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Abstract

Japanese Encephalitis remains a significant global health concern, contributing to millions of deaths annually worldwide.
Microglial cells, as key innate immune cells within the central nervous system (CNS), exhibit intricate cellular structures
and possess molecular phenotypic plasticity, playing pivotal roles in immune responses during CNS viral infections. Par-
ticularly under viral inflammatory conditions, microglial cells orchestrate innate and adaptive immune responses to mitigate
viral invasion and dampen inflammatory reactions. This review article comprehensively summarizes the pathophysiology
of viral invasion into the CNS and the cellular interactions involved, elucidating the roles of various immune mediators,
including pro-inflammatory cytokines, in neuroinflammation. Leveraging this knowledge, strategies for modulating inflam-
matory responses and attenuating hyperactivation of glial cells to mitigate viral replication within the brain are discussed.
Furthermore, current chemotherapeutic and antiviral drugs are examined, elucidating their mechanisms of action against
viral replication. This review aims to provide insights into therapeutic interventions for Japanese Encephalitis and related

viral infections, ultimately contributing to improved outcomes for affected individuals.

Keywords Microglia - Neuroinflammation - Blood brain barrier - Cytokine

Introduction

Japanese Encephalitis virus [JE virus] was initially isolated
in Japan in 1935. It is a family member of flaviviridae it
included the dengue virus, west nile virus, tick-borne enceph-
alitis virus, and as well zika virus. The global distribution of
JE virus is spans both tropical and temperate climates region.
JE virus is one of the leading causes of death in worldwide,
it is highly persistent in large part of the Indian region cause
encephalitis in the pediatric population with a high morbidity
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rate (Campbell et al. 2011; Misra and Kalita 2010). JE
Virus is a one of the leading causes of severe encephali-
tis in children of Asia region an estimated 68,000 clini-
cal case annually. Recently JE virus has been was detected
in Angola in the course of a yellow fever outbreak in
2016 (Parida et al. 2006; Halstead and Thomas 2011).
The Genomic organization of the virus is linear, + ve Single
Stranded [single-stranded RNA] Isohederal, Envelope, Con-
taining and Non-Segmented virus. JE virus mainly affects
the brain neuronal cell and CNS, JE virus is Neurotropic in
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nature that can invade the blood-brain barrier and direct
infect Neuronal cells, and cause inflammation in the Brain
and neck stiffness, disorientation, coma, seizure, spastic
Paralysis, movement disorder [motor impairment], and death
(Pfeffer and Dobler 2010; van den Hurk et al. 2009). JE
Virus still highly endemic in the Asian subcontinent with a
high mortality rate in paediatric population (Dwibedi et al.
2015; Das et al. 2011) Viral infection in central nervous
system [CNS] is one of the most challenging tasks for the
Neurotropic virus to invade due presence of the robust bio-
physical barrier including Blood—brain barrier [BBB] these
anatomical barriers restrict the viruses to invades and infect
the Brain. CNS has consist of the variety of highly special-
ized Immune cells which have potential to encounter the
various viral infections and provide the cellular defence. For
the understanding of the developmental trajectory of dif-
ferent cell types within the central nervous system (CNS)
is essential for comprehending their responses during neu-
roinvasion by the Japanese Encephalitis (JE) virus. Each cell
type has a distinct origin, maturation process, and functional
specialization, which influences their susceptibility to viral
infection and their response to the virus.

The brain are enriched with different type of the resident
immune cell including Microglial cell, astrocytes, oligoden-
drocyte etc. all these cells have performed the various func-
tions including they have served as a neuroprotective role in
the CNS, as well they make the BBB to impermeable by sup-
porting the growth of the endothelial cells also maintaining
the Tonic balance and nurture the developing neurons form the
infections. The CNS has consisted of astrocytes almost 20% to
40% glial cell at a different region of the brain. Astrocytes are
also known as astroglia. Its star-shaped characteristics make
it to differentiate from other immune cells. Astrocyte has
performed the many important biological functions, includ-
ing they perform the biochemical support of the endothelial
cell of BBB, nutritional support of neurons, ionic balance,
tissue repair in infection and traumatic brain injury. These
cells contribute to defence against the invading viral pathogen
by elimination. Microglia is one of the major brain residents
innate immune cell especially in the 10-15% found brain it
presents throughout within CNS in which some region of they
heavily populated than other region.

The glial distribution is mainly very high in gray mat-
ter, while white matter is poorly populated with glial cells.
Microglial cells perform major neuroprotective function in the
brain from immune challenges like- scavenging Amyloid f-
plaque in gray matter, degenerative neuronal structure, dam-
age unnecessary neurons, synapse, and infectious agent. It is
extremely highly sensitive to the ionic imbalance, even small
pathophysiological changes in the CNS because of existence
of a unique potassium ion channel. It will respond very fast
to small ionic changes in the extracellular environment which
is called the [microglial sensome]. Microglia cells are highly
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neuroplastic in nature it found in the ramified state in the spe-
cific region of the brain and spinal cord in absence of immune
response. When any viral infection, traumatic brain injury,
occurs then ramified microglia cells will transform into acti-
vated microglia cells and phagocytosed the infectious agents
(Hickman et al. 2013; Chen et al. 2010).

