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ABSTRACT
Japanese encephalitis (JE) is a zoonotic infectious disease transmitted by mosquitoes. JE is caused by the Japanese 
encephalitis virus (JEV), a member of the Orthoflavivirus genus. In 1871, the first JEV-related encephalitis outbreak 
was documented in Japan. JEV is the primary cause of viral encephalitis in the Asian subcontinent. In addition, isolated 
outbreaks have been noted in northern Australia and the Western Pacific. JEV infection usually results in a strong 
physiological immune response in humans, including cellular and adaptive humoral immunity. The neurological 
system is the primary site of alterations. JE mostly affects the cerebral cortex, cerebellum, anterior horn cells of the 
spinal cord, and thalamus. The disease’s initial symptoms show up six to fourteen days after incubation. Typically, 
it begins with a temperature above 38°C, chills, headaches similar to meningitis, muscle aches, and vomiting. The 
established method for diagnosing JE is the enzyme-linked immunosorbent assay (ELISA) test. JEV can be spread by 
a variety of Culex mosquito species. Risk factors for JE include travel, outdoor activities, accommodation, proximity to 
animals, gender, and age. The World Health Organization estimates that 15,000 people die of JE each year, with about 
50,000 cases occurring globally. This illness has no known cure. The only available treatment is supportive. A large 
number of approved vaccines are used to prevent JEV infection. Strategies to avoid human illness and interfere with 
the virus’s enzootic cycle are employed in controlling JE. 
Keywords: Culex, JE, JEV, Public Health, Virus.

Introduction
The zoonotic infectious disease known as Japanese 
encephalitis (JE) is commonly reported in 
temperate and subtropical regions and is spread by 

mosquitoes (Yun and Lee, 2014). JE is caused by the 
Japanese encephalitis virus (JEV), a member of the 
Orthoflavivirus genus that is linked to the tick-borne 
encephalitis virus (TBEV), West Nile virus (WNV), 
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dengue virus (DENV), and Zika virus (ZIKV) (Maeki 
et al., 2019). JEV was initially isolated from the brain of 
a deceased JE patient in 1935, while JE was originally 
documented in Japan in 1871 (Kuno, 2022). Positive-
sense single-stranded RNA makes up the genome of 
JEV, an enclosed virus with a virion size of about 50 
nm and minimal genotype-to-genotype variation in 
length (Kumar et al., 2022). Numerous mammalian and 
avian species, such as pigs, sheep, horses, cattle, goats, 
donkeys, dogs, cats, herons, egrets, and humans, are 
susceptible to contracting JEV (Nemeth et al., 2012; 
Mansfield et al., 2017). 
JE is distributed over the Western Pacific Islands (Choe 
et al., 2020), Australia (McGuinness et al., 2023), and 
Asia (Suresh et al., 2022). JE is one of the leading 
causes of viral encephalitis globally, accounting for 
an estimated 50,000 cases and 15,000 fatalities per 
year, despite being viewed by many Westerners as 
an uncommon and exotic sickness (Zheng et al., 
2012). In endemic locations, children between the 
ages of three and six have the highest attack rate by 
age. Approximately half of survivors have significant 
neuropsychiatric disorders, and approximately one-
third of patients die (Amicizia et al., 2018). The 
virus, which is spreading alarmingly, has infected a 
large portion of China, Southeast Asia, and the Indian 
subcontinent. The severity of the illness is demonstrated 
in these regions by overcrowded hospital wards with 
children and young adults afflicted with JE (Srivastava 
et al., 2023).
The potential for an epidemic and its mortality rate 
makes JE a public health issue. Most JEV infections do 
not cause symptoms, but when they do, they can lead to 
serious morbidity and death (Sunwoo et al., 2017). In 
contrast to most endemic locations with long-term JEV 
transmission, where the illness burden is in children, 
cases in adults are frequently found when JEV enters 
new areas (Hills et al., 2023). Compared with adults, 
newborns and children under the age of 15 are more 
vulnerable to JE and have a higher chance of developing 
neurological problems (Srivastava et al., 2023). Nearly 
2 billion people in endemic nations are constantly at risk 
of contracting JE, and growing mosquito populations 
raise the possibility that the disease will spread to other 
regions (Amicizia et al., 2018).
The JE case has significantly affected public health, 
animal productivity, trade, and health (Dixon et al., 
2024). The World Health Organization (WHO) has 
advised that the JE vaccine be included in national 
immunization programs in all regions where JE is 
acknowledged as a public health priority to lessen the 
disease’s burden. A review of the JE can help with public 
health decision-making on disease control measures. The 
purpose of this review article is to explain the etiology, 
history, epidemiology, pathogenesis, immune response, 
pathology, clinical symptoms, diagnosis, transmission, 
risk factors, public health importance, economic impact, 
treatment, vaccination, and control of JE. 

Etiology
The JEV is an enveloped, single-stranded, positive-
sense virus that exhibits cubic spheroidal symmetry, 
with a diameter ranging from 40 to 50 nm in diameter 
(Srivastava et al., 2023). The approximately 11-kb viral 
RNA genome contains genes for seven non-structural 
(NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, 
and NS5) that have a methylated 5’ cap but no poly-A 
tail at the 3’ end, as well as three structural proteins: 
the capsid (C), precursor membrane (prM), and 
envelope (E) (Guo et al., 2024). These 10n proteins (7 
nonstructural and 3 structural) were translated from a 
single open reading frame of genomic RNA, resulting 
in a chain of 3,432 amino acids. After replication, the 
virus genome is encapsidated by capsid protein (C) and 
then transported to the endoplasmic reticulum (ER), 
where a lipid bilayer surrounded by E proteins and 
membrane proteins (PrM) inculcates the nucleocapsid. 
