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as the mean + SD.

Figure 5.4 Evaluation of antiviral effect of 1b and 1f derivatives in Neuro2a cells. Different
treatment groups are marked as: cell control (CON), virus infected (V), virus along with 1b treated
cells (V+1b) and virus along with 1f treated (V+1f). Schematic presentation of post-treatment and
co-treatment performed for 72 h at 15uM concentration (A). Virus titration using plagque assay of
supernatant collected from post and co-treated cells after 72 h of incubation (B). Real-time
analyses of viral RNA using JEV E gene specific amplification (C). For all the treated groups
CON, V,V+1b, V+1f analyses is done at 72 h time points. GAPDH is used as an internal control
and values are represented as mean fold change in multiple of 100 with respect to cell control. ***
representing p-value < 0.001. Western blot analyses using JEV NS1 specific monoclonal antibody
(GTX633820, GeneTex) and GAPDH (BB-AB0060, BioBharti) as an internal control (D).
Analyses was done using whole cell lysates after 72 h of treatments. JEV NS1 band is detected at
~45 kDa normalised with protein band of GAPDH at around 37 kDa.

Figure 5.5 Time and Dose-dependent kinetics of JEV in Neuro2a cells. Multi-step growth kinetics
of the JEV in Neuro2a cells upon treatment with 15 uM of 1b and 1f (A). Cells from CON are
shown as base line. Supernatant were collected after every 24 h till 120" h post treatment and
replaced with equal volume of fresh medium. Virus yield were determined by logio TCIDso.
Standard deviations indicated as error bars. Dose response analyses of JEV from (15 to 5) uM
concentration of 1b and 1f (B). Western blot analyses with JEV NS1 and GAPDH specific antibody
post. Whole cell lysates collected post 72 h of treatment were used for analyses.

Figure 5.6 Evaluation of ICso value of 1b and 1f through plaque assay at 72" h. (A). Graph
representing percentage of plaque reduction at 15 pM, 10 uM, 5 uM and 1 uM (B).

Figure 5.7 Graph representing time escalation study of 1b and 1f in mice (A-B). Mice were
injected intraperitoneal with 10, 50 and 100mg/kg of 1b or 1f first day in different groups (n=3).
Mice of control group received DMSO of equal volume. Body weight of each mice were observed
till five days and plotted as mean body weight in grams. Graph representing dose escalation study
of compounds in mice (C-D). Intraperitoneal injection of 100mg/kg of 1b or 1f were given two,
three and four times at 24 h interval in different groups. Body weight of each mice was observed
till 5" day of experiment and plotted in graph as mean body weight in grams

Figure 5.8 Schematic presentation of anti-JEV experiment in mice (A). Real time analyses of JEV
E viral RNA in spleen (B) and brain (C) tissues harvested at 24, 48, 72, 96, 120" h time points.

iv
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Graph representing JEV E RNA fold change in multiple of 100 with respect to group
CON+DMSO. GAPDH is used as internal control. *** representing p-value <0.001. Standard
deviations indicated as error bars

Figure 5.9 Western blot analyses using DJ-1 (SQSTM1 (8025, CST) specific antibody and beta-
actin as a loading control (MA1-91399, Invitrogen) at 48" h. (A). Flow cytometry analyses to
estimate ROS generation in differential treated group with respect to CON group at 48" h in
Neuro2a cells (B). FITC channel is used to detect fluorescence of DCFH-DA dye. Y-axis
representing median FITC intensity. Base line drawn at intensity of CON group. *** representing
p-value <0.001

TH-3406_176106107



Abstract

In the prognosis of Japanese encephalitis virus (JEV) infection, many host factors have
been identified as being involved in the various steps of the viral life cycle. Since it is a neurotropic
virus, understanding the role of neuronal-specific proteins and local cellular homeostasis in
developing therapeutics against JEV is an active area of research. Alpha-synuclein (a-syn) is one
of the neuronal-specific proteins regulating synaptic plasticity and has been reported to have
antiviral potential in related neurotropic viruses. JEV-infected patients displaying Parkinson's
disease (PD)-like symptoms have been reported to have a-Syn overexpression in the brain regions.
As per reports, phosphorylation at S129 position plays a major role in aggregation and o-
synucleinopathy. Therefore, exploring the function of a-syn in JEV induced death of dopaminergic
neurons and a-synucleinopathy is essential. To this day, the present study reports the functional
role of a-syn in JEV pathogenesis as well as explores the anti-JEV therapeutic candidates. There
is a significant increase in endogenous a-syn expression during JEV replication, demonstrating a
substantial reduction in JEV replication, suggesting an anti-JEV effect. a-syn was found to
modulate the anti-oxidative pathway by increasing the expression of superoxide dismutase 1
(SOD1). The pathological implications of a-syn phosphorylation were carried out by studying
casein kinase 2 (CK2) and Polo-like kinase (PLK?2) involved in a-syn phosphorylation. Detailed
analyses of CK2 and PLK2 reveal a notable reduction in these kinases, particularly during the late
phase of JEV replication, thereby reducing the phosphorylated a-syn (pa-synS129) protein level.
The intracellular a-syn oligomerization was increased in JEV-infected cells. Pyrazole derivatives
with anti-oxidative properties were found to have anti-JEV activity. Comprehensive in vitro and
in vivo studies showed compounds suppressed JEV-induced reactive oxygen species (ROS)
generation through NRF2-SQSTML1 signaling mechanisms. This study contributes valuable
insights into the interplay between a-syn and JEV, shedding light on avenues to study further the
potential role of a-syn aggregation in JEV pathogenesis and exploit it to develop broad-spectrum

antiviral therapeutics.
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Chapter 1. Introduction

1.1 Introduction

Encephalitis is an uncommon but serious condition in which severe brain inflammation
develops. Out of various factors like autoimmune disease and exaggerated immune response
against pathogens, viral encephalitis is a more common cause of Acute Encephalitis Syndrome
(AES) cases (1, 2). Flaviviruses are the most prevalent arthropod-borne viral diseases of humans.
Among flaviviruses, dengue viruses (DENV), Japanese encephalitis virus (JEV), tickborne
encephalitis virus (TBEV), yellow fever virus (YFV), West Nile virus (WNV), and zika viruses

(ZIKV) are most common cause of encephalitis with high mortality rate (3).

