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Abstract

Flaviviruses, ss(+) RNA viruses, include many of man-
kind's most important pathogens. Their pathogenicity
derives from their ability to infect many types of cells
including neurons, to replicate, and eventually to kill
the cells. Alaviviruses can activate tumor necrosis fac-
tor o and both intrinsic (Bax-mediated) and extrinsic
pathways to apoptosis. Thus they can use many ap-
proaches for activating these pathways. Infection can
lead to necrosis if viral load is extremely high or to
other types of cell death if routes to apoptosis are
blocked. Dengue and Japanese Encephalitis Virus can
also activate autophagy. In this case the autophagy
temporarily spares the infected cell, allowing a longer
period of reproduction for the virus, and the autopha-
gy further protects the cell against other stresses such
as those caused by reactive oxygen species. Several
of the viral proteins have been shown to induce apop-
tosis or autophagy on their own, independent of the
presence of other viral proteins. Given the versatility of
these viruses to adapt to and manipulate the metabo-
lism, and thus to control the survival of, the infected
cells, we need to understand much better how the
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specific viral proteins affect the pathways to apoptosis
and autophagy. Only in this manner will we be able to
minimize the pathology that they cause.
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Core tip: The pathogenicity of Faviviruses derives from
their ability to infect many types of cells. They can acti-
vate both intrinsic and extrinsic pathways of apoptosis,
by many means. Dengue and Japanese encephalitis
virus can also activate autophagy, whereby autophagy
temporarily spares the infected cell, allowing longer re-
production of virus and protecting the cell against other
stresses. Given the versatility of these viruses, we need
to understand much better how the specific viral pro-
teins affect the pathways to apoptosis and autophagy.
Only in this manner will we be able to minimize the pa-
thology that they cause.
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INTRODUCTION

The aim of a virus is to infect and propagate and in do-
ing so, affect the cell survival pathways. A wide range of
viruses from different families (Poxviridae, Adenoviridae,
Retroviridae, Picornoviridae, Flaviviridae, Orthomyxoviri-
dae) have life cycles that intertwine with critical pathways
involved in cell death and survival". In this review we
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focus our attention on Favivirns (Flaviviridae).

Flaviviridae, a family of small and enveloped ss(+)-
RNA virus, consists some of the worst pathogens known
to mankind and mammals. The family is grouped into
three genera, namely, Flavivirus, Hepacivirns and Pestivirus
with each genus harboring potent killers, »/z., dengue
(DEN), hepatitis C (HCV) and classical swine fever virus
(CSEFV), respectivelym. The largest and clinically the most
relevant of three, Flavivirus contains almost 70 membets,
most of them transmitted to humans by mosquitos or
ticks. Among the mosquito-borne are the most virulent
viruses like dengue (DEN)PY, West Nile (WNWV), Japa-
nese encephalitis (JEV) and Yellow fever (YFV) ‘.

Although a few reviews address the role of cell death
pathways during viral infection in general™™", there are
none solely addressing Favivirus. Here we summarize the
most recent findings on survival and cell death pathways
triggered by key members of Flavivirus. We focus on fla-
viviruses widely studied in relation to cell death - dengue,
West Nile and Japanese encephalitis virus. We conclude
that the viruses affect different parts of the apoptotic
pathways in different cell types, and that dengue and JEV
especially can protect cells by activating autophagy. Anti-
viral therapeutics will have to address these issues.

CELL DEATH AND ITS PATHWAYS

The ascendance of programmed cell death (PCD) as a
theme of modern biology has followed an exciting trail
from the mid-19" century until the presentm. The idea of
a cell programming its death had few takers during the
early half of 20" century, though evidence was gathering
since 1842, when Catl Vogt observed loss of notochord
in amphibian metamorphosis[m]. Since then, evidence

of programmed cell death has surfaced in various or-
] [12]

ganisms as diverse as Dictyosteliurn[11 , insects' 7, and
chicken'”. Recognition of apoptosis as the primary form
of programmed cell death, in the ecarly 19705 as well as
recognition that apoptosis is conserved from C. elegans to
humans)"™'? has fueled interest among biologists. More-
over, association of apoptosis and other forms of cell
death, notably the lysosomal (autophagic) cell death, with
AIDS" cancer™™™ | Alzheimer’s™, and viral infection'"
has catapulted cell death to the forefront of biomedical
research.

The importance of cell death was not fully appreci-
ated until the late 1960%. This delay was partly due to
the difficulty in documenting dying cells, as compared to
dividing ones, as it was possible to monitor and finally
trace a cell’s duplication into daughter cells. While cells
that have undergone mitosis can be traced considerably
thereafter, an apoptotic cell in an organism is visible only
up to 20 min after death"”,

Programmed cell death contributes to the sculpt-
ing of digits (prenatal disappearance of interdigital
epidermis), removal of unnecessary tissues (involution
of mammary glands during post-lactation) or irrelevant
(wolffian/mullerian ducts after sex determination) or-
gans, elimination of toxic and harmful cells (self-reactive
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thymocytes, UV-irradiated cells), and winnowing to only a
propetly integrated cell population (as in the case of dif-
ferentiated neurons)m’zz]. A cell may trigger its own death
(intrinsic/cell autonomous) or it may be brought upon by
signals from the microenvironment (extrinsic). Deregu-
lation of the cell death machinery can inflict upon the
organism severe consequences like anomalous or stalled
development, tumor formation, autoimmune disorder or
neurological disorders (Huntington, Parkinson). In con-
trast, the vestiges of dead cells in some plants may serve
important functions™*.