The immature virions consisting of capsid proteins, 
genomic RNA, and PrM-E heterodimers then travel 
through the trans-Golgi network for maturation through 
furin cleavage (Kumar et al., 2022).
The capsid structural protein (C) of JEV dimerizes in 
an antiparallel manner from head to tail. Viral genomic 
RNA is encased within a spherical nucleocapsid, which 
is often composed of many copies of the capsid dimer 
(Luca et al., 2012). A recently discovered secondary 
structure of α-helical regions 1–4 in the crystal structure 
of protein C shows significant similarity to the capsid 
proteins of DENV, WNV, and ZIKV (Poonsiri et al., 
2019). A short loop connects the four helices that make 
up each JEV capsid protein monomer: α1 (amino acids 
29–38), α2 (amino acids 44–57), α3 (amino acids 63–
70), and the longest, α4 (amino acids 74–96) (Zhang et 
al., 2021). The variable, closed-and-open conformation 
formed by the amino terminus of α helix-1 makes it a 
desirable target for antiviral agents. Nonetheless, the 
4–4 α-helical arrangement’s carboxyl-terminal pairing 
results in a structure resembling a coil, which could 
facilitate nucleic acid bonds (Poonsiri et al., 2019).
Following co-translational cleavage by the signal 
peptide, the newly produced polyprotein gives rise to 
the viral prM, also known as the pre-membrane (prM), 
which then starts to assemble into vesicles containing 
the viral genomic RNA in the ER (Mi et al., 2024). The 
vesicles leave the ER shortly after they are assembled 
and arrive at the Golgi apparatus network, where the 
enzyme furin cleaves prM to produce the M protein and 
mature virus particles, which are then expelled from 
the host cell (Xiong et al., 2022). It remains unclear 
exactly what role prM/M plays in JEV. However, it 
has been extensively studied in related viruses of the 
same family, such as DENV and YFV, where it assists 
in the assembly of mature viruses and provides a site 
for proper conformational modulation of the E protein. 
Moreover, the binding of the E protein domain to host 
receptors during infection is significantly influenced by 
viral membrane proteins (Guo et al., 2024). Membrane 
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proteins facilitate the fusion of viral vesicles to 
endosomes following virion internalization.
JEV’s envelope protein (E), which envelops the virion, 
is a crucial protein that fuses with the host plasma 
membrane and binds to host cell receptors (Zhu et 
al., 2023a). The primary protein identified by virus-
neutralizing antibodies is the E protein of JEV. Envelope 
domain I (EDI), envelope domain II (EDII), and 
envelope domain III (EDIII) are the three domains that 
comprise the E proteins of other flaviviruses (Zhang et 
al., 2017). The E protein’s crystal structure has shown 
that, like other flaviviruses, it dimerizes antiparallel 
in a head-to-tail fashion with a comparatively small 
interface (Luca et al., 2012). Between the globular 
EDIII and expanded EDII domains lies a nine-stranded 
β-barrel that forms the core of EDI. Fundamentally, 
EDII is composed of two long loops that extend from 
EDI. The peptide is stabilized by binding with three 
disulfide bonds, which maintains its fusion peptide at the 
top. At the carboxyl terminus of the ectodomain, EDIII, 
like other flaviviruses, maintains an immunoglobulin-
like structure that is probably responsible for binding 
host receptors and facilitating the internalization of its 
virions (Wu et al., 2003). Given these characteristics, 
the EDIII domain could be a target for antiviral drug 
development aimed at reducing JEV infection.
The first step in JEV productive infection and 
pathogenesis is the initiation process of virus-host 
interactions. The three major steps involved in the entry 
of JEV into host cells to cause diseases are: recognition 
of host cell surface receptors by JEV and JEV-receptor 
binding, endocytosis, and membrane fusion and 
uncoating (Zhu et al., 2023a). These processes are 
followed by diffusion or directed migration on the cell 
membrane. The JEV then internalizes into the endocytic 
vesicle via clathrin-mediated endocytosis (CME) or 
clathrin-independent endocytosis (CIE). The JEV 
envelope then fuses with the membrane and uncoats 
within acidic endosomes before the final release of the 
viral RNA materials into the cytoplasm; thus, leading 
to productive infection (Lopez et al., 2015). Some 
important characteristics of JE include viral infection 
of the central nervous system (CNS), reactive gliosis, 
uncontrolled inflammatory response, and neuronal cell 
death (Zhu et al., 2023a).
History
In 1871, the first JEV-related encephalitis outbreak was 
reported in Japan (Kuno, 2022). Over 6,000 cases were 
recorded in a severe outbreak in Japan in 1924, and 
major epidemics have been reported roughly every 10 
years (Erlanger et al., 2009). The first Nakayama strain 
was identified from an encephalitis patient’s brain in 
1935. Since then, the virus has been categorized as a 
group B arbovirus in the Togaviridae family, along 
with other flaviviruses. To differentiate these summer 
outbreaks from von Economo’s lethargy/sleeping 
sickness, often referred to as type A encephalitis, 
which manifests in the winter with a distinct clinical 

appearance, the name “type B” encephalitis was first 
employed (Mohsin et al., 2022). Later, the “type B” 
label was dropped, and JEV was classified as a member 
of the genus OrthoFlavivirus and placed in the distinct 
family Flaviviridae in 1985 (Solomon et al., 2003). The 
genus Orthoflavivirus comprises seventy tiny, enclosed 
viruses with positive-sense single-stranded RNA and is 
named after the prototype yellow fever virus (from the 
Latin word flavi) (Laureti et al., 2018). 