JEV is a serious vector-borne cause of encephalitis and a significant public health problem
leading to high morbidity and mortality. After its first outbreak in Japan in 1871, its endemic area
extends to eastern and southeastern Asia, including India, Nepal, Japan, China, Korea, Thailand,
Indonesia, Malaysia, Vietnam, Taiwan, and the Philippines (4). The transmission vector of JEV is
the Culex. mosquito especially Cx. tritaeniorhynchus and the primary amplifying vertebrate host
are pigs (5). It is estimated that approximately 60,000 JE cases occurs within endemic areas every
year, with 25-30% rate mortality and severe residual neurological or psychiatric complications in
up to 50% of survivors (6). In humans, the incubation period is believed to last for 5 to 15 days
followed by sudden onset of flu-like symptoms, such as a high temperature, headache,
photophobia, vomiting (7). More severe symptoms develop over days or weeks, including
confusion or disorientation, seizures (fits), changes in personality and behavior, difficulty in
speaking, weakness or partial loss of movement, loss of consciousness, hallucinations, and coma

(7). With the low number of JE cases in the higher age group due to the development of immunity,
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either by sub-clinical infections or due to earlier vaccination, mortality rates are higher among

children from 0-10 age group.

1.1Virus Genome

Capsid protein
Envelope protein

Membrane protein
Genomic RNA

Lipid Membrane

Figure 1.1 Schematic representation of JEV virion

JEV has a single-stranded, positive-sense RNA genome of approximately 11 kb in length
(Figure 1.1) (8). The virion of JEV contains three structural proteins - capsid (C), membrane (M),
and envelope (E), as well as seven non-structural (NS) proteins - NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5 (Figure 1.2) (8, 9). The JEV genome contains a single open reading frame (ORF)
encoding single polyprotein, which goes post-translational cleavage and modification by viral
proteases and host signalases (10). After infection, transcription and translation are modulated by

cis-acting non-coding regions present at both 5™ and 3" sides of JEV genome (11).
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JEV (+)ssRNA Genome
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Figure 1.2 Genomic arrangement of JEV + sense sSRNA of ~11Kb. Whole genome codes for
three structural proteins: C, preM, E and seven Non-Structural proteins: NS1, NS2a, NS2b, NS3,
NS4a, NS4b, NS5. At both ends untranslated region are present acting as cis-regulatory elements
during replication and translation process. Single ORF is present at 5° end of which single
precursor polypeptide is produced. Further viral and host proteases act to produce single mature
functional viral protein.

1.2 Structural Proteins

C protein of JEV contains ~120 amino acids and are found in homodimer (12). Multiple
copies of the C protein are organized into a capsid that covers the viral genome to form a
nucleocapsid structure (13). The amino acid identity between different flavivirus C proteins ranges
from 15 to 90% (14). M and E are the viral glycoproteins. prM (~165 amino acids) and E (~495
amino acids) contain two transmembrane helices. The prM protein functions as a chaperone for
the folding and assembly of the E protein before it is cleaved during particle maturation to yield
the pr peptide and the M protein (~75 amino acids) (15). E protein among the flavivirus share
~40% amino acid identity. It contains a cellular receptor-binding site(s) and a fusion peptide (16).
With the three characteristic domains, namely the domain | lateral ridge, fusion loop, domain il

4
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lateral ridge, and domain I-11 hinge, JEV facilitates cellular attachment and membrane fusion and
is the primary target of neutralizing antibodies (17). The number and position of potentially
glycosylated residues is not conserved among different strains of the JEV, which modulate

receptor binding specificity prevailing targeted pathogenicity (16, 18).

1.3 Non-Structural proteins

NSPs of the flaviviruses play an essential role in its post-entry biology inside the host cell.
Most are multifunctional proteins and mediate the replication and translation processes of the virus
genome to form new particles (19). NS1, a secreted protein, plays a role early in replication,
immune modulation, and immune evasion through the wide range of interactive host proteins (20).
NS2A is a small, hydrophobic, transmembrane protein part of the replication complex and inhibits
interferon response (21, 22). Recently, the role of the flavivirus NS2A protein is found to be
essential in virus assembly (23, 24). NS3 is also a multidomain protein. The N-terminal domain
(NS3Pro), combined with NS2B, has the viral serine protease activity. In contrast, the C-terminal
part contains the RNA triphosphatase (NS3RTPase) and RNA helicase (NS3Hel) activities
involved in capping and viral RNA synthesis, respectively (25, 26). NS4b facilitates the formation
of the viral replication complexes and counteracting innate immune responses. It has an overall
impact on (i) type I IFN signaling, (ii) RNA interference, (iii) formation of stress granules, and
(iv) the unfolded protein response (27, 28). NS5 is the largest and the most conserved viral protein.
The N-terminal region of NS5 is a methyltransferase that methylates the N-7 and 2’-O positions of
the viral RNA cap structure. In contrast, the C-terminal region has an RNA-dependent RNA

polymerase (RdRp) activity (29, 30).
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1.4 Genotypes

JE was described in Japan from the 1870s onwards, and the prototype Nakayama strain
was isolated from a fatal case in 1935 (31). Since then, the disease spread across Asia to affect
most of China and the Asian subcontinent, all of southeast Asia, and the Pacific Rim, reaching
northern Australia in 1998 (32). JEV isolates are divided into 5 genotypes based on envelope
structural protein genes for phylogenetic reconstruction (33, 34). Historically, JEV genotype (G)
GIII virus was the dominant genotype epidemic in Asia. However, JEV Gl gradually replaced the
GIII viruses and has become dominant in Eastern and Southeastern Asian countries like Japan,
Korea, and Vietnam since the 1990s (4). JEV Gl originated in Indonesia and circulated in Thailand

and Cambodia in the 1970s (4).

