
mediated endocytosis of virus, 3 fusion of viral and host cell mem-
brane, 4 release of the viral genome into the cytoplasm, 5 formation
of replication complex (RC) and cyclization of JEV genome, 6 forma-
tion of double-stranded replicative form (dsRF), 7 synthesis of viral

Interferon

Interferon (IFN)-a is a glycoprotein cytokine produced natu-
rally as a part of innate immune response to viral infections.
It induces the production of effector proteins in cells caus-
ing inhibition of viral replication, assembly and release. In
a randomized double-blind trial carried out in Vietnam by
Solomon et al. [40] involving 112 children with 87 sero-
logically confirmed infections, 59 children were adminis-
tered IFN-a 2a (10 million units/m?, daily) for 7 days and
the rest were given a placebo. The researchers reported that
IFN-a 2a was ineffective in JE patients since 21 children
died and 17 had major sequelae. The researchers concluded
that IFN-a 2a was not effective in JE patients when admin-
istered in this regimen since the 3-month outcome showed
no significant difference [40]. Based on the findings, the

@ Springer

genome in a semi-conservative and asymmetric manner, 8 translation
and processing of JEV genome producing the 3 structural and 7 non-
structural proteins, 9 JEV proteins associate with the RC and further
assist viral replication, 10 maturation of virions in the Golgi complex
and 11 release of mature virus (reproduced with permission from
Unni et al. [20])

authors recommended to carry out further research utilizing
higher doses of IFN-a 2a administered via different routes,
to determine the efficacy of the drug.

Natural Extracts

Numerous drugs obtained from natural sources have been
explored for the prevention and treatment of various viral
infections. Guo et al. [41] used a high content screening
assay on 1034 natural extracts containing untapped res-
ervoirs of potent and novel inhibitors and activators of
various biological pathways to find a potential treatment
of JEV infection. From the lot, ouabain and digoxin, two
FDA-approved Na*/K* ATPase inhibitors, were identi-
fied to have potential activities in the treatment of JE. The
studies showed that both the drugs inhibited JEV infection
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at the replication stage by targeting Na*t/K* ATPase [29].
In the BALB/c mouse model, ouabain exhibited a signifi-
cant reduction in morbidity and mortality by lowering the
viral load and reducing degenerative brain damage whereas
digoxin did not show any significant effect [41]. These find-
ings suggested that ouabain has a significant anti-JE action,
and the potential benefits should be investigated further.

It was observed that the drugs under investigation did not
show any significant beneficial action in the treatment of JE.
Hence, further research is required to find potential drugs for
the effective treatment of JE. For now, vaccination remains
the only way of protection against JEV infection.

Vaccines for Japanese Encephalitis

The most effective method for the prevention of JE to date
is vaccination. The WHO recommends that the JE vaccine
should be included in national immunization schedules in
all regions where JE is a public health concern? Vaccina-
tion should be considered even in places where the number
of JE-confirmed cases is moderate, as there is a risk of the
propagation of JEV [42]. Randomized controlled trials have
demonstrated the efficacy of vaccination against JE, as well
as the relationship between neutralizing antibodies and pro-
tection [43, 44]. Different vaccines have been used to pre-
vent JE since the 1950s, out of which early JE vaccines were
primarily produced from mouse brains, but this production
process has since been replaced by cell culture methods due
to safety concerns as well as very poor immunogenic response
in humans by the vaccines produced through the former
approach [45]. There are currently four types of JE vaccines
in use: mouse brain—derived inactivated vaccine, cell culture
(Vero cell)—derived inactivated vaccine, cell culture—derived
live attenuated JE vaccine (LAJEV) and live recombinant
(chimeric) vaccine [5, 46]. The most widely produced and
distributed vaccines were mouse brain inactivated type; how-
ever, these are no longer in use due to side effects such as
acute disseminated encephalomyelitis [19e].

Types of Japanese Encephalitis Vaccines

There are currently various types of vaccines approved to be
used in different countries for immunization against JE. The
four major types of vaccines in use are mouse brain—derived
inactivated vaccine (obtained from formalin-inactivated
virus found in the brain of mouse), cell culture—derived
inactivated vaccine (derived from Beijing-3 or Beijing-P3
strains of JEV cultivated in primary hamster kidney cells
(PHKCQ)), live attenuated vaccine (obtained from attenu-
ated SA14 strain of JEV) and live recombinant (chimeric)
vaccine (developed by recombination of live attenuated JE
vaccine and yellow fever vaccine) [47].