Astrocytes

Astrocytes are another type of glial cell in the CNS
and originate from radial glial cells during embryonic
development. They migrate and differentiate into mature
astrocytes during late embryogenesis and early postnatal
development. Astrocytes provide structural support, regulate
neurotransmitter levels, and modulate synaptic transmission.
While astrocytes can be activated in response to viral
infection, they may not be the first cell type to become
activated during neuroinvasion by the JE virus. Astrocytes
are another types of glial cell mainly found in the central
nervous system (CNS), alongside microglia. The name often
referred to as "star-shaped" cells due to their morphology,
astrocytes play diverse and crucial roles in maintaining the
health and functionality of the nervous system under stress
conditions to nourish and assist the microglial cells functions.
Astrocytes are multifunctional cells that play essential roles
in maintaining CNS homeostasis, supporting neuronal
function, regulating synaptic activity, and contributing to
neuroinflammation. Their diverse functions highlight their
importance in both normal brain function and neurological
disease. Astrocytes provide structural support to neurons and
other cells in the CNS. They form a network of processes
that ensheath synapses and blood vessels, contributing to the
formation of the blood-brain barrier (BBB), which regulates
the exchange of molecules between the bloodstream and
the brain. In the context of central nervous system (CNS)
inflammation, astrocytes exhibit multifaceted roles influenced
by their intrinsic neurotoxic properties, the activation
of resident microglia, and the recruitment of peripheral
inflammatory cells (Linnerbauer et al. 2020). Typically,
immune pathways within astrocytes are triggered following
various insults, such as brain trauma, ischemia, and different
neuroinfections, notably viral infections (Farina et al. 2007;
Lindqvist et al. 2016a, b). Viruses access the CNS via diverse
routes, including traversal of brain capillary endothelial cells,
penetration through the meningeal barrier, and infiltration
via infected peripheral and olfactory neurons (Potokar et al.
2019; Ludlow et al. 2016; Mandl 2005. Among the initial
cell types to host and replicate invading CNS viruses are
astrocytes (Potokar et al. 2019; Jorgacevski et al. 2019; Palus
et al. 2014). Upon viral entry, these cells promptly release
immunomodulatory molecules, thereby contributing to the
innate immune response, the foremost defense against viral
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invasion (Li et al. 2016). The dual role of astrocytes in the
neurotoxic and neuroprotective aspects of the CNS innate
immune response is increasingly recognized. During the early
stages of viral infection, the antiviral response of astrocytes
manifests in a dualistic manner, potentially benefiting either
the host or the virus. Astrocytes may aid the host by producing
antiviral agents that hinder virus replication and dissemination
(Li et al. 2021; Vonderstein et al. 2018). Conversely, they
might facilitate virus propagation between CNS cells, serving
as a reservoir to sustain long-term viral presence within the
tissue (Jorgacevski et al. 2019, Li et al. 2016). The persistence
of viral infections within the CNS is an underestimated and
underexplored facet of viral pathogenesis. Recent research
indicates certain viruses, including TBEV, ZIKV, HIV-1,
JEV, CCHFV, and RABY, possess the capability to establish
persistent infections within astrocytes (Potokar et al. 2014
Jorgacevski et al. 2019; Palus et al. 2014; Anderson et al.
2003; Spengler et al. 2017; Li et al. 2021; Knap et al. 2012;
Ray et al. 1997). For instance, in the case of ZIKV, infected
activated astrocytes have been identified as reservoirs capable
of sustaining viral replication within specific brain regions
in mice for over a year (Ireland et al. 2020). Moreover,
human fetal astrocytes have been shown to support chronic
ZIKV infection and continuous viral shedding for at least
one month (Limonta et al. 2018). Speculation surrounds
the potential contribution of persistent ZIKV replication
and associated CNS inflammation to neurological deficits
and long-term prognosis, though the precise impact of
persistent inflammation on limiting viral spread within the
CNS parenchyma warrants further investigation (Ireland et al.
2020). Similarly, the persistence of EBV within astrocytes
remains a subject for further study, including its potential
implications for CNS function (Jakhmola and Jha 2021,
Mameli et al. 2012).

Advances in understanding the immune functions of
astrocytes indicate their involvement in both acute and per-
sistent viral infections of various etiologies. However, the
specific role of astrocytes in infections caused by individual
viruses requires detailed investigation. Of particular interest
is the persistent infection of astrocytes, as it may have long-
term repercussions on CNS function. Abortive infection of
astrocytes and the induction of innate immune responses are
believed to play pivotal roles during infection and in regu-
lating subsequent adaptive immune pathways. Evidence of
abortive infection and persistent chronic infection arises
from studies involving human astrocytes infected with HIV-
1, rat astrocytes infected with TBEV, and the detection of
CCHFV and ZIKYV in astrocytes within infected mouse brains
for varying durations, up to 22 weeks (Spengler et al. 2017;
Ireland et al. 2020; Chauhan et al. 2014). Persistent inflam-
mation within the CNS resulting from viral infection may
lead to tissue damage due to viral tropism in specific brain
regions, and neurological symptoms may persist long after

viral clearance, underscoring the lasting impact of viral infec-
tions. In all forms of viral infection, be it acute or persistent,
astrocytes are intricately involved in immune responses. They
detect viral presence through a variety of receptors, initiating
signaling cascades that activate the innate immune response.
Astrocytes are known to express and release a wide array of
cytokines, including type I interferons (IFNs), which are con-
tinuously produced at low levels in various organs, including
the central nervous system (CNS). Working in tandem with
interferon regulatory factors (IRFs), IFNs play crucial roles
in modulating immune responses following pathogen inva-
sion. Astrocytes exhibit high basal expression levels of type
I IFNs (IFN-a and IFN-f) along with proteins encoded by
interferon-stimulated genes (ISGs), enabling them to mount
a rapid IFN response to contain viral spread. Particularly,
astrocytes emerge as primary producers of IFN-f in the CNS
following acute infections by various neurotropic viruses and
during abortive infection instances. (Gough et al. 2012; Li
et al. 2017; Negishi et al. 2018).

Endothelial cells Endothelial cells line the blood vessels in
the CNS and originate from angioblasts during embryonic
development. They form the blood—brain barrier (BBB),
which regulates the exchange of molecules between the
bloodstream and the brain parenchyma. Endothelial cells
can become activated in response to inflammatory signals
released by infected cells, leading to BBB disruption and
immune cell infiltration into the CNS.