1.5 Virus Replication

Many different proteins have been reported to interact with JEV at the cell surface. It enters
the host cell by receptor-mediated endocytosis in clathrin-coated vesicles (35). Further acidic pH
of the endosome causes structural changes in the E protein resulting in the release of genome into

the cytoplasm.

JEV undergoes asymmetric and semi-conservative replication, forming the plus strands
about 10-100 folds more than the minus strands through the formation of viral replication complex
(RC) (Figure 1.3) (36). During these processes, the (+) ssSRNA viral genome acts as a template for
(1) the synthesis of the intermediate (—) SSRNA strand, which in turn acts as a template solely for
the synthesis of (+) ssSRNA genomic RNAs (by the NS5), and (2) the synthesis of the viral

polyprotein (37, 38).
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Figure 1.3 JEV replication cycle inside host cell. 1) Virion surface proteins bind with cell
receptors. 2) Virion enters through clathrin- coated vesicles inside cell. 3) Fusion between
membrane vesicle and early endosome takes place. Virion enters endosome. 4) Due to low pH the
conformation of E protein changes and virion structural proteins get dissemble. Nucleocapsid
structure is released out of late endosome. 5) Genomic RNA is released in cytoplasm. Multiple
copies of positive sense RNA are produced through RNA dependent RNA polymerase activity of
NS5 and other accessory proteins. Simultaneously, positive sense RNA act as template and viral
proteins are also produced. 6) Viral proteins and RNA strands are carried to Endoplasmic
Reticulum (ER) where premature virion assembly takes place. 7) Newly synthesized virion particle
is carried to inside network where protein modification takes place. 8) Mature virion is carried
towards cell membrane in Golgi vesicle. Virus particles are released through exocytosis.

Non-structural proteins (NS3 and NS5), along with host factors, causes the cyclization of
viral genome. Double stranded replicative form (dsRF) is formed to ensures the full length viral
RNAs synthesis and complementary to the parent strand (11). The additional role of cis-acting
RNA elements in viral genome replication have been identified at 3’NCR of JEV with six domains:
V, X, I, 11-1, 11-2, and III in the 5’-t0-3" direction (39). The domains I1-2 and Il have been reported

to be sufficient for replication, but other domains are also required for maximum replication
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efficiency. Generally, the cytoplasm is the major site for the presence of JEV RC. RC has been
reported to be surrounded by a membrane which protects RC from extensive protease treatment

(34).

1.7 Diagnostics

The detection of JE infection from clinical samples can be accomplished by testing serum or
cerebrospinal fluid (CSF) to detect virus-specific IgM antibodies. Diagnostic assays available are
enzyme-based immunoassays and lateral flow assay-based kits, which target IgM/IgG antibodies.
Usually, antibodies against JEV are detectable three to eight days after onset of infection.
Confirmatory tests are done by plaque reduction neutralization testing and nucleic acid
amplification.  Laboratory diagnostic methodologies include virus neutralization,

haemagglutination inhibition, complement fixation, ELISA.

1.6 Vaccines and Therapeutics

Multiple vaccines against JEV can be broadly categorized into three types:

1. Inactivated JE vaccines
The attenuated strain SA-14-14-2 is grown in Vero cells and further formalin inactivated.
It is sold as IXIARO in Europe and Americas and as JESPECT in Australia and New
Zealand. The Beijing-1 strain of JEV grown in Vero cells is inactivated and sold as JEBIK
and ENCEVAC.

2. Live-attenuated JE virus vaccines
The live-attenuated Chinese vaccine SA-14-14-2 is derived from a virulent strain SA14,
isolated from a pool of mosquito larvae. To attenuate SA14, it was passaged more than a

hundred times in primary hamster kidney (PHK) cells.
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3. Live yellow fever virus (YFV)-JEV chimeric recombinant vaccine.

Known as Chimerivax-JE, this vaccine was generated by inserting the prM and E genes of
attenuated SA-14-14-2 vaccine strain on the cDNA backbone of the yellow fever 17D

vaccine strain using reverse genetics.

Apart from vaccine, there are currently no available licensed therapeutic options for the
treatment, and supportive care remains the primary treatment option. Although some drugs showed
anti-viral properties against JEV in-vitro conditions, however, proved ineffective in the clinical
setting once symptomatic patients arrived in the hospital. Hence, there is need to understand JEV
in context to its neurobiology. Alternatively, identifying a biomarker could be a way forward to

develop its therapeutics and/or diagnostics.

1.7 Neuropathogenesis

JEV is of zoonotic importance, which can be both enzootic and epizootic. Pigs are the
major reservoir/amplifying host, water birds are carriers and mosquitoes are vectors (40). Humans
are the dead end hosts because of the low levels of viremia that are insufficient to infect feeding
mosquitoes (32). Culex tritaeniorhynchus belonging to the Culex vishnui subgroup of mosquitoes
are the primary vector for JEV. Culex gelidus, Culex fuscocephala and Culex annulirostris are

considered as secondary or regional vectors (40).

The molecular pathogenesis of JEV infection is not well understood. JEV causes neuronal
cell death in two ways—direct neuronal killing due to viral multiplication within infected neuronal
cells and the other is indirect mode of killing, wherein massive inflammatory response causes an
up-regulation of reactive oxygen species and cytokines such TNFa (41). Severe symptoms perhaps

start after overreacted-host immune response when JEV enters brain and attack microglial cells
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(42). The indirect neuronal cell death during JE is the uncontrolled over activation of microglia
cells, which release proinflammatory cytokines such as IL-6, TNFa. monocyte chemotactic protein

1 (MCP1), and RANTES (regulated upon activation, normal cell expressed and secreted) (43).