JEV has only one serotype, but it can be classified into 
five genotypes according to the full-length genome 
sequence or E gene sequence, namely genotypes I, 
II, III, IV, and V (GI, GII, GIII, GIV, and GV) (Xia 
et al., 2023). Between 1935 and the 1990s, type GIII 
was reported to be the most widespread genotype in 
Asia, particularly China, and has historically been 
reported as the source of many JEV strains (Zheng et 
al., 2012; Xia et al., 2023). The GI JEV strain was first 
reported in Cambodia and China in 1967 and 1979, 
respectively. GII, GIII, GIV, and GEV JEV have also 
been reported widely in Australia, Malaysia, Indonesia, 
India, Vietnam, Japan, South Korea, Thailand, and 
China (Xia et al., 2023). More than one JEV genotype 
may be simultaneously transmitted, especially in JEV-
endemic countries, and the predominant genotype may 
change. However, studies suggest that JEV originated 
from ancestral viruses in the Indonesia–Malaysia 
region and evolved there into different genotypes that 
subsequently spread throughout Asia.
Epidemiology
JEV is the primary cause of viral encephalitis in Asia 
(Srivastava et al., 2023). It encompasses a large region, 
primarily tropical Asia, which includes all of Southeast 
Asia, as well as China, Taiwan, South Korea, Japan, 
the Philippines, and India. India, Pakistan, Myanmar, 
Japan, Laos, Malaysia, Singapore, Sri Lanka, the 
Philippines, China, Indonesia, maritime Siberia, Nepal, 
Vietnam, and South Korea are among the nations that 
have documented JE epidemics (Suresh et al., 2022). 
Furthermore, isolated outbreaks have also been noted 
in northern Australia and the Western Pacific (Choe 
et al., 2020; McGuinness et al., 2023). Although 
there have been outbreaks like JE in Japan in the late 
1800s, the first definite case of JE was reported in 
Japan in 1924. South Korea (1933), China (1940), the 
Philippines (1950), India (1955), and numerous other 
Asian nations followed (Erlanger et al., 2009). In recent 
decades, South Asian nations such as Bangladesh, 
India, and Pakistan have become the primary focus 
of JE transmission, replacing East Asian nations like 
Japan, South Korea, and Taiwan (Mulvey et al., 2021).
The Indian subcontinent has seen a rise in JEV activity 
since the early 1970s. The virus then spread to nearby 
regions of southern Pakistan and the Kathmandu Valley 
in Nepal in the late 1990s (Zimmerman et al., 1997). 
Serological investigations yielded the first indication 
of JE in India in 1952, and the country’s first case of 
JEV was reported in 1955. Subsequently, outbreaks 
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were regularly recorded in every region of India 
(Kulkarni et al., 2018). In 1973, a significant epidemic 
occurred with a 42.6% fatality rate in the West Bengal 
district of Bankura (Tiwari et al., 2012). In 2005, the 
Gorakhpur district of Uttar Pradesh experienced the 
longest JE outbreak, with over 5500 recorded cases of 
viral encephalitis and over 23% fatality (Patel et al., 
2021). Cases suggestive of extensive transmission have 
been documented, particularly in urban places like 
New Delhi, and some reports indicate that the virus has 
expanded to new non-endemic areas, such as the north 
and northeast of the Indian subcontinent (Kumari et al., 
2013; Singh et al., 2023).
The threat of JEV infection has recently increased, as 
evidenced by a notable epizootic epidemic in Australia 
in 2022 (van den Hurk et al., 2022). The virus was 
dormant for the previous 20 years in Australia, where 
the first JE cases were discovered in 1995 (Furuya-
Kanamori et al., 2022). The virus resurfaced in early 
2021 and was identified in a northern Queensland 
resident who died as a result. The recent epidemic in 
2022 in the southern Australian state seems to have 
been a sentinel occurrence. Later, JEV was found in 
newborn piglets, mummified fetuses, and stillborn 
piglets from a number of commercial pig farms, mostly 
in Australia’s four southern states (Queen, South 
Australia, Victoria, and New South Wales) (Hick et al., 
2024). In Australia, there have been 45 documented 
human cases of JEV, 35 of which have been confirmed 
with strong clinical evidence and seven of which have 
resulted in death (Waller et al., 2022). The Culex 
sitiens subgroup, particularly Culex annulirostris, is the 
primary cause of JE transmission (Chiou et al., 2021). 
Although further mosquito studies and surveillance 
are required to determine their regional range and 
abundance in Australia, it is believed that other Culex 
species, specifically Culex quinquefasciatus, Culex 
gelidus, and Culex tritaeniorhynchus, are responsible 
for disease transmission (van den Hurk et al., 2022). 
However, neighboring territorial jurisdictions like 
Western Australia and the Northern Territory, are 
seriously at risk from the present JEV outbreaks in the 
state of South Australia (Furlong et al., 2023).
Pathogenesis
The incubation time for JEV ranges from 6 to 16 days. 
The factors that determine whether infections cause 
disease are unknown, although they might include host 
features like age, genetic composition, physical health, 
and pre-existing immunity, as well as viral factors 
like method of entry, titer, and neurovirulence of the 
inoculum (Mohsin et al., 2022). Following a mosquito 
bite, the virus replicates in the epidermis before moving 
on to nearby lymph nodes (Sharma et al., 2021). It has 
also been demonstrated that Langerhans dendritic cells 
in the skin facilitate the spread of viruses, including 
West Nile fever and dengue fever, which are illnesses 
caused by flaviviruses (Dobrzyńska et al., 2023). After 

transient viremia occurs in the peripheral nervous 
system, it spreads to the CNS. 