Ueually Endothelial cells are play key role in brain micro-
vasculature it provides the structural and functional integrity
to BBB. The interaction of neurovasculature cells with each
other and their cooperation with endothelial cells is also
play vital role for the regulation of the tight junctions within
BBB integrity (Villabona-Rueda et al. 2019; Keaney and
Campbell 2015). The neuro invasion mechanisms JE virus
to crosses the BBB are supported by four possible modes:
first is proliferation of virus within endothelial cells without
affecting the cell viability, followed by passive transport of
viral particles across the endothelial cells, second is diape-
desis of virus-infected leukocytes between endothelial cell
junctions, third is transport of viruses via the peripheral
nervous system, and fourth is disruption of the BBB through
the release of virus-induced inflammatory mediators from
the cells of apical (blood) and basolateral (brain) sides of the
BBB, which is considered to be the most common mode of
invasion (Miner and Diamond 2016; Hsieh et al. 2020). usu-
ally the JE virus infection it up-regulate the expression of
cathepsin L and endoglycosidase heparanase in endothelial
cells, and subsequantly leading to the degradation of gly-
cocalyx-like layer (EGL) components and ultimately leads
to the enhanced the permeability of the Blood brain barrier
(Puerta-Guardo 2019; Glasner et al. 2017).
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Neurons Neurons are the functional units of the CNS and
originate from neural stem cells during embryonic develop-
ment. They undergo extensive migration, differentiation, and
synaptogenesis to form neural circuits. Neurons are highly
susceptible to viral infection and can undergo apoptosis or
necrosis following viral invasion. However, neuronal activa-
tion in response to JE virus infection may occur secondary
to the activation of microglia and astrocytes.

Identifying the first cell type to become activated during
neuroinvasion of the JE virus depends on various factors,
including the route of viral entry, viral tropism, and the host
immune response. However, microglia are often among the
earliest responders due to their role as sentinel immune cells
in the CNS. Upon detection of viral particles or viral RNA,
microglia rapidly become activated and release pro-inflam-
matory cytokines and chemokines, initiating the immune
response to contain viral spread and recruit other immune
cells to the site of infection.

Japanese encephalitis virus pathogenesis

Transmission of the JE virus is mainly occurs in the rainy
[Monsoon] season in Southeast Asian region; however, it
can happens in throughout of the year in sub-tropical and
tropical regions. The disease distribution is also found in
the temperate regions of the Korean, China, peninsula, and
some eastern parts of the, and Japan. JE virus transmission
mainly depends on the density of vector, precipitation of
rainfall, and temperature and these meteorological factors
will determine the Bio-burden of JE Virus infection. Japa-
nese Encephalitis disease principally occurs in agricultural
regions of the Asian subcontinent where rice field is the
prime habitat for JE Virus vector mosquitoes breed close
vicinity (Pfeffer and Dobler 2010). The natural transmis-
sion of JE virus cycle are involves a various species of the
genus Culex mosquito as a vector in the zoonotic cycle.
whereas, Aquatic birds and bats are the more susceptible
reservoir, and pigs are one of the main virus amplifying
hosts and human are considering as a dead-end host for JE
virus because lower viremia will not allow to further ampli-
fication. Neuro invasion of the JE virus is done through the
hematogenous route and infection is spread all over the
brain (Misra and Kalita 1997; Endy and Nisalak 2002).
Pathophysiology of the JE virus is established through the
disruption of the barrier between peripheral and CNS. It
also enhanced the BBB permeability by reduction of the
expression of the barrier proteins such as Occludin, clau-
din5 and ZO1 within CNS (Chen et al. 2010; Mishra et al.
2009; Lai et al. 2012). These all proteins will maintain
the integrity of the BBB and JE virus infection cause the
secretion of inflammatory cytokines they can regulate BBB
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permeability (Al-Obaidi et al. 2017; Plesner et al. 1998;
Liu et al. 2008).

Glial plasticity and its activation

Microglia are the resident immune cells of the CNS and
originate from myeloid progenitor cells in the yolk sac dur-
ing embryonic development. They colonize the brain early
during embryogenesis and undergo further maturation post-
natally. Microglia play crucial roles in immune surveillance,
synaptic pruning, and neuroinflammation. In the context of
JE virus infection, microglia are among the first cells to
respond to viral invasion due to their rapid activation upon
detection of viral particles or viral RNA in the brain paren-
chyma. Our [CNS] system is protected by the [BBB] from
the infectious pathogen, Neuro invasive virus, bacteria, fun-
gus, etc. It’s also separated from the peripheral circulatory
system for the lower infection purpose. Inflammation is an
innate immune defense mechanism for the elimination of
foreign Pathogens from the body with the help of the co-
coordinating with the adaptive immune system and local-
izes the immune cells from our peripheral system to Trans
endothelial migration of the cell in CNS and provides the
immunoregulation (Endy and Nilasak 2002; Lai et al. 2012).
Neuroinflammatory responses are useful for the short time
for the Microbial clearance [acute response] as well as it is
harmful to the chronic response because of the secretion of
inflammatory cytokines. Neuroinflammation is the inflam-
mation of the CNS, including the brain and spinal cord,
followed by traumatic brain injury, invasion of neurotropic
virus [Including JE, WNV], toxic metabolites, spinal cord
injury, etc. (German et al. 2006; Plesner et al. 1998; Chen
et al. 2012) Fig. 1.