The breaching of blood-brain barrier (BBB) is one of the most distinctive
pathophysiologies of JEV. JEV replication has found to be localized mainly at thalami, substantia
nigra, basal ganglia, cerebral cortex, cerebellum, and brain stem of clinically infected patients (44,
45). It can infect brain dopaminergic neurons, microvascular endothelial cells, astrocytes,
microglia, and pericytes. Neurological complications associated with the critical phase of the
illness include encephalopathy movement disorders such as parkinsonism (46, 47). Parkinsonism
includes symptoms like tremors, a masked face, microphonia, impaired consciousness, saccadic
eye tracking and neck stiffness (48, 49). Apart from JEV, these symptoms are associated with

various other enveloped RNA virus infections like WNV and DENV (50, 51).

Neuron-specific proteins in JEV infection is likely to play major role in JEV prognosis in
CNS. Recent work has shown that innate immune responses to viral infections in the CNS
contribute to neuron-specific injury patterns and susceptibility to viral infection. JEV causes
neuronal cell death by direct neuronal killing due to viral multiplication within infected neuronal
cells. The other is indirect mode of neuronal damage, wherein massive inflammatory response and
cytokine release such as TNFa causes cell damage (52). Severe symptoms may start after
overreacted-host immune response when JEV enters the brain and attacks microglial cells (42).
The indirect neuronal cell death during JE is the uncontrolled over-activation of microglia cells,

which release proinflammatory cytokines.
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Researchers have identified a few surface receptors mainly responsible for the entry of JEV
into the nerve cells, namely C-type lectin domain family 5 member A, glucose regulated protein
78, caveolin-1, dopamine 2 receptor, toll-like receptors (TLRS), and src protein (53). JEV has been
found to utilize dopamine mediated signaling pathways via targeting dopaminergic neurons (54).
Dopamine is a primary catecholamine neurotransmitter that regulates a wide range of biological
functions such as cognition, endocrine regulation, and voluntary movement. Furthermore, tyrosine
hydroxylase (TH) phosphorylation regulates dopamine biosynthesis and converts tyrosine to L-
DOPA [82]. Alpha-synuclein (a-syn), is associated with dopaminergic neurons, modulating
dopamine homeostasis by reducing TH's phosphorylation state (55). It also binds and influences
the activity of dopamine active transporter (DAT) (56-58). The absence of a-syn exerts a
considerable impact on dopaminergic system because of reduced striatal dopamine levels and DAT

function.

1.8 Alpha-synuclein: neuronal specific protein

Alpha-synuclein (a-syn) is one of the neuronal-specific protein regulating functions
associated with the synapse, such as synaptic plasticity, neurotransmitter release, dopamine
metabolism, and vesicle trafficking (59). It is extensively expressed in the thalamus, substanti
nigra, basal ganglia. It is a protein of 140 amino acid residues with an amphipathic alpha-helix
structure similar to apolipoproteins at its N-terminal due to seven 11-mer repeats with a KTKGEV
consensus (Figure 1.4) (60). This N-terminal domain (residues 1-60) mediates high-affinity,

reversible lipid interactions and functions as a lipid-binding protein (61, 62).
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Figure 1.4  Diagrammatic representation of different structural domains of a-syn protein. N-
terminal region including NAC domain of the protein forms a broken, amphipathic alpha-helix
structure whereas, C-terminal tail remains in flexible and disordered conformation.

It has aggregation-prone central domain (NAC) (residues 61-95) that can form cross j3-
structures and, therefore is involved in amyloid fibril formation (Figure 1) (63). Different
mutations like A30P, E46K, H50Q, G51D and A53T in the N-terminal region have been found to
modulate the functions of a-syn, largely by influencing local structural propensity (64-67). The C-
terminus of a-syn (residues 96-140) is highly acidic and largely unstructured. a-syn has been
responsible for membrane remodeling by inducing membrane curvature and convert large vesicles
into highly curved membrane tubules, micelles and vesicles (68, 69). It also inhibits
phospholipases D1 and D2 in vitro and in vivo, and is involved in cleavage of membrane lipids
and membrane biogenesis. The c-terminal part is known to be the target of various post-
translational modifications like phosphorylation, ubiquitination, and sumoylation and are believed
to be responsible for altered binding affinities or interactions with proteins and lipids (70). The
aggregation of the a-syn forming intracellular cytoplasmic inclusions (Lewy bodies) in

dopaminergic neurons is the histopathologic hallmark of Parkinson’s disease (PD).
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1.9 Oxidative stress in JEV pathogenesis

Some virulent strains of flaviviruses have established mechanisms to hijack host cell
machinery for its replication. Oxidative stress-induced ROS plays a significant role in shaping the
cellular milieu to favor JEV propagation. JEV replication induces toxicity by increasing reactive
oxygen species (ROS) inside the cytoplasmic neuron body, eventually causing harm to
mitochondria and other organelles. In a biological system, ROS, for example, hydrogen peroxide
(H202), superoxide anion (O2"), hydroxyl radical ("OH), and singlet oxygen (*O2) are oxidants and
mediators of cell injury, disease, homeostasis, and signaling activation (71, 72). Cell injury,
disease, homeostasis, or signaling alteration increasingly produces reactive oxygen species (ROS),
as a byproduct in mitochondria, endoplasmic reticulum (ER), and peroxisome compartments (73,
74). Many continuous cell lines can support the production of JEV, and early studies show that
JEV infection produces the toxic oxygen species in neutrophils, ROS intermediates in murine
neuroblastoma cells, and superoxide anion and nitric oxide in rat cortical glial cells (75-77). UV-
inactivated JEV causes oxidative stress in mouse neuronal N18 cells (78). JEV induces massive
inflammatory responses, which upregulates ROS (79). The production of ROS is involved in the
oxidative stress-induced apoptosis (43). In the rat model, JEV is able to cause an imbalance of
oxidants and antioxidant systems in different brain regions (80). Other than JEV, many other
flaviviruses like DENV, WNV, Zika, TBEV virus cause oxidative stress resulting from an

imbalance between levels of ROS/oxidants and anti-oxidants (78, 81-86).

In the prognosis of JEV infection, many host factors have been identified as being involved
in the various steps of the viral life cycle (74). Previous studies showed that elevated ROS can
react to form peroxynitrite, which triggers the loss of ATP and mitochondrial membrane potential.