Most biologists make a clear distinction between
“programmed” physiological (beneficial) and “acciden-
tal” (hazardous) cell death. The former denotes death
of cells essential for physiological events (development,
organogenesis, homeostasis, and defense) whereas the
latter may be used for loss of cells during tissue damage.
Apart from this functional distinction, cell death can also
be classified based on morphology (apoptosis, autophagy,
necrosis, and cornification) and enzyme involvement
(proteases like calpains, caspases, and endonucleases).
The Nomenclature Committee on Cell Death (NCCD)
encourages researchers to clearly distinguish between
“dying cells” and “dead cells”, and by using the latter
term, they should denote cells that have gone past the
threshold “point-of-no-return” into a state of irrevers-
ibility. The NCCD has also revised the defining hallmarks
for a dead cell: dissolution of the plasma membrane and
complete fragmentation and engulfment by phagocytosis,
since the traditional parameters like activation of caspas-
es, mitochondrial trans membrane permeabilization and
flipping of phosphatidylserine (PS) have been associated

with non-lethal events”".

APOPTOSIS

The most studied form of programmed cell death (PCD),
apoptosis (Greek: falling of leaves), was first reported by
Wialter Flemming"”. Kerr ez a/'” characterized apoptosis
(later described by Majno and Joris as PCD type 1) and
described it as a general process mistakenly previously
identified as an arcane form of death called “shrinkage
necrosis”. While undergoing apoptosis, the cell separates
from its neighboring cells, shrinks, undergoes chromatin
condensation and DNA fragmentation, and is finally en-
gulfed by a phagocyte (macrophage).

Apoptosis follows two distinct pathways, the extrinsic
(death receptor) and intrinsic (mitochondrial) pathwa§7[25].
The extrinsic branch of PCD is activated by external
death signals. The cytotoxic effect is mediated by the
binding of ligands [tumor necrosis factor-o. (TNF-a),
FasL, TRAIL] to the death receptors (INF RI, Fas/
CD95, DR3, TRAIL R1/DR4, or TRAIL R2/DRS5) on
the cell surface™, This binding leads to the trimeriza-
tion of the membrane receptor, followed by the down-
stream activation of the DISC protein complex. The
multi-protein complex initiates cleavage and activation of

caspase-8, which in turn cleaves downstream zymogens
(caspase-7, 10) and this sets forth a chain of reactions fi-
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nally leading to activation of caspase-3 and cell death®?,

The caspase proteins (Cysteine-dependent Aspartate-
directed Proteases = C-A-S-PASES) are central to the
entire apoptotic machinery within the cell. They are also
integral to the intrinsic pathway, are synthesized as inac-
tive zymogens that are activated by cleavage.

Intrinsic apoptosis is activated proximately by dam-
age to mitochondria, which releases cytochrome C and
apoptosis-activating factor from mitochondria. These
latter, together with pro-caspase-9, bind together into an
apoptosome, in which caspase-9 is activated. By means
of this complex, caspase-3 is activated and, as in extrin-
sically-activated apoptosis, caspases 3 and 7 destroy the
substructure of the cell.

Like caspases, Bcl-2 family members are also essential
for carrying out intrinsic apoptosis. Based on domain
structure and function, the members are grouped into
anti-apoptotic guardians (Bcl-2, Bcl-xL,, MCL-1), pro-
apoptotic effectors (Bax, Bak) and sensors (Bad/Bim/
Bid/Noxa)”". The intrinsic pathway is initiated by
intracellular stress signals like ER stress, oxidative stress,
DNA damage, growth factor withdrawals, and loss of
contact with the extracellular matrix. Once the decision
to die is made, the effectors ate set free from their nega-
tive interaction with guardians by the sensors. They insert
into and disintegrate the mitochondrial membrane, a phe-
nomenon known as the mitochondtial outer membrane
permeabilization (MOMP). This releases pro-apoptotic
factors (cytochrome C, Smac/Diablo, HTRA2/Omi,
apoptosis-inducing factor, and endonuclease G) into the
cytoplasm. Cytochrome C interacts with the APAF-1,
recruiting pro-caspase-9 (zymogen) to form the apopro-
some, where the latter is cleaved and activated. This event
triggers cleavage and activation of downstream caspases
(2, 3,7, 8) and accomplishes the death of cell™. Certain
cell death regulators like inhibitor of apoptosis (IAP) can
bind and suppress the apoptotic function of caspasesm].

AUTOPHAGY

Autophagy or PCD type 11, literally meaning “self-eating”,
is a highly conserved catabolic process that is thought

to precede apoptosis in evolution™. Tt is a surveillance
process that is involved in the recycling of basic biomol-
ecules. It oversees the entire cell homeostasis, packaging
degraded/misfolded proteins or organelles in specialized
bilayer membranes (autophagosomes) which fuse with
the lysosome for digestion. This process is induced under
conditions of high stress like starvation, growth factor
withdrawal, viral invasion and ER stress. Deregulation of
the autophagy pathway has been observed in pathogenic
conditions like cancer or Parkinson’s"”.