Mouse Brain-Derived Inactivated Japanese Encephalitis
Vaccine

It was the first JE vaccine developed from a mouse brain—derived
formalin-inactivated virus in 1934 by bacteriologist Tenji
Taniguchi at Osaka University’s Research Foundation for
Microbial Diseases, popularly known as the BIKEN Founda-
tion. It was approved by the USFDA to be marketed in the
USA as JE-VAX. This vaccine is developed from two strains,
i.e. Nakayama strain and Beijing I strain of JEV grown in
suckling mouse brain with the Beijing strain having a higher
cross-reactivity among the JEV strains [48e]. According to
a case—control study in Thailand, the efficacy of the mouse
brain—derived JE vaccine was reported to be 94.6% and the
adjusted effectiveness was nearly 97.5% which suggested
that extensive immunization of mouse brain—derived JE vac-
cine may greatly reduce the burden of JE in the affected
areas [49]. Although this vaccine is safe and efficient, some
typical adverse effects include erythema, oedema, soreness,
malaise, fever, headache and dizziness [50]. It also has a
high production cost which makes it inaccessible to the areas
where the vaccine is mostly required such as rural areas. It
was unable to offer long-term immunity, necessitating the
development of advanced vaccines.

Cell Culture-Derived Inactivated Japanese Encephalitis
Vaccine

An inactivated vaccine made in PHKC culture is being used
in China since 1967. It is derived from the Beijing-P3 strain
which has fewer adverse effects, and is convenient to manu-
facture [48e]. It was licensed by the USFDA to be marketed
in the USA as IXIARO for the use in patients of 17 years of
age or older, and in 2013, USFDA also approved this vac-
cine to be used in children at age ranging from 2 months to
16 years of age. It is the only vaccine approved for travellers
[51]. It is available in India as JEEV (Biological E. Ltd.,
Hyderabad, India) produced with an Austrian collaboration
[4].

In a clinical trial conducted on 1993 adult volunteers to
evaluate the safety of IXIARO, on administration of two
doses of IXIARO, most of the symptoms were local dis-
comfort and soreness while headache, myalgia, fatigue and
influenza-like sickness were also reported in 10% of cases.
Fever was the most frequently reported systemic response
in youngsters. Further, IXIARO causes anaphylaxis in some
cases, and it may lead to hypersensitivity in some patients
due to the presence of protamine sulphate [52]. Since IXI-
ARO was approved after a trial of around 5000 patients, the
likelihood of rare significant side effects cannot be ruled
out. Post-licensure investigations and surveillance are being
carried out to assess IXIARO’s safety in a larger population
[53].
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In a phase 3, safety trial carried out in Philippines by
Dubischar et al. [54] on 1869 children between the age group
of 2 months and 17 years, the safety of IXIARO was com-
pared with two of the standard vaccines, i.e. Prevnar (for
children below 1 year of age) and HAVRIX 720 (for children
aged 1 year and above). They observed that the occurrence
of adverse effects was most frequent in children below 1 year
of age, and it gradually decreased with age [54]. JENVAC
is another Vero cell-derived purified inactivated JE vaccine
that has acquired manufacturing and marketing approval
from the Drug Controller General of India. This vaccine is
developed by Bharat Biotech Ltd. in collaboration with the
Indian Council of Medical Research (ICMR), New Delhi,
India [4].

Live Attenuated Japanese Encephalitis Vaccine

The LAJEV was first approved in China in 1988 after initial
trials showed no signs of adverse reactions. It is the most
widely used vaccine in the JE-affected countries in Asia.
China developed the SA14-14-2 live attenuated vaccine by
transmitting SA14 strain of JEV to the PHKC [48e]. The
vaccine causes attenuation by altering six amino acids in the
E protein and three amino acids in the non-structural genes
[55]. For children aged 9 months or older, a single dose of
LAJEV is sufficient to protect them against clinical JE for at
least 5 years [56]. In studies with single LAJEV dose, local
symptoms such as erythema, oedema and discomfort at the
injection site are commonly reported. Systemic reactions
like cough, vomiting, rhinorrhoea, diarrhoea, drowsiness and
fever (> 38 °C) were recovered within 1-2 days [57-60].