This cascade further leads to the activation of caspase 3, causing neuronal apoptosis (87, 88). In
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human astrocytoma and astroglioma cell lines, JEV infection produces ROS and regulates
RANTES (89). ROS is also produced due to activation of M1 macrophages

(CD11b+CD68+CD64+) which have a predominantly proinflammatory activity (90).

JEV infection of human promonocyte cells downregulates thioredoxin, induces ROS and
ASK1-ERK/p38 MAPK signaling, and leads to apoptosis (86). The endogenous (or adaptive) anti-
oxidants are enzymatic and non-enzymatic molecules. Many of these enzymatic anti-oxidants
(e.g., NAD(P)H: Quinone oxidoreductase 1 [NQOL1] peroxiredoxins, heme oxygenase [HO-1],
Superoxide dismutase [SOD], catalase, and glutathione peroxidase [GPx]) are modulated by the
NRF2 (nuclear factor erythroid 2-related factor 2-) -Keapl (kelch-like ECH associated protein 1)
pathways (91). NRF2 is a transcription factor that regulates the expression of numerous ROS
detoxifying and anti-oxidant genes through its binding to the anti-oxidant response element (ARE)
(92). Upon cellular oxidative stress, p62 protein also known as sequestosome 1 (SQSTM1)
prevents Keapl from binding to NRF2, thereby up-regulates ARE-associated genes (93). NRF2
has been shown to get stabilized by DJ-1 protein, which is a redox-sensitive and triggers the
activation of anti-oxidant genes through NRF2/ARE pathway (94, 95). Knockdown of DJ-1 has

suggested decrease in NRF2 as well its dependent proteins NQO1 and HO-1 (94, 96).
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Chapter 2. Review and literature

2.1 Alpha-synuclein in viral pathogenesis

Apart from PD more recently, a-syn has been linked to the neurotropic RNA viruses. It
exhibits individual and regionally heterogeneous roles that influence the extent of neuroinvasion
viruses that specifically target the CNS. To date, various neurotropic viruses are characterized
including the members of the families Picornaviridae, Flaviviridae, Rhabdoviridae, Togaviridae,
Paramyxoviridae, Bunyaviridiae, and Coronaviridae (97). Viruses like Influenza-A (IAV), JEV,
WNV, and DENV, are known to induce acute or chronic PD-like symptoms (50, 51). Retrospective
cohort studies reported an increased risk of developing PD after infection with hepatitis C and B
viruses (HCV and HBV) (98-100). With other viruses such as JEV, WNV, human
immunodeficiency virus (HIV) and SARS-CoV-2, the upregulation of a-syn in the brains of
infected patients has been observed (101-105). Moreover, experimentally, mice infected with
neurotropic 1AV virus exhibit a-syn inclusions in dopaminergic neurons, inflammatory processes,
and microglial activation (106). Mostly, neuronal expression of a-syn is hypothesized to restrict
the replication of RNA viruses (101, 103, 107, 108). In WNV, a-syn has been reported to control
the levels of PERK, phosphorylated elF2a, Erol1L-1a, PDI, and ATF6 expression, all of which are

known to support viral replication and contribute to virus-induced apoptosis (101).

Additionally, the a-syn-mediated chemotaxis of protective immune cells in response to
WNV infection has been described (108, 109). a-syn is also involved in the activation of microglial
cells and monocytes (110). A study revealed that the fibril form of a-syn participates in the
inflammasome activation to release mature form of IL-1p. Through similar pathways, the indirect
role of a-syn has been shown to play in SARS-CoV-2 infection (107). However, the potential
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relationship between the neuro-protective properties of a-syn and its aggregation, specifically
concerning the elevated expression and inflammatory response, is a topic of debate that requires

more fundamental research.

2.2 Alpha-synuclein mediated modulation of oxidative stress

The aggregated a-syn has been reported to induce toxicity by increasing ROS inside
cytoplasmic body of the neuron, eventually causing harm to mitochondria and other cellular
organelles (111, 112). The behavior or function of a-syn seems to differ based on cell type, its
mutational status (wild type or mutated), and the conformation of the protein (aggregated or non-
aggregated). Several studies have demonstrated a relationship between mutated and aggregated o-
syn and oxidative stress, leading to neurotoxicity and its involvement in neurodegenerative
diseases. However, besides the well-documented neurodegenerative activity of a-syn, the role of

monomeric and wild-type a-syn is neuroprotective in many studies (113).

The loss of normal function of a-syn has been reported to cause accumulation of dopamine
leading to oxidative damage. Increased free cytosolic dopamine readily auto-oxidizes to ROS as
well as the highly reactive dopamine quinone, ultimately changing the cellular redox environment
that inhibits the electron transport chain (114). This process further leads to oxidative stress by
opening the mitochondrial permeability pore. In a separate study, wild-type a-syn was reported to
block rotenone- and maneb-induced ROS production and cell toxicity. In contrast, the mutated
versions of a-syn, such as A30P, A53T, and E46K, aggravated ROS production induced by
rotenone and maneb (115). Moreover, administration of aggregated wild-type a-syn in microglial
cells showed a dose-dependent increase in ROS production, whereas non-aggregated a-syn had no
significant modulation of ROS (116). Thus, the ability of a-syn to induce ROS appears to depend
on the protein's conformational form. Viruses like JEV, WNV, and DENV utilize oxidative stress-
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induced ROS in shaping the cellular milieu to favor viral propagation (73). Various anti-oxidative
proteins like glutathione S-transferase, NADPH-oxidase, NF-kB, superoxide dismutase 1 (SOD1),
DJ-1, SQSTM1, and thioredoxin are reported to get manipulated differentially by most of the

members of family flaviviridae (83, 85, 86, 117-119).

a-syn has been reported to directly interact with supercoiled DNA and RNA-interacting
proteins to regulate specific gene expression (120). Probably due to this gene transcriptional
activity, a-syn has been reported to increase the expression of anti-oxidative proteins like SOD1
in SH-SY5Y cells through unknown mechanisms and significantly attenuate rotenone-induced cell
apoptosis (121). SOD1 is known to convert the superoxide radical into hydrogen peroxide and
molecular oxygen through redox reactions. Other than JEV, the role of a-syn in directly
influencing the anti-oxidative pathway in response to viral infections is not identified in any viral
infection. Hence, more research is needed to explore the anti-oxidative potential of a-Syn

regulating viral infections.