Microglial cells are generally derived the from yolk
sac progenitors and they further migrate into CNS at early
embryogenesis. Microglial cells are highly dynamic in
nature they can proliferate & differentiate in CNS. Gener-
ally, have found the two alternate state one is classical state
is M1 which has shown the pro-inflammatory response and
other alternative state is M2 which it has to perform the
tissue repair by anti-inflammatory response (Dudvarski
et al. 2016; Fekete et al. 2018; Chen et al. 2010). M2 has
further divides into the In CNS microglia were performing
the neuroprotective role against the infection and maintain
cellular homeostasis in brain. Glial activation has play piv-
otal role in the generation of the various pro-inflammatory
cytokines, chemokine’s. It polarized into the two states M 1
a first line of immune defence against the infection and
produced the pro-inflammatory cytokines including [TNF-
a, [FN-Y, IL-1, IL-6, IL-12, IL-1a and IL-1] and they are
causer significantly kill the offending invaders within brain
(Mishra et al. 2008; Man et al. 2007). In the brain, the major
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Fig. 1 Microglial cell activation and their functional plasticity during infection

outcome of the M1 polarization of microglia has enhanced
the various immunological responses, including produc-
tion of the Reactive oxygen species [ROS], iNOS which
subsequently caused the viral clearance from the Brain.
Polarization of the Microglia from M1/M2 are dynamic
process which perform more immunoregulatory function,
it minimizes the extensive neuronal damage by secretion of
the anti-pro-inflammatory [IL-4, IL-13, IL-10, and TGF-f]
cytokines (Mathur et al. 1992).

Alternative activation of glial has many important func-
tions in the brain it causes the inhibition of the inflammatory
response, angiogenesis, dampening, and tissue damaging
and enhanced the remodelling, immunoregulation. Activated
M2 microglial cells have caused the NF-kB bio signalling
induced by the M1 state of microglial cells. Microglia are
also activated by the various form it can be M2A, M2B,
M2C, M2D depends upon the cellular receptor. M2 state of
the microglial cells causes the deactivate the inflammatory
immune response and re-established the Cellular homeosta-
sis. During Neuro inflammatory response, it will activate the
brain resident Innate Immune cell Microglial cell to change
their phenotype and morphology in response to neuronal
injury in the brain. Rapid activation of a microglial cell typi-
cally characterizes it to minimize the infection in the brain
(Hickman et al. 2013; Kim et al. 20164, b).

Neuro inflammatory mediators cause
neurodegeneration

The invasion of the central nervous system (CNS) by the JE
virus leads to a cascade of inflammatory responses, where
microglial cells play a pivotal role. Microglia, as resident
immune cells of the CNS, release a variety of cytokines
and chemokines upon activation, influencing the immune
response to the viral invasion. During acute inflammation,
there is without peripheral immune response involved but
over the time chronic inflammation it leads to cause the deg-
radation of blood—brain barrier tissue and provide the access
of Neuro invasion and resulting CNS is not well protected
by the BBB and microglial cell will lead to produce reactive
oxygen species and it will then lead to release of cytokines
like IL-1, IL-4, IL-6, IL-18, TNF-a, IL- 1. It produced
these pro-inflammatory cytokines from activated microglial
cells, astrocyte endothelial cells at the site of infection or
injury in the brain (Huppert et al. 2010;Chen et al. 2014;
Chen et al. 2012; Kim et al. 20164, b). These cytokines act as
neuromodulators. They regulate the inflammation and they
coordinate with the peripheral immune cell for the pathogen
clearance from the brain and provide Neuro protection for
developing neurons. In the brain, during Japanese encepha-
litis virus infects the neurons by the Trojan horse mechanism
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and caused the degeneration of the neurons. Activation of
glial cells results in the production of many pro-inflamma-
tory cytokines. Neuroinflammation sustained release of
cytokines from immune cells affects the blood—brain bar-
rier, allows the penetration of peripheral systems and causes
cellular damage (Al-Obaidi et al. 2017; Chen et al. 2014;
Singh et al. 2000).

Tumor necrosis factor-alpha (TNF-a) TNF-« is released by
activated microglia and contributes to neuroinflammation
during JE virus infection. It promotes the recruitment of
immune cells to the site of infection and activates other glial
cells, such as astrocytes. However, excessive TNF-a produc-
tion can lead to neuronal damage and exacerbate neuroin-
flammation. TNF-a Induced Neuronal cytotoxicity although,
pro- inflammatory cytokines may cause cell death as well as
it also caused the secondary tissue damage in the brain. After
the BBB Becomes Permeable to Neutrophils, Monocytes,
macrophages, T- cell, enter the brain and innate and adap-
tive immune response excavate the inflammatory response in
the brain and contribute to chronic Neuroinflammation and
Neurodegeneration and affect the brain Functionality. These
Inflammatory responses will lead to affect the degenera-
tion of neurons, and finally cause motor impairment, other
neurological complications (Al-Obaidi et al. 2017; Kim
et al. 2016a, b). Because Neuro inflammatory response
produced both arms of the immune system cell will exca-
vate the inflammatory response and it will lead to increase
the activated immune cell density monocytes, neutrophils,
macrophage, etc. that will produce the various immunoregu-
latory cytokine. Each cytokine released by microglial cells
during JE virus infection exerts its effects through specific
signaling pathways and interactions with other immune cells
within the CNS. For example, IFNs signal through the JAK-
STAT pathway to induce the expression of antiviral proteins
and modulate immune responses. TNF-a activates NF-kB
signaling, leading to the production of pro-inflammatory
mediators and the upregulation of adhesion molecules on
endothelial cells, facilitating immune cell recruitment. ILs
signal through various pathways, including the JAK-STAT,
MAPK, and NF-kB pathways, to regulate immune cell acti-
vation and cytokine production. Chemokines bind to their
respective receptors on immune cells and activate signaling
pathways that control cell migration and infiltration into the
CNS. Japanese Encephalitis virus is Neurotropic and it will
mainly affect the neurons and caused neuronal death. Recent
studies Rodent models show JE virus has a high tropism for
neuronal precursors Neurons and developing neurons, affect-
ing their proliferation and development due to own cytotox-
icity and indirectly it will Affect the Neurons by Inflam-
matory responses that produced the various type of the
immunoregulatory chemokine, pro-inflammatory cytokine
that will disrupt endothelial architecture and allow to invade
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form peripheral system to enter CNS and caused the Neu-
rodegeneration (Kalita et al. 2010; Zhang et al. 2008). Post
infection of JE virus the number of the various immune
cell types increase in within various including the lymph
nodes, spleen, and blood cells. Several studies has shown
that numbers of macrophages, inflammatory monocytes,
granulocytes, and pDC increase in lymphoid tissues, such
as spleen and lymph nodes although not dramatically, natural
killer cell population decreased in the spleen of JE virus-
infected mice in vivo study (Srivastava et al. 2012; Chris-
tensen et al. 2004). TNF-a is a pro-inflammatory cytokine
released by activated immune cells, including microglia
and macrophages, in response to viral infection. TNF-« can
induce the expression of adhesion molecules on endothelial
cells and promote the recruitment of immune cells to the
site of infection. While TNF-a primarily contributes to the
inflammatory response, its role in directly influencing viral
entry into the CNS is less clear. However, excessive TNF-a
production may disrupt the integrity of the BBB, facilitat-
ing viral entry into the brain parenchyma. (Choi et al. 2017;
Lannes et al. 2017a, b) Fig. 2.