Early viremia involves the seeding of additional 
neuronal networks with viral particles. Some of the 
most crucial locations for extra neural replication 
include tissues like connective and lymphocytic tissues, 
muscles like skeletal and smooth muscles, organs like 
the heart, and glands like endocrine and exocrine 
(Yadav et al., 2022). The virus enters the bloodstream 
and travels to the CNS. Clinical symptoms can be used 
to diagnose a number of diseases by identifying the 
mechanisms by which the virus enters CNS cells (Li 
et al., 2015). Although JEV infection is caused by the 
pathogen in question in the nerve tissue; symptoms 
may be minimal or nonexistent if the infection is 
limited to the tissues (extra-neural) (Ashraf et al., 
2021). Therefore, understanding the pathophysiology 
of viral illnesses requires an understanding of how 
viruses enter the CNS. 
The mechanism by which JEVs can pass through the 
blood-brain barrier (BBB) is unknown. However, 
immunohistochemical labeling of human postmortem 
material showed a broad infection across the brain, 
indicating a hematogenous invasion mechanism 
(Ludlow et al., 2016). Nevertheless, experimental 
evidence indicates that some flaviviruses may be able 
to pass across the BBB primarily by reproduction 
within endothelial cells; passive transmission through 
endothelial cells seems to be a more likely mechanism 
for JEV (de Vries and Harding, 2023). The likelihood 
of neuroinvasion has also been linked to other factors 
related to the BBB integrity. Numerous studies 
have found that neurocysticercosis was present in 
disproportionate numbers of deceased patients at 
autopsy (Handique et al., 2008).
Immune response
JEV infection usually results in a strong physiological 
immune response in humans, including cellular and 
adaptive humoral immunity (Filgueira and Lannes, 
2019). The production of neutralizing antibodies against 
the envelope (E) protein is necessary for a protective 
humoral immune response because the E protein is in 
charge of binding and subsequent entry into target cells 
(Fan et al., 2024). Thus, as demonstrated by animal 
studies, neutralizing antibodies against JEV E protein 
can be effectively employed for passive vaccination in 
the early treatment of JEV-infected people (Cao et al., 
2016). Five genotypes have been identified so far, each 
having 1%–5% variants in the E protein and matching 
differences in the epitopes and antibodies generated 
(Lee et al., 2024). However, antibodies that cross-
react with all JEV genotypes are typically formed 
as a result of infection or immunization. Because of 
this, vaccines against JEV genotype III have mostly 
been created using formalin-fixed live attenuated or 
inactivated viruses (like IXARIO®), which produce 
long-lasting immunity and are well tolerated by 
both young people and the elderly (Hegde and Gore, 
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2017). It should be mentioned that vaccination and 
JEV infection can produce antibodies that react with 
DENV and other flaviviruses (Pushpakumara et al., 
2020). Cross-reacting antibodies produced by JEV 
infection or immunization may have the ability to 
enhance DENV infection, which could lead to DENV 
infection deaths (Saito et al., 2016). It has also been 
shown that immunization increases JEV infection 
in pigs in an antibody-dependent manner (García-
Nicolás et al., 2017).
Adoptive T cell-mediated immunity is necessary to boost 
B cell growth, including somatic mutation processes to 
maximize antigen-binding capabilities and antibody 
class switching, to create specific humoral immunity to 
JEV (Amanna and Slifka, 2011). As a result, particular 
T cell responses are crucial during JEV infection, and 
different T cell subpopulations may have different 
consequences (Zhang et al., 2024). Through cytotoxic 
mechanisms, JEV-specific CD8+ cytotoxic αβ T cells 
and γδ T cells target and kill JEV-infected cells, thereby 
preventing brain infection and subsequent encephalitis. 
This helps to restrict JEV production and dissemination 
(Jain et al., 2017). The immunogenic peptides of NS 
proteins, which are shown by major histocompatibility 
complex (MHC) class I, have been discovered by 
cytotoxic T cells (Sayeed et al., 2018). B cell assistance 
in germinal centers is largely provided by JEV-specific 
CD4+ helper T cells that are able to identify the JEV 
E protein (Rathore and St John, 2020). In contrast, 
CD4+ cells that identify NS protein epitopes may aid 
in specific cytotoxic immune responses by generating 
antiviral cytokines like interferon-γ, which in turn 
regulate and ultimately resolve the cellular immune 
response while also supplying T cell memory (Turtle 
et al., 2016).
T-cell activation requires dendritic cells. MHC class 
I and class II cells process and display JEV antigens, 
and they associate acquired immunity with innate 
immunity (Wieczorek et al., 2017). However, JEV can 
also target dendritic cells, which may lead to a fatal 
infection (Lannes et al., 2017). Therefore, it has been 
demonstrated that dendritic cells can be infected by 
weakened viruses. In this sense, it is still unknown 
whether JEV infection of dendritic cells is crucial 
for developing permanent immunity or whether JEV 
infection of immune cells aids in impairing the immune 
response or even results in encephalitis.
First, the protective immune response and the 
identification of JEV infection are significantly 
aided by innate immune cells and processes. The 
important pattern recognition receptors that detect 
JEV components and alert immune cells are toll-like 
receptors (TLRs), such as TLR7 and TLR8 (Nazmi et 
al., 2014). The first line of cytotoxic defense is provided 
by natural killer (NK) and natural killer T (NKT) cells 
until acquired immunity takes over (Sooryanarain 
et al., 2012). The immunological response to JEV 
involves mast cells, which are also a component of 

innate immunity. Mast cells, however, are more likely 
to exacerbate JEV invasion and inflammation in the 
brain than to aid in its resolution (Hsieh et al., 2019).