2.3 Role of pyrazole based derivatives in modulating oxidative stress

Pyrazole is an important five-membered heterocyclic compound containing two nitrogen
atoms. This heterocyclic ring is integral to the wide range of biopharmaceutical properties like
antianxiety, anti-inflammatory, antipsychotic, anticancer, anti-obesity, analgesic, antipyretic etc.
(122-124). By virtue of its prominent biological properties and therapeutic applications, its
scaffold has attracted many researchers to synthesize derivatives for the advancement of potent
drug molecules (125-127). Its antiviral activities have been reported for HIV, herpes simplex virus
(HSV-1 and HSV-2), and varicella-zoster virus (VZV) (128, 129). Some pyrazole-based
compounds with anti-West Nile virus activity have been reported but with inappropriate ECso
values (130).
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In previous studies, the anti-oxidative properties of pyrazole has been explored where it
has been shown to increase both nuclear NRF2 proteins and NRF2-ARE binding activity,
suggesting their role in ROS scavenging (131, 132). Pyrazole has been shown to attenuate
cisplatin-induced nephrotoxicity by increasing GPx, glutathione (GSH) and diminishing lipid
peroxidation (LPO). Another derivative, 6-sulfonamido-pyrano[2,3-c]-pyrazole-based RalA
inhibitors, increased SQSTM1 against hepatocellular carcinoma (133). Recently, a hybrid scaffold
in which 3-naphthyl pyrazole was substituted with pyrazoline/isoxazoline ring at position 3
derivatives of 3-(2-naphthyl)-1-phenyl-1H-pyrazole showed significant radical scavenging

activity (RSA) in vitro (134).

Since, JEV tends to modulate oxidative stress to enhance its replication, the role of pyrazole
against its infection could be explored. The pyrazole derivatives with direct radical scavenging
properties or modulating anti-oxidative enzymes like SOD1, catalase, GPx, GST could be targeted

for antiviral therapeutics.

2.4 Aim and scope of current research

Prior studies have highlighted the antiviral potential of a-syn in other related neurotropic
viruses although the exact mechanism is poorly understood. In relation to JEV, clinical patients
showing PD-like symptoms are hypothesized to be due to non-functional or damaged dopamine
transporter (DAT) protein. Also, overexpression of a-syn is reported in the brains of JEV-infected
patients. Recently, evidence has been provided that the JEV exploits dopamine signaling and
modulates its level to facilitate viral infection. Moreover, the dopamine D2 receptor (D2R) is
utilized to enhance viral entry by activating phospholipase C (PLC) signaling cascades (135). Both,
dopamine level and D2R activity depend upon a-syn and is therefore of critical importance to

maintain synaptic homeostasis (136).
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Thus, our initial study was to understand if a-syn promotes or inhibits JEV replication in
neuronal cells. In our research, we focused on exploring the anti-oxidative potential of a-syn,
which may modulate JEV replication. Through literature review, we have understood that a-syn
alters ROS level which is requisite for JEV replication. JEV is able to cause an imbalance of
oxidants and antioxidant systems in different brain regions and utilizes oxidative stressed

homeostasis to enhance its replication.

Secondly, we wanted to resolve if there is any pathological effect of increased expression
of a-syn by host cell, in response of JEV infection. In a healthy brain, most a-Syn is
unphosphorylated; however, more than 90% of abnormally aggregated a-syn in Lewy bodies of
patients with PD is phosphorylated at Serl29, which is presumed to be of pathological
significance. It is known that phosphorylation of a-syn at Ser129 is mediated by several kinases
such as G-protein-coupled receptor kinases (GRKSs), casein kinase Il, polo-like kinases (137).
However, none of the research highlighted the modulation or the impact of phosphorylated a-syn
or its aggregation in JEV pathogenesis. Hence, we wanted to evaluate the modulation of different
kinases in the presence of JEV replication at different time points and to understand if there is a-

syn oligomerization.

The lack of anti-JEV therapeutics to treat critically ill patients have been the reason of
mortalities among symptomatic cases. Several potential anti-oxidative compounds like
minocycline, arctigenin, fenofibrate, and curcumin have been explored for anti-JEV activities, but
only minocycline and ribavirin have been tested by randomized clinical trials (138-141). However,
the treatment with both the drugs showed no statistically significant differences in the mortality
rate as compared to placebo-treated controls (138-141). Pyazole derivatives have been explored

with a wide range of applications in agriculture, pharmaceuticals, synthetics, etc. Its antiviral
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activities have been reported for HIV, HSV-1 and HSV-2 and varicella-zoster virus (VZV) (128).
Some pyrazole-based compounds with anti-WNV activity have been reported but with
inappropriate ECso values (142). The anti-JEV property of pyrazole or its derivatives has not been
explored. Therefore, we have tried to explore the anti-oxidative potential of pyrazole derivatives
against JEV in vitro and in vivo.

Overall, the present thesis research intends to understand the role of a-syn in JEV
replication: including the mechanism, phosphorylation and its oligomerization. We also focused
on utilizing the same mechanism to design anti-JEV therapeutic candidates and characterize it in
vitro and in vivo systems. The current study will be a step ahead to uncover the role of neuronal-

specific proteins and local cellular homeostasis to develop therapeutics against JEV.