Interferon (IFNs) Type I IFNs, such as IFN-a and IFN-f,
play a critical role in restricting viral replication and spread
by inducing an antiviral state in infected cells. Upon sensing
viral invasion, cells release type I IFNs, which activate sign-
aling pathways that upregulate the expression of antiviral
proteins. These proteins inhibit various stages of the viral
life cycle, including viral entry, replication, and assembly.
Additionally, type I IFNs modulate the expression of adhe-
sion molecules on endothelial cells, potentially affecting the
ability of the virus to breach the blood-brain barrier (BBB)
and invade the CNS (Kalita et al. 2010).

Interleukins (ILs) Various interleukins, such as IL-1p, IL-6,
and IL-12, are released by immune cells in response to viral
infection and inflammation. These cytokines can modulate
endothelial cell function and BBB permeability, potentially
affecting viral entry into the CNS. For example, IL-1p and
IL-6 have been implicated in increasing BBB permeability
by promoting the expression of matrix metalloproteinases
(MMPs) and disrupting tight junction proteins between
endothelial cells. IL-12, on the other hand, can enhance the
activation of immune cells, such as natural killer (NK) cells
and cytotoxic T lymphocytes, which may contribute to the
clearance of virus-infected cells in the CNS.

Interleukin-1 (IL-1) IL-1 is a pro-inflammatory cytokine
that promotes BBB disruption and increases endothelial
cell permeability. Elevated levels of IL-1 have been associ-
ated with increased BBB permeability, facilitating the entry
of viruses and immune cells into the CNS. Additionally,
IL-1 can induce the expression of adhesion molecules on
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Fig.2 Neuroinvasion of japanese encephaletitis virus within brian.
After JE virus infection, activated Astrocytes, microglial, and
endothelial cells are secrete chemo attractant that attract the immune
cell from peripheral system to CNS. (1] TNF-a are mainly involved
in the activation/differentiation of the monocytes (2] due impair-
ment of the BBB cause the transmigration of the cells within Brain.

endothelial cells, promoting leukocyte migration, which may
inadvertently facilitate viral transport across the BBB.

Interleukin-6 (IL-6) IL-6 is a pleiotropic cytokine involved
in inflammation and immune regulation. It can induce the
production of acute-phase proteins and enhance leukocyte
recruitment to sites of inflammation. IL-6 may indirectly
contribute to viral entry into the CNS by promoting BBB
disruption and increasing vascular permeability. Moreover,
IL-6 can activate astrocytes and microglia, leading to the
production of additional inflammatory mediators that con-
tribute to neuroinflammation and facilitate viral spread.

Chemokines Chemokines are small cytokines that regulate
the migration and recruitment of immune cells to sites of
infection. During viral invasion, chemokines are released by

(3] Trans migration of the inflammatory monocytes occurs through
the impaired (BBB]. (4] Then after microglia cells contribute to viral
propagation and Neuroinflammation. (5] TNF-o/CCL2 leads to cause
the microglial activation/expansion. (6] Ultimately, neuronal cell
death due to direct cytotoxic effect of JE virus mediated inflammatory
mediators

infected cells and immune cells to attract leukocytes, such as
monocytes, neutrophils, and lymphocytes, to the site of infec-
tion. Chemokines can also influence BBB permeability by pro-
moting the transendothelial migration of immune cells. While
chemokines primarily regulate immune cell trafficking, they
may indirectly influence viral entry by modulating the inflam-
matory milieu within the CNS. Overall, cytokines released
during neuroinvasion by the JE virus can influence viral entry
into the CNS by modulating BBB permeability, promoting
immune cell recruitment, and inducing antiviral responses in
infected cells. Further research is needed to elucidate the spe-
cific mechanisms by which individual cytokines contribute
to viral entry and CNS invasion, as this may provide insights
into potential therapeutic targets for limiting viral spread
and neuroinflammation (Kim et al. 2015; Larena et al. 2013;
Lindqvist et al. 2016a, b).
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Immunoregulatory role of Chemokines
in CNS during JE virus infection

Chemokines is a small Immunomodulatory Protein; they
play a major role in JE virus infection. It was found that
inflammation induced by JE virus infection triggered BBB
disruption in the CNS. And resultant it causes the produc-
tion of the Chemokine and cytokines were produced in
the CNS, including TNF-a, IL-6, CCL2, CCL3 CXCLI10,
CCL4, CCLS5, and in mice model (14, 19, Lai et al. 2012;
Chen et al. 2012; Kalita et al. 2010). During viral infection
these Chemokine are allowing the migration of peripheral
innate immune cell monocytes, neutrophils, NK cells, etc.
in CNS and provide neuroprotection (Liu et al. 2000; Klein
et al. 2005; Christensen et al. 2009). Chemokine has found
short acidic N-terminals with seven helical trans membrane
domain-like [GPCR] with three intracellular/extracellular
loops and an intracellular C-terminal ser/threonine residue
for phosphorylation for the receptor regulation.