Overall, JEV infection triggers every immunological 
mechanism and process that is known to exist, which 
typically leads to enduring immunity. To better 
understand the connections between JEV and immune 
cells, particularly in cases resulting in encephalitis, 
further research is necessary.
Pathology
There are several known pathological abnormalities 
in JE. The neurological system is the primary site 
of alterations. It is possible to artificially cause 
nonsuppurative encephalitis in piglets inoculated 
with JEV in animal models (Yamada et al., 2004). JE 
mostly affects the cerebral cortex, cerebellum, anterior 
horn cells of the spinal cord, and thalamus (Patel et 
al., 2015). The brain exhibits herniation, edema, and 
congestion during the acute phase of the illness (Mehta 
et al., 2021). Microglial proliferation resulting in glial 
nodules, perivascular lymphocytic infiltration, neuronal 
degeneration and neuronophagy, and meningeal 
inflammation are examples of microscopic lesions 
(Mohapatra et al., 2023). These alterations mostly 
affect the diencephalic, mesencephalic, and brainstem 
regions and typically occur in the gray matter. A clear 
topographic distribution of JEVs in the brain has been 
demonstrated by immunohistochemical investigations 
in fatal human cases (Hills et al., 2009). 
JE virus antigen is immunohistochemically detectable 
in the gray matter of the thalamus and midbrain, as 
well as in the cytoplasm of nerve cells in the frontal 
and temporal lobe cortex (Han et al., 2021). Autopsy 
findings of JE reveal an inflammatory response to 
widespread neuronal infection caused by the virus 
(Upadhyay, 2013). The leptomeninges may appear 
normal or blurred. Focal petechiae or gray matter 
hemorrhages clog the brain parenchyma (Money et 
al., 2023). Extending survival beyond 7 days results 
in necrotic zones in the spots. The white matter often 
has a normal appearance. Some patients experience 
poliomyelitis-like discoloration and coalescence of 
the spinal cord’s gray matter (Solomon et al., 1998). 
Diffusion-weighted imaging shows the typical bilateral 
thalamic involvement in humans (Prakash et al., 2004). 
Additionally, lesions in the cerebellum, cerebral cortex, 
pons, midbrain, subcortical white matter, and basal 
ganglia can be found using magnetic resonance imaging 
(Phukan et al., 2021). These individuals typically 
present clinically with classic Parkinson’s symptoms 
following recovery from acute encephalitis (Tadokoro 
et al., 2018). As previously indicated, anterior horn 
cell involvement has been reported in addition to brain 
lesions. The distribution of cell types was identical in 
both fatal and nonfatal cases, did not change between 
the first and last days of hospitalization, and was 
unaffected by the use of steroids (Monath, 2023).
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Clinical symptoms
Most JE infections are often mild, with either no 
symptoms or subclinical fever. However, the case 
fatality rate might be as high as 30% in patients 
who develop severe clinical disease (encephalitis) 
(Srivastava et al., 2023). Approximately 30%–50% of 
individuals who survive severe infections nevertheless 
have neurological or behavioral problems, such as 
paralysis, recurrent seizures, and speech impairment 
(Sunwoo et al., 2017). Clinical indications appear in 
only 1 out of every 300 cases (Solomon et al., 2003). The 
disease’s initial symptoms show up six to fourteen days 
after incubation. Typically, it begins with a temperature 
above 38°C, chills, headaches similar to meningitis, 
muscle aches, and vomiting (Tiwari et al., 2012). The 
initial symptoms in children, such as nausea, vomiting, 
and stomach discomfort, are similar to those observed 
in cases of acute gastrointestinal sickness (Kamath 
et al., 2023). Possible symptoms include paradoxes, 
paralysis, changes in postural patterns, Parkinson’s 
rhythm, seizures, and coma (Tadokoro et al., 2018). 
The acute flaccid paralysis that a small percentage of 
patients with JE can be mistaken for poliomyelitis, 
which typically manifests as extensive convulsions 
(Grewe et al., 2022). In 20%–30% of cases, signs of 
acute cerebral or pulmonary edema causing severe 
respiratory distress result in death (Mohsin et al., 2022). 
Children with significant behavioral and neurological 
effects, such as persistent extrapyramidal syndromes, 
sensorimotor seizures, epileptic seizures, and severe 
mental illnesses, are frequently neglected by recovery 
(Sunwoo et al., 2017). Recurrent seizures, peduncular 
injuries, or intracranial hypertension are linked to the 
length of a person’s coma stay and may indicate poor 
mortality (Solomon et al., 2002). The development of 
a disease occurs in four stages. It is possible to identify 
the stage as prodromal by looking for symptoms such 
as (high) temperature and headache, as well as less 
specific ones like nausea, vomiting, anorexia, and 
malaise (Mohsin et al., 2022). The acute stage, often 
referred to as the second stage, encompasses the range 
of consciousness that includes moderate cloudiness, 
fainting, semi-coma, and coma (Mehta et al., 2021). 
Both localized and widespread seizures are frequent, 
as are stiff necks and limb pain (Michael and Solomon, 
2012). Fatal cases advance quickly and pass away at 
this point. In straightforward cases, the third stage is 
distinguished by improved neurological outcomes 
and a decrease in body temperature (Srivastava et al., 
2023). The last stage is the residual symptom phase, 
which involves the improvement of neurological 
abnormalities in severe cases and full recovery in 
moderate cases (Mayxay et al., 2020).
Diagnosis
Low virus titers and the rapid generation of neutralizing 
antibodies are likely the main reasons why attempts 
to isolate JEV from clinical material typically fail. 