2.5 Objectives
Based on our research focus, the following objectives were framed,
1. Understanding the role of a-syn in JEV replication
2. Understanding the effects of JEV replication on phosphorylation and oligomerization of
a-syn

3. Designing and assessment of pyrazole derivatives against JEV infection.
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Chapter 3. Understanding the role of a-syn in JEV replication

3.1 Abstract

JEV stands as a prominent vector-borne zoonotic pathogen, displaying neurotropism and
eliciting PD-like symptoms among most symptomatic survivors. The characteristic feature of PD
is aggregation of mutated a-syn which contributes to the loss of dopaminergic neurons. Having a
potential link between JEV-induced PD-like symptoms and a-Syn pathogenesis, we explored the
supportive or inhibitory role of a-syn in JEV infectivity within neuronal cells. Our investigation
revealed a significant increase in endogenous a-syn expression during JEV replication.
Additionally, treatment with exogenous a-syn (Exoa-syn) protein substantially reduced JEV
replication, suggesting its anti-JEV effect. Furthermore, the findings indicated a non-significant
role of a-syn in inhibiting JEV entry inside cells or directly disrupting JEV virions. We delved into
a-syn's role in modulation of host intracellular proteins implicated in oxidative stress mechanisms.
Treatment with Exoa-syn post JEV infection led to the upregulation of superoxide dismutase 1
(SOD1). Flow cytometry analyses unveiled a reduction in reactive oxygen species (ROS) upon
Exoa-syn treatment in JEV-infected cells. The results were validated via endogenous o-Syn-
knockdown, which decreased SOD1 and raised ROS, similar to SOD1 inhibition via LCS-1, which
also intensified ROS and JEV infection. Overall, our results suggest that a-Syn exerts an anti-JEV
effect by regulating proteins involved in oxidative stress inside neuronal cells. This study
contributes valuable insights into the interplay between a-syn and JEV, shedding light on avenues

to study further the potential role of a-Syn aggregation in JEV pathogenesis.

21
TH-3406_176106107



3.2 Introduction

Japanese encephalitis (JE) is the most serious infectious disease of the central nervous
system (1, 2, 6, 7). Approximately 15% of JE patients die during the acute phase of the illness, and
most survivors present with neurological aftereffects, including striatal dysfunction (143, 144).
JEV replication has found to be localized mainly at thalami, substantia nigra, basal ganglia,
cerebral cortex, cerebellum and brain stem in clinically infected JE patients (44, 45). Neurological
complications associated with the critical phase of the illness include encephalopathy, movement
disorders such as parkinsonism (46, 47). Parkinsonism include symptoms like tremors, a masked
face, microphonia, impaired consciousness, saccadic eye tracking, neck stiffness (48, 49). Apart
from JEV, these symptoms are associated with various other enveloped RNA virus infections like
WNV and DENV (50, 51). Neuron-specific proteins in JEV infection is likely to play major role
in JEV prognosis in CNS. Recent work has shown that innate immune responses to viral infections
in the CNS contribute to neuron-specific injury patterns and susceptibility to viral infection.
However, expression of a neuron-specific restriction factor for viral infections has not been

described much.

The role of a-syn is explored much in terms of PD. In most of the Parkinson clinical
patients, missense mutations in the o-syn gene (A30P, E46K, A53T) are likely to cause
aggregation of these mutated a-syn proteins and formation of LBs into the cytoplasm (145). These
aggregated a-syn induce toxicity by increasing ROS inside cytoplasmic neuron body, eventually
causing harm to mitochondria and other organelles (111, 112). ROS are oxidants and mediators of
cell injury, disease, homeostasis, killing of phagocytosed pathogens, and signaling activation in a
biological system. The function of normal or monomeric a-syn is not inspected in much detail as

of mutated ones.
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Contrary to PD, a-syn plays a role in neuroprotective functions. a-syn is somewhere found
to be important in pathogen-activated immune responses and lymphocyte maturation (146). In
microglia cells, monomeric a-syn increases Thl and Th2 cytokine expressions (147). Moreover,
a-syn has been reported to directly interact with supercoiled DNA and RNA-interacting proteins
to regulate specific gene expression (120). In some studies, nuclear translocation of a-syn is found
important in modulating DNA repair (148). These data suggest that a-syn may play a pivotal role

in pathophysiological responses involved in inflammatory disease to invading pathogens.

Besides these reports, the role of a-syn in viral pathogenesis has not been fully characterized.
Recently, evidence has been provided stating the JEV exploits dopamine signaling and modulates
its level to facilitate viral infection. As well as D2R is also utilized to enhance viral entry by
activating PLC signaling cascade (135). Both dopamine level and D2R activity are dependent upon

a-syn and are therefore of critical importance to maintain synaptic homeostasis (136).

This study aims to explore a-syn's multifaceted potential roles in JEV pathogenesis. We
have carried out in vitro studies in mouse neuronal cells. Apart from analyzing the effect of JEV
progression on endogenous a-syn, we have used exogenous Exoa-syn to explore its probable

mechanism in JEV pathogenesis.

3.3 Material and Methods
3.3.1 Cells and viruses

The JEV stock preparation, along with all the plaque assays were carried out in Baby
hamster kidney cells (BHK-21). We used JEV strain SA14-14-2 and mouse neuronal cells
(Neuro2a) for all in vitro experiments. Both, BHK-21 and Neuro2a cells were maintained in

Dulbecco's modified eagle medium (DMEM) medium containing 1X penicillin streptomycin
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antibiotic and 10% fetal bovine serum (FBS) in 5% CO: at 37 °C. The JEV strain SA14-14-2
(GenBank accession number JN604986) was obtained from the Department of health and family
welfare, Government of Assam, India. For stock preparation, BHK-21 cells at 80% confluency in
T75 flasks were infected with JEV at MOI 0.1 in DMEM without FBS. After 2 h of virus
adsorption, infection media was removed and replaced with DMEM media containing 2% FBS
post washing cells once with phosphate buffer saline (PBS). The T75 flask was incubated for 72
h. Thereafter, cells were lysed by multiple freeze thaw cycles and clear lysate was collected after

centrifugation. The lysates were in -80 °C after aliquoting it in 1.5ml microcentrifuge tubes.