The induction of autophagy involves a set of mul-
tiprotein complexes, some of which have ubiquitin-
like properties. mTORCI, a versatile signaling complex,
strictly inhibits induction of autophagy by imposing
an inhibitory phosphorylation on Unc-51-like kinase
(ULK1). Under stress conditions, this block is removed
by several factors, such as PTEN, AMPK, and TSC2. Ac-
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tivation of ULK1, which forms a complex with ATG13/
FIP200/ATG101, leads to the nucleation of the pre-
autophagosomal structure (PAS). This involves the phos-
phatidylinositol-3-kinase class [l (PI3K III)-Vps34-Beclin
1 (ATGO) complex[36’37]. The subsequent elongation of
the autophagosome is dependent on two ubiquitin-like
conjugation systems. E1-like enzyme autophagy related
gene 7 (ATG7) and E2-like enzymes ATG3, ATG10 are
involved in the conjugation of ATG12-ATG5 and LC3
(ATGS8)-phosphatidylethanolamine (PE). ATG12-ATG5
acts like an E3-like protein for the LC3-PE conjugation
system, and then forms a complex with ATG16. These
coordinated and combined steps accomplish the forma-
tion of a mature autophagosome which then fuses with a

lysosome through a canonical endocytic pathwaypsﬁs%].

NECROSIS

Some forms of necrosis are programmed and controlled
through a specific set of signal transduction pathways
and degradative mechanisms. Cell death by specific ne-
crosis can also contribute to embryonic development and
adult tissue homeostasis"". Necrosis can be triggered by
the same death signals that induce apoptosism]. The dit-
ference between apoptosis and specific necrosis lies in
the rapid cytoplasmic swelling and release of extracellular
components, seen in specific necrosis, which is often
due to extreme physiochemical stress, osmotic shock,
mechanical stress and high concentration of hydrogen
peroxide™. When a cell is under such conditions, which
can be produced by physiological or developmental situa-
tions, cell death occurs accidentally and uncontrolled. Ne-
crosis signaling complex forms by interaction of receptor
interacting protein 1 (RIPK1) with the receptor interact-
ing protein 3 (RIPK3). This signaling complex forms by
introducing death receptors either by inhibiting caspases
or genotoxic stress'!. In this type of cell death, unlike
apoptosis, death is accidental and not programmed. Ne-
crosis does not depend on caspase activation. In a study
done by Nikoletopoulou ez al™, two different cell lines
were treated with a tumor necrosis factor-o.. In one cell
line, apoptosis was triggered, whereas in another cell line
it induced necrosis. In addition, necrosis can be in the
form of regulated and programmed form of cell death.
This phenomenon is referred to as necroptosis. Various
death receptors associated with apoptosis, such as FAS,
TNFR2, TRAILR1 and TRAILR2, have been shown to
induce necroptosis in different cell types. Furthermore,
necroptosis can be instigated by the members of the
pathogen recognition receptor that are responsible for
sensing pathogen-associated molecular patterns.

FLAVIVIRUS-STRUCTURE, INFECTIVITY,
REPLICATION AND CELL SURVIVAL

Flaviviridae is a medically important family of animal
virus, with members responsible for serious pathological
conditions in human and other important mammals. This
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group IV family (positive sense RNA) consists of three
genera: Flavivirus, Hepacivirus and Pestivirus. The largest
of them, Flavivirns (with approximately 70 members), in-
cludes some of the deadliest arthropod-transmitted virus.
They are icosahedral, enveloped (+)-ssRNA virus mea-
suring approximately 500A in diameter. The typical Flavi-
virns (Latin flavus - yellow, indicating Yellow Fever) virion
is composed of the genetic material surrounded by the
capsid protein and 180 copies of two glycoproteins. The
average genome size of the Favivirus is 11kb, coding for
a single polyprotein. The amino terminal accounts for the
structural proteins: capsid (C), membrane precursor (prM)
and envelope (E), and the remaining genome gives rise to
the non-structural proteins (NS1, 2A, 2B, 3, 4A, 4B, and 5)
which form the viral replication complex (RC)**.
Infection starts as virions bind to the cell membrane
through receptor-mediated endocytosis, aided by pri-
mary receptors (DC-SIGN, Grp78/BiP, CD-14 associ-
ated molecules) and low-affinity co-receptors (heparin,
glycosaminoglycan). Acidification of the vesicle triggers
disassembly of virus, releasing the genetic material into
the cytoplasm. The resultant polyprotein undergoes co-
and post-translational processing by viral and host prote-
ases to give rise to the individual proteins. The structural
proteins then assemble on the ER surface along with the
RNA which is replicated on intracellular membranes. The
assembly of virus in the ER lumen is followed by the
movement of these immature viral particles through the
trans-Golgi network. These are cleaved by the host pro-
tease furin to form mature virions, and are subsequently

released by exocytosis™",

Dengue virus

Among the members of Flavivirus family, Dengue is
transmitted to human (in urban areas) and primates (in
forests) by the urban-adapted mosquito strain Aedes ae-
opti (primary vector) and the emerging Aedes a/bopz'flmm].
Dengue has been declared endemic in approximately 100
countries with 40% of the global population susceptible
to infection. Dengue infection has doubled over the last
two decades, and current annual figures have risen to
50-100 million humans affected””.