Isolates can occasionally be extracted from brain tissue 

(either at necropsy or postmortem needle biopsy) or 
cerebrospinal fluid (CSF) (in which case it is linked to 
lack of antibody generation and increased mortality) 
(Desai et al., 1995). Polyclonal antibodies against JEV 
may show positive immunohistochemical staining of 
CSF cells or necropsy tissue (Bharucha et al., 2020). 
Nonetheless, JE is typically identified through serology. 
The hemagglutination inhibition test was in use for a 
long time, but it had a number of practical drawbacks, 
including the inability to make an early diagnosis 
because it required paired sera (Upadhyay, 2013). 
The established method for diagnosing JE is the enzyme-
linked immunosorbent assay (ELISA) test, which was 
created in the 1980s and captures both IgM and IgG 
(Ravi et al., 2006). The sensitivity and specificity of 
anti-JEV IgM in the CSF for viral CNS infection are 
>95% after the initial days of sickness (false negatives 
may occur before this) (Robinson et al., 2010). 
However, ELISA is mostly used in a small number of 
academic or referral institutes rather than in the rural 
areas where JE occurs because it requires sophisticated 
equipment. Recently, IgM ELISA was altered to use 
a straightforward nitrocellulose membrane-based 
format, which produces a color shift that is apparent 
to the unaided eye (Ravi et al., 2009). This rapid, easy-
to-use test, which does not require special equipment, 
should prove useful for the diagnosis of the disease in 
rural hospitals. Reverse transcriptase polymerase chain 
reaction (PCR) has been used to identify JEV RNA 
in human CSF samples; however, its applicability as 
a standard diagnostic procedure has not been proven 
(Swami et al., 2008).
A promising diagnostic technique which employs a 
CRISPR-Cas12a-based molecular diagnostic method 
combined with isothermal nucleic acid amplification in 
a DNA endonuclease-targeted CRISPR trans reporter 
is emerging. This emerging technology utilizes reverse 
transcription-recombinase polymerase amplification 
(RT-RPA) for the diagnosis of JEV. Interestingly, this 
technique has been used for the successful detection 
of RNA copies for JEV genotypes I (GI), GIII, and 
GV (Kwak et al., 2023). The lateral flow assay (LFA) 
was also developed for the detection of JEV antibodies 
in serum. This diagnostic innovation involves the 
conjugation of the recombinant NS1 protein with serum 
antibodies for the detection of JEV. This LFA technique 
was demonstrated to be suitable for screening swine 
serum samples during the monsoon and post-monsoon 
periods (Dhanze et al., 2020).
Transmission
Vertebrates contract JEV from mosquitoes. The 
transmission of mosquitoes began in the early 1930s. 
The research conducted in Japan by Buescher et al. 
(1959) is the source of the JEV ecology, which has 
been reviewed numerous times. JEV can be spread by a 
variety of Culex mosquito species. C. tritaeniorhynchus 
is the primary JE vector for South, East, and Southeast 
Asia (Tong et al., 2023). C. annulirostris is the primary 
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vector for Northern Australia (Klein et al., 2024). 
However, a number of additional secondary vectors 
may be significant. Numerous secondary vectors, 
such as C. whitmorei, C. pseudovishnui, C. epidesmus, 
C. gelidus, Anopheles subpictus, A. peditaeniatus, 
Mansonia indiana, and M. uniform, have been found 
in studies conducted in India in particular (Tiwari et 
al., 2012). In Asia, Culex mosquitoes and water birds 
participate in the natural JEV cycle (Mulvey et al., 
2021). In contrast to many other diseases spread by 
mosquitoes, the epidemiology of human JE depends 
on reproducing hosts. Pigs are regarded as the most 
significant breeding hosts in Asia, serving as a conduit 
to people because of their close proximity to houses 
(Damayanti et al., 2017). In addition to pigs and 
mosquitoes, JEV hosts other animals, including bats, 
birds, and a number of other wild animals. The virus 
life cycle is illustrated in Figure 1. There are two 
epidemiological patterns of transmission: an epidemic 
pattern in more temperate regions with a noticeable 
summer season and an endemic type in tropical regions 
where the virus circulates throughout the year but has 
large seasonal peaks, most likely as a result of irrigation 
techniques (Hills et al., 2010).
Risk factors
Risk factors for JE include travel, outdoor activities, 
accommodation, proximity to animals, gender, and 
age (Liu et al., 2010). Long-term visitors have been 
observed to have the highest prevalence of disease 

(Moore, 2021). Long-term travel increases the chance 
of coming into contact with infected mosquitoes, but 
there is no set length of time that puts tourists at risk 
for JE (Shlim and Solomon, 2002). Chronic stays in 
JE-endemic regions are included in long-term travel; 
this includes regular visitors and city dwellers who 
frequently visit high-risk rural regions (Hills et al., 
2019). Transmission of the JE virus occurs year-
round in certain places and seasonally in others (Xia 
et al., 2023). 
In rural or agricultural settings, exposure to mosquitoes 
poses the greatest risk (Kulkarni et al., 2018). The 
breeding grounds for JEV mosquitoes are usually 
marshes, flooded rice fields, and other areas with 
stagnant water (Keiser et al., 1995). Travelers visiting 
coastal regions or resorts in or close to rural or rice-
growing regions have been the subjects of multiple 
occurrences (Connor and Bunn, 2017). JE can occur 
in large, localized outbreaks, indicating widespread 
transmission of the active JE virus in the area. 
Living close to a farm also increases the risk of JEV 
transmission, particularly if the farm is close to rice 
fields (Kumar et al., 2018). 