CCR-2

CCR-2 is the chemokine receptor that regulates the
extravasations and transmigration of neutrophils from
bone marrow to the inflammatory site. Chemokine/
chemokine receptor has shown a pivotal role in organizing
and coordinating the complex immune function during
viral infection. CCR-2 is a G-protein-coupled receptor that
is activated by binding of the CCL-2 Ligand. Functional
Ligand of CCR-2 is CCL-2, [MCP-1], CCL-7[MCP-3],
CCL-8[MCP-2], CCL-12[MCP-5], CCL-13[MCP-4],
CCL-16[MCP-4]. CCR-2 act as both as a pro-inflammatory
mediated by [APC, T-cell] and Anti-Inflammatory mediated
by regulatory T-cell [Christensen et al. 2009; Liu et al. 2001].
CCR-2 predominantly expressed in both hematopoietic
cells like a macrophage, and hematopoietic cells such as
fibroblast, mesenchymal cell, astrocyte, a microglial cell in
the brain. Whenever any neurotropic virus likes JE, WNV
infects the CNS then they induced the expression of the
[CCR-2/CCL-2] on the surface of the immune cell and they
allow the extravasations of neutrophils from the peripheral
blood circulatory system and promote the inflammatory
response in the brain and limit the viral replication (Singh
et al. 2020; Liu et al. 2018). CCR-2 regulates transmigration
of the Monocyte and other immune cells to restrict the viral
titer in CNS. It also performs as stimulatory role within CNS
and cause the activation of the glial cell to maintain neuronal
survival and proliferation by scavenging the virus from the
brain. During the JE infection, the expression of the various
chemokine will high and it maintains the BBB integrity and
lowers the viral effect on the endothelial cell (Lai et al. 2012;
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Chen et al. 2014). The Brains of JE virus-infected mice have
increased levels of various chemokine ligand and receptors
such as CCL-2, CXCL-10, CCL-3, CCL-4 and CCL-5
(Christensen et al. 2009; Singh et al. 2020; Liu et al. 2018).
Expressions of these chemokine’s are varied from region
to region but cortex, thalamus, hippocampus, and midbrain
have found to higher levels of CCL2. It enhanced mRNA
expression of CXCR2, CXCR-3, CCR1, CCR2, CCR4, and
CCRS5 in the brain of JE virus-infected mice (Glass et al.
2005; Chen et al. 2012).

CCR-5

CCR-5 receptor belongs to p Chemokine receptor fam-
ily of integral membrane protein. It is the type of [C—C]
Chemokine group.CCR-5 receptor found on the surface
of the white blood cells (Liu et al. 2018; Chowdhury and
Khanet al. 2019). CCR-5 expressed predominantly on T-
cell, macrophage, DC, Eosinophils. CCR-5 cognate Ligand-
induced CCL-3, CCL-4, [MIP-1a, MIP-1], CCL-3L1 this
Ligand is highly up-regulated during JE virus infection and
they will provide the neuroprotective role by their expres-
sion.CCR-5 have found a critical role during Japanese
encephalitis virus infection when JE infection occurs in the
brain it will finally allow the expression of the CCL-3, CCL-
4, CCL-5 Receptor on the immune cells of the body, and
then further it will be caused the recruitment of NK cell
T- cell and the will be caused the clearance of the virus (Liu
et al. 2007). If CCR-5 receptor deficiency occurs then we
found the high mortality/viral titer load in the brain during
JE virus infection that’s why CCR-5 is critical for controlling
both Leukocyte migration and effecter immune function for
the clearance of the virus in the brain. CCR-5 performs a
protective role against the JE it will control the viral repli-
cation in the brain. JE virus activated astrocytes play major
role source of CCL-5 and CXCL-10 and important for the
migration of NK cells and monocytes into the CNS (Lannes
et al. 2017a, b; Zhang et al. 2019; Lim et al. 2008). The
CCL-5-CCR-5 axis is involved in recovery and it regulates
the level of inflammation within brain. In JE patients the
level of the CCL-5 is the key determinant for the survival of
the being human, levels of CCL-5 has found higher in CSF
of the non-survivors’ patient as compared to the survivors.
Recent in vitro study has shown the neutralization
of CCL-5, produced by JE Virus-infected murine glial
cells that significantly inhibit the attraction of peripheral
immune cells, including monocytes/macrophages. How-
ever, a previous study points out the CCR-5 knock-out
[KO] mice has higher chance to lethal JE Virus infection
upon both intravenous and as well as intraperitoneal injec-
tion, although only intravenous JE virus infection leads
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to higher viral burden shown in the brain as compared to
control (Winter et al. 2004; Charo and Ransohoff 2006).
It is already reported that the CCR-5 Knockout mice are
shows the higher numbers of brain infiltrating monocytes
and granulocytes, as well as activated brain immune cell
microglia and macrophages. Moreover, CCR-5 KO mice
show higher levels of the mediators IL-1p, IL6, CCL-2,
CCL-3, CCL-4, and CCL-5. The levels of the CCL2-
CCR?2 are axis plays a crucial role within brain inflamma-
tory environment and caused severe Neuronal death, and
destroys neuronal signalling (Klein et al. 2005; Liu et al.
2001). Upon intradermal injection of mice with JE Virus
CCL2 deficiency leads to cause the higher mortality and
morbidity of animals which presented higher viral loads
in the brain and spinal cord as compared to control ani-
mals due to lower transmigration of the blood immune cell
(Murdoch and Finn 2000; Muse et al. 2008). Neutraliza-
tion of the CCL2 produced by JE virus-infected glial cells
lower the attraction of monocytes/macrophages cell line
in vitro, monocytes and granulocytes accumulate in the
brain of JE virus infected CCL-2-deficient mice (Lau et al.
2004). Higher expression levels of the chemokine ligands
CXCL-9, CCL-3, CCL-4, and CCL-5 as well as the recep-
tors CCR-1, CCR-2, CCR-4, and CCR-5 are detected in the
brain of these animals in the thalamic region Interestingly,
CCR-2 deficiency in mice will leads to decreased suscep-
tibility against lethal infection by JE Virus (Sorce et al.
2010; Kim et al. 2016a, b). Because CCR-2 deficiency
will reduced the accumulation of monocytes cells from
the peripheral system, but do not restrict the migration of
the granulocytes in JE Virus-infected mice model. Another
mouse model study has confirmed that when the DC was
ablated, CCR-2 deficiency increases the migration rate
of monocytes within the CNS. JE Virus-infected CCR-
2deficient mice has also lower the expression of CCL-3,
CCL-4, CCL-5, and CCR-1 within brain (Kim et al. 2016a,
b; Glass et al. 2004).