Dengue has a genome of 10.7 kb positive sense
single strand RINA that contains a type I cap at its 5’
terminus”®. The enveloped icosahedral virion measures
50 nm in diameter. The RNA is translated by the host
cell machinery into a 3391-amino acid polyprotein that
undergoes co- and post-translational processing by viral
(NS2B-3) and cellular proteasesm"w. The first quarter of
the viral genome from the 5’ end codes for the structural
proteins C (capsid), prM (membrane), and E (lipopolysac-
charide envelope), thus leaving the rest to code for eight
non-structural proteins (NS1, 2A, 2B, 3, 4A, 2K peptide,
4B, 5) which are expressed only inside the host cell™.

Dengue from different regions of the globe show
four antigenically distinct serotypes (DENV 1-4), each
having multiple phenotypesﬁg]. The distribution of these
serotypes has spread alarmingly throughout the globe
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since 1970, when only South Asia had all four™. This
spread has added to the complexity of dengue-induced
pathogenesis since very little cross-immunity has been
recorded between these serotypes, leading to multiple se-
quential infections and overwhelmed immune response[()”.
Outcomes of dengue infection may lead to diverse patho-
genic conditions, ranging from the mild-flu like febrile
syndrome (dengue fever) to the very serious conditions
resulting from infection with a second serotype, the lethal
hemorrhagic condition dengue hemorrhagic fever (DHF)
or the dengue shock syndrome (DSS)"
the most important arboviral disease in humans, features

. Dengue fever,

rapid onset of fever, accompanied by headache, retro-
orbital pain, myalgia, gastrointestinal irritation . DHE,
which claims more lives (5% mortality) than any other
hemorrhagic fever, is characterized by bleeding, throm-
bocytopenia, increased vascular permeability beyond
the usual dengue fever symptoms[(ﬁ]. An equally lethal
condition DSS is also characterized by vascular leakage,
which is more pronounced in young children, and very
low blood pressure[ﬁﬁ]. Autopsies conducted on patients
(predominantly children) dying from DSS have revealed a
broad range of dengue susceptible tissue as shown by vi-
rus infecting skin, liver, spleen, lymph node, kidney, bone

marrow, lung, thymus and brain'"",

Cell death and survival after infection with dengue
Dengue has been shown to derive pathogenic effect
from apoptotic cell death in several types of mammalian
cells. The role of apoptosis in dengue infection has been
seriously studied since the mid-1990s, along with the
identification of Bcl-2 superfamily members. Dengue-
induced apoptosis has been observed in cells from the
nervous system (human and mice neuroblastoma, murine
cortical and hippocampal neurons, human cerebral cells);
liver (human hepatoma); immune system(human periph-
eral blood mononuclear cells like CD8"-T lymphocytes,
monocyte-derived macrophages, human mast cells like
KU812, HMC-1, and primary murine macrophages);
vascular system (human umbilical cord vein endothelial
cells/EA.hy296, human microvascular endothelial cells,
pulmonary microvascular endothelial cells/MECs) and,
digestive tract (intestinal cells); and kidney cells (human
embryonic kidney HEK 293, green monkey kidney Vero).
Of the four antigenically distinct serotypes infection with
variants of dengue 1 (human isolates of dengue type 1 vi-
rus FGA/89 and BR/90, neurovirulent variant FGA/NA
d1d), 2 (strain NGC, 16681) and 3 (DENV3/5532) lead
to cell death and apoptosis within 25-36 h post infection.
Apoptosis is triggered by live virus or dengue proteins
through components of both extrinsic and intrinsic apop-
totic signaling (Figure 1). Death ligands and receptors
participate in dengue-induced apoptosis. Increased levels
of pro-apoptotic proinflammatory cytokines (TNF-o
and intetleukin-10) and Apo2L./TRAIL ate obsetrved af-
ter infection, which the virus possibly induces in a TINF-
a-fashion!". Profiling of genes reveal the activation of
death receptors FAS/CD 95, TNFR superfamily member
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Figure 1 Flaviviruses target cell death and survival pathways. Extrinsic and intrinsic cell death pathways are activated during viral infection (d, w, and j are for
dengue, west nile and japanese encephalitis live viruses respectively) or expression of specific viral proteins (d, w and j with viral protein). Expression of multiple
genes including non-coding microRNAs (miRNA) also induced during flavivirus infections. FLaviviruses also activate ER stress signaling and increase metabolism
related products (ROS and NO). TNF: Tumor necrosis factor; EGFR: Epidermal growth factor receptor.

9/CD 137, TNFRI/TNF-q (caspase-independent) and
IL-1B/ NFkB (caspase-dependent) pathways'™*".

Viral protein NS5 interacts with death protein 6
(Daxx), which among other functions interacts with
death receptor FAS, to activate RANTES (CCL5), a
cytokine closely associated with DHE"™". Moreover,
transfection with wild type capsid protein increased the
expression of CD137, a member of the TNFR family.
Receptor-interacting serine/threonine protein kinase 2
(RIPK2), a master regulator of stress pathwaysm, is also
necessary for capsid-induced apoptosism. In addition to
capsid protein modulation of death receptor expression,
infection with live dengue virus leads to differential ex-
pression of several interferon-inducible genes, the most
important being XAF1. XAF1 upregulates caspase 3 36 h
after infection and mediates apoptosis[m. The activation
of caspases leads to the characteristic nuclear fragmenta-
tion and cytoplasmic blebbing of apoptosis.