The majority of JEV-transmitting mosquitoes eat 
outside, particularly between sunset and daybreak 
(Van den Eynde et al., 2022). Activities that raise risk 
include outdoor recreation, such as camping, hiking, 
trekking, cycling, rafting, hunting, fishing, gardening, 
and spending a lot of time outside, particularly at 

Fig. 1. The transmission cycle of the Japanese Encephalitis Virus (JEV): key interactions between mosquito vectors, amplifying 
hosts, and incidental hosts. Culex mosquitoes are vectors of reinfection and viral amplification in hosts such as pigs and waterfowl. 
Humans and horses are incidental dead-ends because they cannot be perpetuated by the virus. The level of persistence is enhanced 
when the reintroduction of both infected vectors and vertebrates occurs consistently and via vertical viral transmission within the 
amplification hosts. This cycle presents some important targets for impeding JEV transmission in addition to minimizing its public 
health vector.
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night or in the evening (Hills et al., 2019). The risk 
of mosquito exposure is higher in accommodations 
without air conditioning, screens, or mosquito nets. 
Males are more likely than to be infected with JEV than 
females, the older adults and infants are more prone to 
severe disease (Monath, 2023). 
Public health importance
JE is one of the most important causes of viral 
encephalitis in Asia. This geographically defined focal 
disease is considered a public health issue due to its high 
case fatality rate and notable long-term neurological 
effects among survivors (Cheng et al., 2022). The 
WHO recommends including the JE vaccine in national 
vaccination programs in every region where the illness 
is a top public health concern. The WHO estimates that 
15,000 people die of JE each year, with about 50,000 
cases occurring globally (Erlanger et al., 2009). The first 
recorded case of JE occurred in Japan in 1871 (Kuno, 
2022). The yearly incidence of JE varies between 10 
and 100 per 100,000 people in endemic locations (Singh 
and Agarwal, 2005). Taiwan, Vietnam, Thailand, South 
Korea, North Korea, Japan, and the People’s Republic of 
China routinely vaccinate children against JE (Vannice 
et al., 2021). Insufficient laboratory assistance, reporting 
issues, and challenges in clinically recognizing the 
disease have prevented countries from producing 
sufficient JE surveillance data. 
Progress toward JE prevention and control will be 
sustained with the support of increased JE surveillance, 
sustained dedication, and sufficient funding for JE 
immunization (Asawapaithulsert et al., 2023). Children 
under the age of 15 years account for 75% of JE cases 
(Park, 2022). JEV transmission is endemic in 24 countries 
in the WHO South-East Asia and Western Pacific area, 
placing over 3 billion people at risk of contracting the 
virus (Sahu et al., 2022). This illness has no known 
cure. The only type of treatment is supportive. There is a 
vaccination against JE that is both safe and effective. In 
any region where JE disease is acknowledged as a public 
health issue, the WHO recommends that JE vaccination 
be included in the national immunization schedule 
(Heffelfinger et al., 2016). 
Economic impact
The effects of JEV on the economy are not well 
understood. From 2013 to 2018, the combined direct 
(U.S. $8.32 million) and indirect (U.S. $3.69 million) 
expenses of JEV in Zhejiang Province, China, were 
projected to be U.S. $12.01 million (Deng et al., 2021). 
The estimated economic impact was based on 149 
verified JEV cases reported in China’s case-based JEV 
surveillance system and National Notifiable Diseases 
Registration System. The authors estimated the actual 
number of JEV cases using an expansion factor (EF) of 
three because misdiagnosis of JEV is widespread and 
JEV cases are underreported worldwide. According 
to the 2006–2009 Acute Meningitis and Encephalitis 
Syndrome Surveillance study, which found that JEV 

cases were underreported in China by two to three 
times, an EF of three was utilized (Deng et al., 2021).
Both medical and non-medical expenses related to 
treating a JEV infection are considered direct costs 
(e.g., nutritional supplements, transportation to doctor’s 
appointments, and employing caregivers) (Nguyen 
et al., 2023). Time missed working for patients and 
their caregivers are examples of indirect expenses. 
The average cost per JEV case was U.S. $26,871, and 
it was determined that men’s mean costs were higher 
(U.S. $30,018) than women’s (U.S. $21,435) (Nguyen 
et al., 2024). The economic costs of JEV were further 
categorized by occupation, age, insurance coverage, 
place of residence (rural vs. urban), and whether the 
patient had received a JEV vaccination.
About 60% of Australia’s commercial pig industry was 
impacted by the 2022 JEV genotype IV outbreak, with 
an estimated U.S. $250,000 loss per 1,000 sows. It is 
estimated that impacted farms will experience yearly 
production losses of 3%–6% (Harrison et al., 2024). 
The economic impact of an outbreak on domestic swine 
herds is unknown if JEVs expand in the US. On March 
6, 2024, the Swine Health Information Center published 
an economic assessment of a hypothetical JEV outbreak 
in the United States. According to estimates of the 
number of commercial pigs kept in naturally aired versus 
mechanically ventilated pens in the United States and 
comparable production losses in Australia, the outbreak 
is expected to cost between U.S. $306 million and U.S. 
$612 million (Hoad et al., 2022).
Treatment
Supportive treatment for JE includes seizure 
management and lowering elevated intracranial 
pressure when they happen. Corticosteroids have 
been used for many years; however, dexamethasone 
did not show any effect in double-blind, placebo-
controlled randomized trials (Ajibowo et al., 2021). 
To lower the risk of contractures, malnourishment, 
and bedsores, careful nursing care and physical 
therapy are required (Kunjarkar et al., 2022). Patients 
with a diminished gag reflex are frequently at risk of 
aspiration pneumonia. As of this writing, JE has no 
known cure. In animal models, monoclonal antibodies 
appear to work well, whereas isoquinolone molecules 
work well in vitro (Calvert et al., 2019). At present, 
the most promising possible treatment is interferon-α. 