The frequency of JE cases and deaths has declined sub-
stantially in India and Nepal, with the implementation of
LAJEV. The AES and JE lab monitoring systems in both the
countries have improved along with the public awareness of
JE disease prevention through vaccination [61]. In a study
carried out in 2009, in Uttar Pradesh, India, the efficacy of
a single shot of this vaccine was reported to be 94.5% after
6 months of vaccination [62]. Neighbouring countries have
also taken efforts to design vaccination strategies of LAJEV
for immunization against JE. LAJEV was one of the most
widely used type of vaccines due to its higher efficacy, lesser
side effects and lower cost of administration, but the main
disadvantage of LAJEV is the process of preparing the vac-
cine, i.e. use of PHKC substrate, which is not approved by
WHO for human vaccine development.

Live Recombinant (Chimeric) Japanese Encephalitis Vaccine
A chimeric vaccine is developed by substitution of genes
of the target pathogens with the genes of a closely related

organism which is safe. Sanofi Pasteur employed recombi-
nant DNA techniques to develop a live attenuated chimeric
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viral vaccine called IMOJEV’ in Vero cells by substituting
the prM and E coding regions of the yellow fever live attenu-
ated 17D virus with those of the SA14-14-2 LAJEV virus.
In clinical trials carried out in Thailand, the seroconversion
rates of this vaccine were 94% and 98.6% in phase II and
phase III trials, respectively. In the children who took part
in the trial, the JE chimeric vaccine was found to be safe and
well-tolerated. Estimates of reactogenicity and other safety
endpoints were lower in the JE chimeric vaccination group
than in the SA14-14-2 vaccine group, but they remained
within the same range [4, 63].

The initial document detailing the laboratory develop-
ment of the chimeric vaccine by ChimerVax technology
indicated that the structural proteins prM and E were mainly
responsible for the attenuated phenotype of SA14-14-2 as
well as chimeric vaccine. Notably, the chimeric vaccine
strain showed eight amino acid alterations in the viral E
glycoprotein compared to the parent virulent strain SA14.
The chimeric virus expressing the prM-E of the wild-type
Nakayama strain on the yellow fever 17D backbone exhib-
ited neurovirulence and killed intracerebrally inoculated
mice; however, when administered intracranially to Insti-
tute of Cancer Research (ICR) mice, the chimeric vaccine
had entirely attenuated the neurovirulence [64]. Subcutane-
ous administration of this vaccine to non-human primates
showed increased efficacy against the intracerebral effect of
JE with a higher safety profile of the vaccine [65].

Recommendations for Administration of Japanese
Encephalitis Vaccines

According to the current epidemiologic research, the risks of
JE are changing and increasing worldwide. JE is a fluctuat-
ing and unpredictable hazard to travellers; however, safe and
effective ways of immunization are available. Vaccines are
advised to be administered to children in all areas as well
as adults in the JE endemic areas. Vaccination is recom-
mended to all immigrants residing in endemic countries,
as well as travellers visiting rural or peri-urban regions in
endemic nations, regardless of length or purpose of stay.
Travellers who have unknown plans or plans that are subject
to change should also be properly vaccinated [66]. The deci-
sion to vaccinate should be based on various factors like (a)
hazards linked with a specific travel schedule; (b) morbidity
and fatality rate of JE in the area; (c) access to an effective
immunization; (d) whether there is a risk, albeit a low prob-
ability, of major adverse outcomes following immunization;
and (e) probability of future travel to JE-endemic nations,
etc. [67¢]. The following are the vaccination schedules rec-
ommended by the WHO [42, 68].

a) Live attenuated vaccine: single dose to be administered
before or at 8 months of age
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b) Live chimeric vaccine: single dose to be administered
before or at 9 months of age

¢) Inactivated vaccines: two doses to be administered in
which the primary dose should be given before or at
6 months of age followed by a secondary dose after an
interval of usually 4 weeks.

Booster doses have also been recommended based on the
type of vaccine administered to further strengthen the immu-
nity against JEV. JE vaccination is normally not suggested
during pregnancy because of the danger to the developing
fetus; however, vaccination is recommended if travelling to
a JE-endemic region since the benefits of vaccination out-
weigh the risks to both the mother and the developing fetus
[67¢]. The list of various vaccines approved in different
countries for immunization against JE is enlisted in Table 4.