Mitochondria-mediated or intrinsic apoptosis sig-
naling also occurs after dengue infection. The reactive
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oxygen species (ROS) Oz and H202, which are predomi-
nantly produced in the mitochondria, increase during
infection. Toxic levels of ROS can activate calpains and
lead to apoptosis. Secondary messenger oxides like nitric
oxide (NO) also mediate in dengue-triggered apoptosis
in a caspase dependent manner". Other dengue struc-
tural proteins are also involved in apoptosis. Intracellular
production of the M protein from all dengue strains
activated the intrinsic pathway apoptosis in mouse neuro-
blastoma (Neuro2a) and human hepatoma (HepG?2) cells.
ApoptoM, a nine-residue sequence (M-32 to -40) from the
M ectodomain (M-1 to -40), is instrumental in the cyto-
pathic effect of the flavivirus'™”.

The activation of apoptosis at different levels of the
extrinsic and intrinsic pathways by several variants of
dengue virus implies an important role in the life cycle
of the virus. As infected cells undergo apoptosis by mul-
tiple means the extrinsic and intrinsic apoptotic pathways
converge at the activation of phosphatidylserine (PS)
for phagocytic clearance during secondary dengue infec-
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tion™",

Apoptosis, supposedly an innate immune response,
is often manipulated by the viruses like dengue to act
against the immune system itself, as shown by the more
numerous apoptotic peripheral blood mononuclear cells
(PBMC) in dengue infected children. The proportion
of apoptosis and its mediators (CD95) in the circulating
PBMCs was much higher in individuals progressing to-
wards hemorrhage (DHF) than those developing febrile
symptoms (Dengue Fever), indicating a higher viral load
in the former. A fact that most of the apoptotic PBMCs
were CD8"-T lymphocytes bears testimony to the de-
ranged immune machinery in infected individuals. The
immune response to increased dengue-induced apoptosis
does not curb virus proliferation. Apoptosis, in the con-
text of dengue infection, fails to arrest viral reproduction
and even correlates with increased virus productionm’m.

Unlike lytic viruses that indiscriminately trigger cell
death, pro-apoptotic variants of dengue can lose their
pathogenic ability in certain cells. For example the neu-
rovirulent variant FGA/NA d1d, developed from the
apoptosis inducing dengue 1 human isolate FGA/89,
kills neuroblastoma but not hepatoma cells®". Apopto-
sis seen during infection of human umbilical cord vein
endothelial cells (ECV304) and Swiss Webster primary
macrophages by Dengue-2 virus strain 16681 is lost in
MDCK, Hela, HEK 293T, Vero and Swiss Webster pri-
mary mouse embryo fibroblasts (MEF) even after 144 h (6
d) post infection™*,

The differences in dengue outbreaks are partly ex-
plained by differences in cell killing by clinical isolates of
virus from a fatal case (Paraguay 2007; DENV3/5532)
had higher replication rate in monocyte-derived human
dendritic cells (mdDCs) than isolates of virus from a
non-fatal breakout (Brazil 2002; DENV3/290). The
former also induced more proinflammatory cytokines as-
sociated with apoptosism. Moreover, differences in cell
toxicity among dengue variants have been attributed to
mutations in the E and NS3™'
plain certain differences in cell killing these mechanisms
fail to explain the attenuated pathogenicity of immune/
endothelial toxic dengue against other cells even in the

1, Although adequate to ex-

presence of apoptotic agents like staurosporine, cyclo-
heximide, camptothecin and influenza virus™,
Involvement of autophagy in dengue infection is
a relatively new finding, shown first in 2008. DENV2
caused ATG5-dependent autophagy in hepatic (Huh7)
and fibroblast (MEF) cells. The virus’ ability to induce
autophagy correlated positively with viral replication
without a direct role in infectivity, as its downregula-
tion did not increase amounts of intracellular virus®™*”.
Denv2-mediated autophagy protects from toxic stimuli
canine kidney epithelial (MDCK) and mouse embryo
fibroblast (MEF) cells but not murine macrophages,
where infection leads to apoptotic cell death. Expression
of dengue NS4A protein, like infection with live virus,
induces PI3K-mediated autophagy and protects these
cells against death from toxins™. Specific inhibitors of

autophagy like spautin-1 have revealed the role autophagy
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plays in maturation of dengue virion. Blocking autophagy
in Huh7.a.1, BHK21 cell lines and AG129 mice resulted