Antiviral properties in vitro and are naturally 
generated in the CSF in response to JEV infection. 
Recombinant interferon-α is presently undergoing 
evaluation in double-blind, placebo-controlled trials 
after being administered to a small number of patients 
in open trials with positive outcomes (Sahu et al., 
2022). Other potential therapeutic strategies are being 
explored, including the use of ribosome inhibitors 
such as N-nonyl-deoxynojirimycin (N-N-DNJ) to stop 
the progression of JEV and synthetic oligonucleotide 
dnase targeting the 3′-untranslated region of JEV to 
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inhibit viral replication. An example is nitazoxanide 
(Su et al., 2024).
Vaccination
Currently, a large number of approved vaccines are 
used to prevent JEV; nevertheless, safety and specificity 
metrics are obtained through thorough testing in animal 
models. In the Asia–Pacific, three JE vaccines, namely 
JE live-attenuated vaccine (JEV-L), JE inactivated 
vaccine (Vero cell) (JEV-I(Vero)), and JE inactivated 
vaccine (primary hamster kidney cell) (JEV-I(PHK)), 
are commonly used to protect children from JE 
infection, and their safety and effectiveness have been 
the subject of meta-analyses (Wang et al., 2015). Three 
JEV vaccinations that are commonly used in the Asia–
Pacific region to protect newborns and children against 
JE were the subjects of a previously published meta-
analysis on their safety and effectiveness. The use of 
JEV-I (PHK) and JEV-L (PHK) is questioned logically 
by immunologists because of the presence of diverse 
cellular matrix proteins in vaccines made by PHK cells 
(Satchidanandam, 2020). The host may become more 
sensitive to vaccinations as a result of the expression of 
these cellular matrix proteins. However, the JEV (Vero) 
vaccine exhibited very low immunogenicity despite 
demonstrating high safety. The positive therapeutic 
effects of IgM, TLR7, and type I IFN on JE pathogenesis 
have also been demonstrated in a number of mouse 
models (Upadhyay, 2013). Similar to this, substances 
such as ribavirin, arctigenin, curcumin, minocycline, 
and glucosidase inhibitors aid in controlling the 
generation of proinflammatory mediators, microglial 
activation and differentiation, caspase-3 activation, and 
cellular death in JEV infection (Zhu et al., 2023b).
Control
In general, strategies to prevent human illness and 
interfere with the virus’s enzootic cycle are used to 
control JE. Attempts to prevent Culex mosquitoes 
from reproducing, such as by applying insecticides and 
using larvicides in rice fields, have not worked (Sahu 
et al., 2022). Pigs are vaccinated against the virus 
using attenuated and inactivated vaccines; however, 
most regions do not allow for extensive immunization 
(Srivastava et al., 2023). To reduce the frequency of 
Culex mosquito bites, residents, and visitors to endemic 
areas should wear personal protective equipment. These 
precautions include sleeping under a mosquito net, 
wearing clothing that exposes as little skin as possible, 
applying insect repellent with at least 30% DEET (N, 
N-diethyl-3 methylbenzamide), and limiting time spent 
outside at nightfall and dawn (Ghali and Albers, 2024). 
These precautions are mainly unfeasible for residents 
of endemic areas, although they might be possible for 
temporary visitors.
According to high-level experts, two rounds of indoor 
residual spray (IRS) with benzene hexachloride 
(B.H.C.) 50% water dispersible powder (wdp) at 
60-day intervals each, outdoor room spray with 
malathion technical (5.0%), and indoor room spray 

with pyrethrum (0.1%), along with personal protective 
measures, were advised because the occurrence 
of seizures and encephalopathy was thought to be 
caused by JE and necessitated anti-vector measures 
(Chandra et al., 2021). Following the program experts’ 
recommendations, B.H.C. 50% gdp (active ingredient 
dose 0.2 g/m2) was sprayed on the entire population of 
the severely affected areas in two rounds of 60 days 
each (Chandra et al., 2021). Additionally, motorized 
sprayers or indoor spraying equipment are available 
in these regions, as well as portable and vehicle-
mounted thermal fogging machines for outdoor 
spraying. Resources were also provided for IRS and 
outdoor spraying in sole-impacted regions, although 
not everywhere.

Conclusion
JE is a serious zoonotic infectious disease caused by 
the JEV, a member of the Orthoflavivirus genus. JEV 
is primarily transmitted by mosquitoes of the Culex 
species. The disease poses a serious threat to public 
health, particularly in endemic areas of Asia and the 
Western Pacific. The first JEV-related encephalitis 
outbreak was documented in Japan and was recognized 
as the main cause of viral encephalitis in the Asian 
subcontinent. JE outbreaks have also been reported 
in northern Australia. JE mostly affects the cerebral 
cortex, cerebellum, anterior horn cells of the spinal 
cord, and thalamus. The disease’s initial symptoms 
show up six to fourteen days after the incubation period 
and typically begin with a temperature above 38°C, 
chills, headaches similar to meningitis, muscle aches, 
and vomiting. Important risk factors include travel to 
JE-endemic regions, proximity to animals, and age. 
According to the WHO, an estimated 15,000 people die 
due to JE each year, with about 50,000 cases occurring 
globally. Unfortunately, there is no known cure for 
JE, as the only available treatment is supportive. 
Intriguingly, there are some well-known vaccines that 
help in the prevention of JEV infection. A large number 
of approved vaccines are used to prevent JEV infection. 
The high morbidity and mortality rates associated with 
the disease, particularly among children, underscore 
the urgent need for effective vaccination and public 
health strategies to reduce its impact.
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