Prevention and Control of Japanese
Encephalitis

Only Asia and the Western Pacific have been identified to
have local transmission of JEV to date, as a result, world-
wide awareness of this terrible infection is limited. Large
outbreaks occasionally create momentary excitement, but
the disease and significant advances in its control have gar-
nered little publicity. Japan, South Korea and Thailand have
implemented effective JE vaccination programs that have
significantly lowered the disease burden. Other nations,

such as China, India, and Nepal, have also made significant
strides in recent years [69—71]. Public health and veterinary
authorities should be cautious to avoid spread of JEV [72].
Although vaccination is the most effective way of control
and prevention against JE, some preventive measures can
also help, especially in the endemic areas. As JE is spread by
mosquito vectors, efforts should be made to control the mos-
quito populations in the endemic areas. The other method of
preventing the spread of JE is effective management of cattle
herding and human dwelling sites.

Vector Control

The major cause of the spread of JEV is vector transmission
of the virus by mosquito C. tritaeniorhynchus which breeds
in the pools of stagnant water like paddy fields or drain-
age ditches. Although vector control can be used to miti-
gate short-term outbreaks in endemic areas, this method
of prevention has limited efficacy and is also considerably
expensive in most cases. Insecticides can be employed; how-
ever, resistance in mosquito vectors is a major drawback
and will render long-term treatment ineffective. Another
technique is to apply larvicides to rice crops. The natu-
ral pesticide “neem” sprayed on rice fields, as well as the
placement of larval fish in rice paddies, could be more eco-
logical approach. In Assam, northeast India, insecticide-
treated mosquito nets were employed to evaluate the effect
of JEV seroconversion in pigs and people. Following the

Table 4 List of different JE vaccines approved for use in different countries [4, 45, 46]

Vaccine type Substrate and viral strain Brand name

Manufacturer Countries

JE-VAX
JEV-GCC

Inactivated Mouse brain (wild strain)

(discontinued from the
market)
Vero cells (Beijing-1 strain)
JEBIK-V
TC-JEV

Vero cells (821564XY strain) JEN-VAC

IXIARO
JESPECT

Live attenuated Vero cells (SA14-14-2 strain)

JEEV

PHKC (SA14-14-2 strain)  CD.JEVAX

Chimeric Vero cells (YF 17D strain

containing JEV protein)

IMOIEV, THAIJEV

ENCEVAC, JEIMMUGEN

BIKEN, Japan

Green Cross Corporation,
Korea

KAKETSUKEN, Japan
BIKEN, Japan
Boryung Pharma, Korea

Bharat Biotech
International Ltd., India

India, European Union, Japan,
Malaysia, Korea, Taiwan,
Thailand, USA, Vietnam

Japan and South Korea

India

India, Australia, USA, Canada,
European Union, Japan, Hong

Novartis/Intercell, Austria

Commonwealth Serum

Laboratories Kong, Singapore, Switzerland,
Biotherapeutics, South Korea, New Zealand,
Australia Bangladesh, Bhutan, Papua New

Guinea, Latin America, Pacific

Biological E. Limited, Islands

India

Chengdu Institue of
Biological Products,
China

Acambis/Sanofi Pasteur

India, China, Japan, South Korea,
Nepal, Sri Lanka, Hong Kong,
Thailand

Australia, South Korea, Thailand
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intervention, there was a significant reduction in the rate of
seroconversion in pigs and people [4].

Cattle are dead-end hosts for JEV; therefore, using cattle
to deflect mosquitoes away from pigs and people might be
one solution (zooprophylaxis). Long-term methods to avoid
mosquitoes include better rural water management, intermit-
tent watering of rice fields to disrupt mosquito reproduction
without reducing rice productivity and adequate personal
protection against mosquito bites, such as the use of mos-
quito nets, insect repellents and protective clothing that are
also important supportive measures to control this disease.

Measures Against Vertebrate Hosts and Humans

Efforts should be made to keep the pig population away from
mosquito-borne areas and to control the mosquito popula-
tion where pigs are being reared at a larger scale. Pig farms
should be built away from human dwelling areas and steps
should be taken to immunize pigs and cattle in the endemic
areas. In case of humans, vaccination is considered to be the
best prevention measure against JE, but other precautions are
important because access to vaccines is still not available in
many underdeveloped countries of the world. Various meas-
ures to reduce human mosquito exposure, such as repellents,
protective clothing, window screens, conditioning systems
and behavioural changes, may be useful for short-term visi-
tors or urban residents, but given the extent and duration of
exposure, they are inadequate in most rural areas where it
is endemic [73].