. .. . . - 86
in a heat-sensitive and non-infectious dengue virion®™

West Nile virus

West Nile virus (WNYV), first encountered in the New
Wotld in New York City (1999), has been the cause of
three major arboviral neuroinvasive outbreaks in the Unit-
ed States™. It belongs to the same Flavivirus serocomplex
as the Japanese encephalitis virus (JEV) and St. Louis en-
cephalitis virus 15, following a bird-mosquito-bird trans-
mission cycle. In the United States, Culex pipiens serves as
the major arthropod vector. The human is a “dead-end
host” for WNV due to low levels of serum viremia™.
WNV consists of five phylogenetic lineages, of which
1, 2 have been associated with significant outbreaks. The
primary targets are keratinocytes and dendritic cells, which
upon infection migrate to visceral organs and the central
nervous system. The neurovirulence of WNV is depen-
dent on varying factors-its ability to cross the endothelium
of blood-brain barrier (helped by cytokine mediated in-
creased vascular permeability), import of infected macro-
phages into the CNS (Trojan horse mechanism) and viral
retrograde transport from peripheral neurons to CNS™ "\
Like dengue, outcome of infection varies from mild fever
(WNV fever), accompanied by headache and diarrhea,
to neurological symptoms (WNV neuroinvasive disease).
While only 1% of infected individuals develop the latter,
mild fever can be seen in 25%. However, neuroinvasive
infections have a 10% fatality, which makes it extremely
lethal. The setious pathological conditions (meningitis, en-
cephalitis, acute flaccid paralysis) are also accompanied by
chills, rash and visual disturbance. The severity is higher
in elder patients, as is evident from the higher death rate
(17%) in individuals aged at least 70 from those (0.8%) in
their mid-40s*">", Complete recovery following acute
infection is extremely rare, and fatigue, cognitive difficul-
ties, depression and muscle aches have been reported even
after a year””". Diagnosis is dependent on detection of
IgM levels in the cerebrospinal fluid by MAC-ELISA, al-
though false positive results have been reported during in-
fection with related Flavivirus”™””. To date, treatment has
been supportive, relying on vector control, and no vaccine
is licensed for human use. Human being the “dead-end
host”, future vaccinations will not prevent spreading of
the virus in nature either™ ", Tt is extremely important
that molecular mechanisms adopted by the virus, like ma-
nipulation of the cell survival pathway, be studied. This
would help in developing an effective antiviral therapy.

Cell death and survival after infection with WNV

The relationship between WNYV infectivity and cell sur-
vival pathways has been studied for more than a decade.
WNV-mediated cell death and cytotoxicity depend on
the severity of the initial infection. Vero cells infected
with many virus particles (multiplicity of infection, i >
10) showed signs of necrosis (leakage of HMGB1 and
high LDH activity) within 8 h of infection. In contrast,
cells infected with a lower load (0 < 10) showed signs
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of apoptotic cell death at a later stage (32 bpz)“oﬂ. Very
similar to dengue, WNV induces apoptotic cell death in
several cell types, such as, immune cells (human leukemic
-K562), neuronal cells (mouse neuroblastoma - Neuro
2a, brain tumors), epithelial cells (Vero, A549), fibroblasts
(MEF, BHK21), and embryonic cells (HEK293T)!"*'",

The upstream events leading to apoptotic death in
WNV infected cells include endoplasmic reticulum (ER)
stress pathways. Infection of human neuroblastoma (SK-
N-MC) cells and primary rat hippocampal neurons led
to activation of two branches of ER stress-mediated un-
folded protein response (UPR). ATF6 and PERK path-
ways were induced during infection, resulting in CHOP
activation and downstream apoptosis“m]. A different ef-
fect on the UPR pathways has been observed. The West
Nile virus Kunjin strain (WNVkux) shuts off PERK
pathway and interferon-mediated STAT phosphorylation
in wild type MEFs. However, it activates the remaining
two UPR (ATFG, IRE1) pathways. Studies with ATF6",
IRE1 MEFs point to the synergetic role these path-
ways play in WNVko~ pathogenesis. They contribute to
increased cell viability and viral load, by restricting apop-
totic cell death"",

WNYV can regulate both extrinsic and intrinsic path-
ways to launch pathogenesis (Figure 1). The virus induces
Bax-dependent intracellular apoptosis in human leuke-
mic (K562) and mouse neuroblastoma (Neuro 2a) cells.
Strains that did not possess the ability to induce apopto-
sis, due to UV-inactivation, could not establish infectivity
in cells"", WNV encephalitis in CNS-derived mouse
neurons was highly dependent on the activation of cas-
pase-3, and infection in the permissive T98G (brain-
detived tumor) cells involved both extrinsic and intrinsic
apoptotic pathways“os’m(ﬂ. Tetracyclines are well estab-
lished antiviral compounds, and minocycline strongly in-
hibited WNV infection in three CNS-detived human cell
types (HBN, HRPE, and T98G).The antibiotic blocked
viral replication, apoptosis and the viral activation of
JNK/c-jun pathway, establishing a link among them!"”,
Kobayashi ¢ al'"” proposed that the presence of ubiqui-
tinated proteins had functional implication in apoptosis
of WNV-infected mouse neuroblastoma (Neuro-2a) cells.
Migration of CD8"- T lymphocytes to drained lymph
nodes (dLLNs) was hindered in the CNS of Cd22”" mice,
which had a higher viral load than the wild type. This
finding suggests a role for the B-cell marker, also an im-
portant component in cell survival, in modulating cellular
immunity during infection'".