Prevention of Japanese Encephalitis
virus infection

Control of JE There is still very challenging because una-
vailability of a specific curative chemo therapeutic drug
for the treatment for JE infection. Some of the alternate
drugs are shown anti-viral potential that used in JE treat-
ment. These drugs have shown promising anti-viral/anti-
inflammatory effects during a JE Virus infection and lower
the disease severity and inhibiting the viral replication,
and reduced the inflammatory response in the brain.

Antiviral agents used for Japanese
Encephalitis virus infection

Therapeutic interventions for Japanese Encephalitis (JE) pose
a challenge due to the absence of specific treatment options.
Currently, supportive therapy remains the mainstay for
managing JE, aiming to alleviate clinical symptoms and aid
patients in overcoming the infection. Despites of numerous
research endeavors, only a handful of therapies have advanced
to randomized clinical trials, including dexamethasone (an
anti-inflammatory agent), IFNa?2a, ribavirin (both antiviral
drugs), intravenous immunoglobulins (with virus-neutralizing
and anti-inflammatory properties), and minocycline (another
anti-inflammatory agent). However, none of these therapies
have demonstrated significant efficacy in altering the course
of JE or improving patient outcomes when compared to pla-
cebo controls. Additionally, several therapeutic candidates
have exhibited potential effectiveness against JE in preclinical
studies using mouse models of JE Virus infection.

Minocycline

Minocycline is lipophilic, semi-synthetic tetracycline analogue
(Sooryanarain et al. 2012). It has shown the broad-spectrum,
therapeutic efficacy against the MDR viral, bacterial infection.
It has found an excellent tissue penetration/absorption; higher
bioavailability half-life will makes them a suitable drug that can
use for the JE treatment. Therapeutic role of the minocycline to
reduces the action of the kinases such as PI3K, p38 MAPK and
Akt, and, also NF-«xB factor. Minocycline, lower the production
of pro-inflammatory cytokines [TNF-a, IL-6, IL-1, IL-12, IFN-
v] and [CCL-2/CCR-2] in the brain. Because of the low level of
these cytokines, they will inhibit microglial activation (Trifilo
et al. 2004; Mishra, et al. 2008). Minocycline is also reduced the
infiltration of immune cells from the blood, that subsequently
cause the lower the distribution of the infectious viral particle
from blood to brain and restrict the viral replication (Hasegawa
et al. 1990; Dutta et al. 2010; Wang et al. 2018).

Arctigenin

Arctigenin is a polyphenolic compound that is derived from
lignin [lignin is plant secondary metabolites] founds in the
Asteraceae plant family. Arctigenin cause the inhibition of
the kinases such as Akt, p38 MAPK, ERK, and abrogates the
microglial activation subsequently it lowers the cytokines
production (Swarup et al. 2008). Arctigenin is also reduces
JE virus-induced neuronal cell death within CNS and pro-
vide neuroprotection.
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Acyclovir [Zovirax]

Acyclovir is a potent synthetic nucleoside analogue of
purine. It is an antiviral drug that is widely used in the treat-
ment of the JE virus infection. Acyclovir is phosphorylat-
ing mainly the inhibiter of viral-induced DNA polymerase
(Richards et al. 1983). It has found a cyclic carbohydrate
moiety that will block the premature chain termination and
provide protection against the JE virus infection.

Ganciclovir [Cytovene]

Ganciclovir is an anti-viral nucleoside analogue; it is a
homolog of acyclovir. It is prominently used in the treat-
ment of JE virus infection. Mechanisms of the action of the
Ganciclovir inhibit the viral replication and pathogenesis
and limit the viral load in the brain and provide protection
against JE infection (Murayama et al. 2006).

[PP2]

It also known as acetamide and it is a synthetic anilido qui-
nolone derivative compound. PP2 mainly target the NF-«xB
signalling pathway, and subsequently lower the production
of inflammatory cytokines (Ghosh et al. 2008). Although
PP2 mainly caused the reduction of the phosphorylation of
the viral protein NS3 it leads subsequently caused reduction
of the virus particles from neuron/glia release.

Vivo-morpholinos [MOs]

This is another therapeutic drug that used it is a synthetic
uncharged drug, it has found the anti-sense oligomer that
is analogues of DNA or RNA targeting specific genomic
regions. MOs targets the genome of the JE virus as well as
its also lower the kinases phosphorylation the p38 MAPK
and ERK and downstream NF-«B signalling pathways. MOs
inhibit the production of inflammatory mediators such as
TNF-a, IL-6, IFN-y, within brain and inhibit microglial acti-
vation (Nazmi et al. 2010; Ghoshal et al. 2007). MOs cause
the abrogation of the inflammatory mediated neuronal death.