Many JE control actions and collaborations were pio-
neered by the Program for Appropriate Technology in
Health JE project, which was funded by the Bill and Melinda
Gates Foundation. The control of JE is acknowledged as a
key factor for achieving the Millennium Development Goals,
and it was supported by a World Health Assembly resolution
on disability in 2005 [74]. Urban development, better socio-
economic conditions and agricultural advancements have
all contributed to a significant reduction in the burden of
JE in many Asian countries. Programs should be developed
to raise public knowledge about the illness, and vaccina-
tion should be properly managed to ensure that vaccines are
available to everyone with the least amount of inconven-
ience in order to effectively reduce the effects of JE. In the
endemic areas, the general population should be educated
about the disease and ways to prevent it.

Nanotechnology in Japanese Encephalitis

Nanotechnology is an innovative approach in pharmaceuti-
cal and biomedical field which can overcome many hurdles
faced by the conventional drug delivery systems including
low bioavailability and peripheral toxicities of drugs owing
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to the various unique characteristics like nano size range,
excellent targeting ability and enhanced cellular uptake. Var-
ious approaches using different nanocarriers like nanopar-
ticles, nanoemulsions, microemulsions, quantum dots, den-
drimers and so on have been employed for the treatment of
infectious diseases [75—78]. Nanotechnology is also widely
employed in the development of diagnostic tools such as
electrochemical biosensor associated metallic nanoparticles
for the rapid detection of various mosquito-borne diseases
like JE, dengue and yellow fever virus [79, 80].

Various nanotechnology-based methods are being
employed to find a potential treatment against JE, especially
from natural sources. Antiviral properties of natural products
combined with the advantages brought about by nanocarri-
ers can synergistically aid in the treatment of JE. Chen et al.
[81e] developed curcumin carbon quantum dots (Cur-CQD)
using mild pyrolysis polymerization and carbonization for
targeting the E protein of JEV. The synthesis of Cur-CQD
significantly increased the water solubility and reduced the
cytotoxicity of curcumin by 10 times making it a superior
antiviral agent against JEV. Transmission electron micros-
copy, biolayer interferometry and molecular docking analy-
sis proved that mutations in S123R and K312R sequences
in E protein are crucial for the binding of Cur-CQD. The
time-of-addition assay in BHK-21, HEK-293 T and Vero
cell lines showed that Cur-CQD inhibited the early infection
stage of JEV. They suggested that combined administration
of antiviral drugs along with curcumin-based nanomateri-
als could provide synergistic antiviral effect and help in the
inhibition of viral infection [81e]. Nanocarrier systems tar-
geting various regions of the viral RNA can drastically limit
the activity of JEV and can be further researched to develop
an effective treatment against JE.