Apoptosis often restricts viral replication and in-
fection. Shrestha e al'™” showed the beneficial role of
TNF-q, related apoptosis inducing ligand (TRAIL), pro-
duced by CD8'- T cells, in limiting WNV infection in
mouse central nervous system. CD8"- T cells in TRAIL"
mice encountered difficulty in clearing the viral particles
from the neurons. Zhang ef 4l demonstrated, using
mouse neuron as an infection model, rise in the levels of
TNF-q during infection. The rise served to downregulate
the chemokine CXCR3, which would otherwise bind an-
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tiviral CXCL10 circulating in the central nervous system
(CNS). This interaction results in calcium transients that
lead to caspase-3 mediated apoptosis in the neurons, an
adaptive mechanism to prevent cell death. Smith ez al™
showed an important aspect of WNV infection in human
cell culture (HEK293, SK-N-MC) and mouse neuronal
tissues - regulation of non-coding mictoRNAs (miRNAs).
Among several miRNAs, Hs_154 is significantly up regu-
lated in infection. Two of its targets, CCCTC-binding
factor (CTCF) and epidermal growth factor receptor
(EGFR), are associated with cell survival; this accounts
for the role of Hs_154 in mediating apoptosis. While this
activation has been found to lower viral replication, apop-
totic cell death is also the basis for WNV pathogenesis.

As in dengue, both structural and non-structural
proteins play a role in cellular survival after infection.
WNYV capsid (Cp) protein triggers a caspase-dependent
apoptosis, leading to inflammation, in mouse brain and
muscle"”. WNV capsid is dependent upon p53 for its
apoptotic effects. It has been shown to sequester HDM2,
a negative regulator of p53, into the nucleolus. This
results in a higher stability of p53, which can then tar-
get Bax to induce apoptosis in MEF cells"'. Inhibitor-
based studies on four types of mammalian cells (A549,
HEK293T, Vero-76, BHK-21) suggest a role for WNV
capsid (C) protein in the inhibition of apoptosis through
Phosphatidylinositol-3-kinase (PI3K)- Akt prosurvival
pathwaymﬂ. The helicase and protease domains of NS3
protein are instrumental in inducing a caspase-8 depen-
dent apoptosis in three types (Neuro 2a, Hel.a, and Vero)
of mammalian cells""?.

Our present knowledge does not suggest any signifi-
cant role of autophagy in WNV pathogenesis, distin-
guishing it from dengue and Japanese encephalitis virus.
Though infection induced autophagy in mice brain slice
and several mammalian cells, it was actually PI3K that

. .. . 119,120
was involved in viral rephcatlon[ 1

Japanese encephalitis virus

Japanese encephalitis virus (JEV) is extremely important
as it is spreading throughout Asia, China, India, Australia,
and Pakistan and is responsible for between 12500 to
17500 deaths reported annually. JEV is transmitted by a
primary mosquito vector (Culex tritaeniorhynchus) and sec-
ondary mosquito vector (Culex gelidus, Culex fuscocephala
and Culex vishnui) that primarily target domestic animals
and human host'*'. Humans are “dead end host”, since
they cannot infect the feeding mosquitoes because of low
viremia. Children are at higher risk for an infection with
Japanese encephalitis than adults, especially in rural areas.
They are also at higher risk for death due to their weaker
immune system as compared to the adults. In addition,
people who visit Asia and Indonesia are particularly
prone to this viral infection since they lack the protective
antibodies. Asymptomatic infection depends on host’s
age, immunity, general make-up and current health status.
Symptoms include headache, fever, tremor, gadtrointes-
tinal comfort as well as severe conditions of encephalitis
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. . . 122]
and Parkinson-like seizures>.

The means of the entry of the virus entry into the
system plays an important role on the progress of the in-
fection. If the carrier, the mosquito, bites directly into the
blood vessel, it is easier for the virus to spread directly to
the central nervous system.

There have been efforts to make a vaccine against JEV,
although its successful implementation has been impeded
by frequent climate changes. The spread of Japanese en-
cephalitis virus is assisted by wind-blown mosquitoes, bird
migration and people traveling with infected virus, which
further spread the disease. Programs in underdeveloped
countries are established in order to prevent the increasing
number of yeatly deaths caused by Japanese encephalitis
virus. These programs include mosquito control by using
pesticide, mosquito nets, cattle segregation and vaccina-

tion of cattle as well as humans'"".

Cell death and survival after infection with japanese
encephalitis virus

As shown in Figure 1, JEV-induced apoptotic cell death is
reliant on endoplasmic reticulum (ER) stress and produc-
tion of reactive oxygen species (ROS). ER stress-induced
activation of UPR factors (CHOP-p38MAPK) is essen-
tial for triggering the apoptotic response in fibroblasts
(BHK-21) and neuronal cells (N18, N'T-2)!"*. Even repli-
cation-incompetent strains (UV-JEV), as shown by Lin 7
al"™ retain their ability to kill neuronal cells (N18, N'T-2)
by inducing ROS production and activating NF-xB. The
structural E protein from JEV-YL induces apoptotic cy-
totoxicity in HepG2and Vero cells"™, Earlier studies had
pointed to a link between non-structural NS3 protein and
induction of apoptosis. Transfection of pEGFP-NS3
1-619 plasmid (whole NS3 protein) into Vero cells caused
apoptotic cell death. The same study also evaluated the
role of caspases where it was found that NS3 only acti-
vates the intrinsic branch (casp -9,-3) of apoptosis[m’lzsl.