Etanercept

JE virus is directly caused the neuronal damage as well as
also causes intense micro-gliosis and astrogliosis through
over activation of astrocytes and microglial cells leads
to secretion of many pro- inflammatory cytokines such
as [TNF-a], interleukin 1p [IL1p], and [IL-6] (Ye et al.
2014; Takeuchi et al. 2015). TNF-a is play an important
role in CNS immunopathology. Etanercept is a lipid solu-
ble TNF-a—binding inhibitor Protein; it directly binds to
TNF-a, lower the biological effect in viral pathogenesis
(Ye et al. 2014). Etanercept declines microglial cell activa-
tion as well as also reduce through inflammatory response
induced neuronal death. etanercept is one the anti-viral
agent that will used against the JE virus infection. Etaner-
cept regulates the viral induced [BBB] disintegration and
reduces viral load in brain..

Drug Name

Therapeutic action against JE Virus

References

Cilnidipine,FGIN-1-27 Niclosamide

Quercetin It caused the inhibition of the viral replication in vitro
Ribavirin inhibits viral replication in -vitro
Dexamethasone Anti-inflammatory agent used for anti Viral infection
Pentoxifylline
death within CNS
Fenofibrate
Neuronal cell death
Manidipine Cause viral replication inhibition and inhibit the viral
entry within CNS
Nitazoxanide

It has shown a potent Anti JE activity in -vivo study

TNF-a inhibitor inhibit inflammation mediated Neuronal cell

NTZ cause significant inhibition of viral replication of virus in

Fang et al. 2013
Johari et al. 2012
Kumar et al. 2009
Hoke et al. 1992
Sebastian et al. 2009

Cause inhibition of the NF-kf3, lower the inflammatory mediated Sehgal et al. 2012

Klein et al. 2005

Shi et al. 2014

cultured cells in a dose dependent manner

rosmarinic acid

tilapia hepcidin

Inhibit GP78 viral replication within mice brain

Swarup et al. 2007

Cause inhibition of the viral load and viral replication within the Huang et al. 2011

mice brain, inhibit neuronal death
Inhibit secondary inflammation and microglial activation within

CNS
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These potential therapies include monoclonal antibodies
targeting specific JEV proteins (such as JEV E and NS1
proteins), inhibitors of TNF-o and NF-xB signaling pathways
(such as pentoxifylline and fenofibrate), as well as compounds
with anti-inflammatory and/or antiviral properties (like
arctigenin, rosmarinic acid, and nitazoxanide). Of note,
arctigenin demonstrated 100% efficacy in JEV-challenged
mice, while others exhibited variable mortality rates, with
survival rates ranging from 40 to 80%. Furthermore, certain
compounds, such as ivermectin, decanoyl-Arg-Val-Lys-Arg-
chloromethylketone, FGIN-1-27, niclosamide, and cilnidipine,
have shown anti-JEV activity in vitro. RNA-based therapeutics
have emerged as promising candidates for JE treatment.
Antagomirs specific for certain microRNAs have shown
efficacy in ameliorating acute JE symptoms and improving
survival rates in JEV-infected mice. Additionally, recombinant
JEV strains engineered to incorporate neuron-specific miRNA
recognition sequences have elicited protective immunity against
subsequent JEV challenges. Furthermore, single miRNA-like
polycistrons expressing siRNAs targeting conserved regions of
JEV strains have demonstrated potent anti-JEV activity in vitro.
Nanostructures, including metallic or silica nanoparticles,
graphene oxide, nanostructured glycans, and carbon dots,
have also shown promise as antiviral agents against various
viruses. These nanoparticles can interfere with different
stages of the virus life cycle, including viral attachment, RNA
synthesis, and budding. Specifically, non-cytotoxic carbon dots
derived from benzoxazine monomers have demonstrated the
ability to block JEV infection in vitro by interacting with viral
particles and preventing their entry into host cells. However,
further experiments are needed to assess the prophylactic or
therapeutic potential of nanoparticles against JEV in vivo.
Given the challenges associated with novel drug discovery, drug
repurposing has emerged as a viable strategy for identifying
potential treatments for JE. By repurposing existing drugs with
known safety profiles in humans, this approach offers a cost-
effective and expedited alternative to traditional drug discovery
methods. Identifying repurposed drugs with validated targets
may lead to the development of specific therapies for JE.

Conclusion

JE virus presents a significant morbidity and mortality
with no specific treatment currently available. Despite
this, recent advancements in understanding JEV-induced
neuroinflammation and neuronal damage have uncovered
new therapeutic targets for JE treatment. Several prom-
ising therapeutic candidates identified through preclini-
cal studies warrant further investigation in clinical trials.
Given the multifaceted role of the innate immune system
in JE progression, combination therapies targeting both
inflammation and viral replication may offer a synergistic

approach to treating JE in the future. In this review article
we briefly explained the therapeutic role of the various
important immune mediators such as cytokine/chemokine
and their biological role in Japanese encephalitis infec-
tion. These mediators are played key role in transmigra-
tion of the innate immune cell and chemokine receptor
in response to viral infection in brain (Endy and Nisalak
2002). It provides the basic Understanding the mecha-
nisms of the viral pathogenesis and also about the inflam-
mation-induced BBB disruption in JE infection may pro-
vide a potential target for therapeutic intervention in CNS
diseases that are driven or exacerbated by a compromised
BBB. It is very important for the development of the novel
immunotherapeutic for treating Japanese encephalitis and
we can target the chemokine for modulation of the inflam-
matory response and regulate the glial cell activation and
we target the Immunomodulatory role of chemokine and
reduced the viral infection replication in the brain.
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