Vector control is one of the most important aspects in
limiting the spread of JEV and many such deadly infections.
Nanotechnology-based vector control systems are extensively
researched to control the vector populations and limit the
spread of such infections. Govindarajan et al. [82] synthesized
silver nanoparticles with aqueous leaf extract of Anisomeles
indica and investigated their mosquitocidal potential against
malaria, dengue and JE vectors. The nanoparticles were of the
size 25 nm with spherical shape as observed in transmission
electron microscope images. Larvicidal activity of A. indica
leaf extract and the silver nanoparticles evaluated on Anoph-
eles subpictus, Aedes albopictus and C. tritaeniorhynchus lar-
vae showed dose-dependent toxicity. The silver nanoparticles
exhibited higher toxicity than the leaf extract in A. subpictus,
A. albopictus and C. tritaeniorhynchus with LCs, values of
31.56 pg/mL, 35.21 pg/mL and 38.08 pg/mL, respectively.
Nanoformulations based on A. indica may be further explored
for the development of newer and safer larvicides for the con-
trol of various mosquito-borne infections including malaria,
dengue and JE [82].
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In another study, Gupta et al. [83e] prepared thyme oil
nanoemulsion using high-energy method and encapsulated it
in chitosan for the control of various mosquito-borne infec-
tions. Thermodynamic stability studies of the coated and
uncoated nanoemulsions displayed that 1:0.5 (oil:Tween 80)
and 1:1 (nanoemulsion:chitosan solution) ratios showed the
maximum stability. The particle size of the uncoated and
coated nanoemulsions was found to be 52.18 +4.53 nm and
50.01 +2.32 nm, respectively, with a narrow polydispersity
index in dynamic light scattering studies. Transmission elec-
tron microscopy showed that the size of uncoated nanoemul-
sion ranged from 40 to 110 nm and that of coated nanoemul-
sion was 76—126 nm with a spherical shape. In vitro release
studies demonstrated the sustained release behaviour of both
the formulations with 91.68% and 73.41% release of thyme
oil in 48 h from uncoated and coated nanoemulsions, respec-
tively. Larvicidal activity of the prepared formulations was
evaluated against III instar larvae of Anopheles stephensi,
Aedes aegypti and C. tritaeniorhynchus. After 24 h of expo-
sure, the uncoated nanoemulsion showed the highest activ-
ity against C. tritaeniorhynchus with LCs, of 22.58 ppm,
whereas the coated nanoemulsion showed maximum activity
against A. stephensi with LCs;, of 18.88 ppm [83e].

These studies suggested the potential larvicidal activi-
ties of the nanotechnology-based formulations against III
instar larvae of various mosquito species. Further, nanocar-
riers based on plant derivatives and essential oils could be
researched for development of newer and safer insecticides
to effectively control the vector populations of various infec-
tious diseases.

Lack of successful treatment strategies to effectively
cure JE makes vaccines the most ideal choice for protec-
tion against JE. Currently available vaccination regimens
involve invasive approaches resulting in patient incompli-
ance especially in the case of children. This limitation calls
for development of non-invasive methods to effectively
deliver the vaccines. Huang et al. [84] developed chitosan
nanoparticle-based DNA vaccine, pCJ-3/ME against JE for
non-invasive transdermal vaccine immunization utilizing
a low-pressure gene gun. The transdermal delivery effi-
ciency of the vaccine was tested on female C3H/HeN mice,
and the results showed that chitosan nanoparticles had the
ability to transport DNAS to specific areas via transdermal
route by jet-propelling of a low-pressure gene gun. The
chitosan/pCJ-3/ME complex was applied topically to the
mice, and the complex could elicit efficient humoral immu-
nity against JEV’s lethal dose. Further, the chitosan/pCJ-3/
ME complex with the ImmunEasy™ CpG mouse adju-
vants showed a synergistic effect with a good correlation
between the degrees of immunogenicity and the provoked
antibodies. Authors reported that chitosan-based JEV DNA

vaccine delivered via low-pressure gene gun showed higher
efficacy against JEV and concluded that it can be explored
for future prophylaxis against JEV outbreaks [84].

Such non-invasive methods of vaccinations can be
researched further for effective immunization against JEV
and other infectious diseases.

Conclusion

JE is a zoonotic disease caused by JEV with a natural life
cycle in pigs, birds and mosquitoes, with humans serv-
ing as an unintentional dead-end host. It regularly causes
epidemics and breakouts in Asia, particularly affecting
impoverished rural rice farmers and pig rearers. It mainly
affects the children below 6 years of age with serious
symptoms and, if not properly treated, may even result in
death. Specific treatment strategies, which are proven to be
effective to completely cure JE, have not been developed
yet. Many drugs have also gone through clinical trials but
have often failed to provide promising results.

JE poses to be a matter of concern in many Asian coun-
tries and some parts of the world despite the availability of
effective vaccines. This may be due to improper diagno-
sis, improper storage of vaccines, inaccessibility to remote
areas and the emergence of new viral strains. Since JE is
a worldwide problem, so multicentre epidemiology and
post-vaccination monitoring studies are required.

Though JE research has advanced significantly in recent
years in terms of understanding the viral structure, disease
pathogenesis and so on, there is still a large opportunity
for clinical research and the development of more sensi-
tive diagnostic tools to detect and prevent the disease in
its early stages. Considering the severity of the disease JE,
comprehensive research investigations are required to be
carried out systematically to improve control, prevention,
diagnosis and treatment of this worldwide problem, which
is endemic to certain parts of the world.
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