Bcl-2 proteins can prevent apoptosis by controlling
the release of cytochrome C. Overexpression of bcl-2,
however, did not block viral replication and distribution
in mouse neuroblastoma N18 cells, though it delayed cell
death in BHK-21 cells. Moreover, in BHK-21 and CHO
cells, bcl-2 overexpression established persistent infection
by virtue of its antiapoptotic property. Thus, bcl-2 was
not a fruitful target for preventing infection. It was due to
the ability of this virus to activate complex pathways of
caspase-dependent apoptosis in some cells. Though JEV
induced classical intrinsic pathway in N18 neuroblastoma
cells, it activated both caspase-8 (part of the extrinsic
pathway) and caspase-9 in a predominantly mitochondria-
dependent pathway in MCF cells"™> ",

Japanese Encephalitis virus causes autophagy to
facilitate viral replication in certain cell types. Li e7 al™
showed induction of autophagy by virulent (RP-9) and
attenuated (RP-2ms) JEV strain in human NT-2 cells.
They also showed the positive effect of rapamycin in-
duced autophagy on viral infection, and the reversal of
that effect on blocking autophagy. Infection with Japa-
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nese encephalitis virus triggers innate immune response
(through RIG-1/IRF-3 and P13K/NF signaling pathway)
and activates inflammatory cytokines, chemokines and
IFN-inducible proteins[lm. JEV Infection also induces
autophagy in human microglial (CHME-5) cell line, lead-

ing to pro-inflammatory cytokine response.

CONCLUSION

Dengue is the worst arboviral human disease and most

lethal among all Flavivirus members. It is remarkable how
it manipulates the cell survival pathway in many types of
cells, ultimately increasing viral load. From the literature,
it is evident that dengue triggers different responses in
different mammalian cells. Most of the dengue proteins
(NS2, NS3, NS5, C, and E) have been reported to trig-
ger extrinsic apoptosis pathway in many cells, including
neurons, hepatocytes, immune cells, and endothelial cells.
TNF-a and intetleukins (IL-1f3, 10) play a key role in this
mechanism. However, M protein domains induce intrin-
sic apoptosis in neurons and hepatocytes. The virus may
have alternate strategies to kill the cell, in case one of the
cell death pathways is nonfunctional. In some cases, the
virus has been able to induce different kinds of stress (ER,
ROS, NO) conditions that lead to apoptotic cell death
(Figure 1). Recent discoveries have shown that dengue
can also activate autophagy in epithelial cells, fibroblasts
and hepatocytes. It even uses this pathway to increase en-
ergy production, which would facilitate viral replication.
Nonstructural proteins (NS2, 3, 4) have been involved
in this process. The ability of dengue to use cell death
or protective autophagy for virus replication in specific
cell types is crucial in dengue’s versatility. Antivirals ad-
dressing the vast repertoire of the virus will contribute to
counteracting dengue pathogenesis.

West Nile virus, though not as versatile as dengue, can
trigger apoptosis in the central nervous system (CNS) to
establish neuroinvasiveness. With a higher initial WNV
dose, necrosis has been observed. An interesting aspect
of infection with different strains lies in the differen-
tial regulation of ER stress-UPR pathways to achieve
increased viral burden. The capsid protein positively
interacts with p53 7 vivo, activating the intrinsic pathway;
however, in mammalian cells, it blocks apoptosis through
PI3KI-Akt pathway. NS3 is involved in extrinsic apopto-
sis in neuroblastoma and cervical cancer cells. However,
we need to know more about the effects of individual
WNV proteins. A promising facet of WNYV research is
the attention focused on miRNA regulation, which needs
to be extended to the other members of Flavivirus. This
approach holds promise for antiviral therapy.

Japanese encephalitis virus, though pathogenetically
similar to WINV, manipulates both intrinsic and extrinsic
pathways to its advantage (Figure 1). JEV induces apop-
tosis in many neuronal cells by inducing upstream stress
(UPR response, ROS production) events. JEV NS3, in
contrast to DENV and WNYV, induces the intrinsic path-
way of apoptosis. There is also evidence that the virus
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can infect and replicate even in the absence of caspase-3,
as it can induce caspase-6 and activate caspase-8 and -9
in a mitochondria dependent pathway. Moreover, caspase
inhibition does not block viral production. Thus this
Flavivirus appears to rely more on mitochondrial apop-
tosis for its pathogenesis. To add to the severity, it also
utilizes autophagy to mediate pro-inflammatory cytokine
response in neuronal cells.

Under these circumstances, we postulate that the Fla-
vivirus has the ability to manipulate cell survival and in-
nate immune response. The aftermath of viral invasion is
dependent on initial dose and cell type. It can also switch
to different mechanisms to exert its pathogenic effect in
different cells of our body. The current understanding
of cell death and survival during Flavivirus infection has
not addressed many critical and complicated issues like
the role of apoptosis and autophagy in killing infected
cells or helping them to survive. Future studies should
be aimed at finding out the function of individual viral
proteins and the regulation of non-coding RNAs in viral
infection. More emphasis needs to be put on studying the
signaling pathways by which viruses regulate the cell sur-
vival pathways.
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