3.3.2 Expression and Purification of Exoa-syn protein

Exogenous alpha-synuclein (Exoa-syn) protein was expressed in E. coli BL21(DE3)
expression system. The pET21a-alpha-synuclein was obtained from Michael J Fox Foundation
MJFF (Addgene plasmid # 51486) as a kind gift. Briefly, the plasmid was transformed into E. coli
BL21(DE3) cells. The recombinant cells were grown up to an ODeoo = 0.6 in Luria-Bertani broth
enriched with 100 pg/ml ampicillin at 37 °C and 150 rpm shaking. The culture was induced using
1 mM IPTG and further grown for 15 h at 25 °C. The cell suspension was pelleted at 7000 rpm for
5 min and resuspended in 100 ml Buffer A (20 mM Tris-Cl, 5 mM EDTA, pH 8.0) containing 1
mM PMSF. The cells were sonicated for 45 min with 8§ s ‘ON’ and 22 s ‘OFF’ cycle at 33%
amplitude. The sonicated sample was boiled for 10 min at 95 °C, afterwards, the insoluble white
precipitate was pelleted at 20,000 g for 1 h. The clear supernatant was passed through a 0.45 um

filter before further purifying using chromatographic methods as described elsewhere (149).

3.3.3 Characterization of Exoa-syn protein
The purified protein was characterized using an SDS PAGE. The molecular weight of the
purified protein was determined using MALDI-TOF mass spectrometry on a Bruker Autoflex
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Speed MALDI-TOF-TOF mass spectrometer using a-cyano-4-hydroxycinnamic acid matrix. The
Dynamic Light Scattering (DLS) measurements of the freshly purified Exoa-syn were performed
using a Malvern Zetasizer NANO-ZS DLS instrument. The DLS measurements were performed
at room temperature using a 173° backscattering angle and analyzed using the Zetasizer software

version 7.11.

3.3.4 Time course analyses of a-syn expression

Neuro2a cells were seeded in 6-well plate at a density of 2 x 108 cells/well in DMEM
supplemented with 10% FBS. Post 12 h incubation, cells were washed by PBS followed by
addition of 500 pl diluted JEV stock at 0.1 MOI per well. Mock-infected cells received plain
DMEM 500 pul per well. The cells were collected post 12, 24, 36, 48, 60, 72, 96 h of incubation

and processed for RNA isolation and protein lysate preparation.

3.3.5 In vitro anti-JEV activity

The Neuro2a cells were seeded in 6-well plate at a density of 2 x 108 cells per well. For
co-treatment, JEV infection media at 0.01 MOI was incubated with Exoa-syn at three different
concentration of 0.25, 0.5 and 1 uM for half an hour in three separate 1.5 ml tubes. One more tube
was added with JEV without Exoa-syn. Total volume of each tube was kept around 500 pl only.
Following incubation, infection medium was added on top of cells and kept for 2 h for adsorption.
The infection media was removed, and fresh 2ml of DMEM with 2% FBS was added in each well.
For post-treatment, Exoa-syn was added after 2 h of JEV adsorption. Whereas for pre-treatment,
Exoa-syn was added 6 h before JEV infection. Cells and supernatant from differentially treated
(CON, JEV, JEV along with 0.25, 0.5, 1 uM of Exoa-syn) samples were collected at 72 h time

point. Virus titration was done via viral RNA and JEV NSL1 protein detection through real-time
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and western blot analyses, respectively. Also, plaque assay was performed using supernatant of

each samples for viral particle quantification.

3.3.6 Small Unilaminar Vesicles (SUV) preparation
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine  sodium  salt (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), and sphingomyelin (SM) were from Avanti Polar Lipids, Inc. The
lipids POPC:POPS:POPE:SM in the molar ratio 57:25:3:15 were aliquoted into a clean glass tube.
As described elsewhere, a lipid thin film was prepared by slowly swirling the lipids in the glass
tube under a stream of nitrogen gas (150). Further, the lipid thin film was left to dry overnight in
a desiccator. The next day, the lipid thin film was hydrated using 1 mL of PBS for six hours. The
hydration was followed by vigorous vortexing and five freeze-thaw cycles in an ice bucket and
warm water bath. Later, the suspension was kept at room temperature to equilibrate and sonicated
in a water bath sonicator until the solution cleared out to form SUVs. The SUVs prepared were

analyzed using DLS.

3.3.7 Circular Dichroism (CD) analyses

Circular dichroism spectroscopic characterization of Exoa-syn in PB (25 mM phosphate
buffer, pH 7.5.) was made using the J-1500 Jasco CD spectropolarimeter. A far UV CD spectrum
was recorded with eight accumulations from 300 nm up to 190 nm with 0.1 nm data pitch, 1 nm
bandwidth, 2 sec D.I.T., and a 100 nm/min scan speed. The CD spectra were smoothened 25 points
using the second polynomial function of the Savitzky-Golay algorithm. The protein lipid-
interaction studies were carried out with 2 uM Exoa-syn at Exoa-syn:SUV (1:200) molar ratio and

analyzed under CD.
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3.3.8 Calcein entrapped vesicle preparation

The lipid film was prepared in the same composition as above in a clean glass tube and
hydrated using 80 mM calcein solution in PB, pH 7.4. The calcein entrapped SUVs were prepared
as described above and cleared through a HiTrap PD10 desalting column in PB. The early fractions
containing calcein entrapped SUVs were collected and characterized with DLS and used for
calcein release assay. The fluorescence was recorded for 600 s in a Jasco FP-8500
spectrofluorometer. The protein lipid-interaction studies were carried out with 0.5 uM Exoa-syn
at Exoa-syn:calcein SUVs (1:10), Exoa-syn:calcein SUVs (1:25) and Exoa-syn:calcein SUVs

(2:50) molar ratio. Triton X- 100 (1%v/v) was used a positive control.

3.3.9 Overexpression and knockdown of a-syn

Plasmid pHM®6-alphasynuclein-WT which was a kind gift from David Rubinsztein
(Addgene plasmid # 40824) was used for the overexpression of a-Syn in neuro2a cells (151). The
neuro2a cells were seeded in four 35 mm cell culture petri dishes at a density of 2 x 10° cells per
dish. Cells from two dishes were transfected with 2ug of plasmid using Lipofectamine 3000
(Invitrogen, USA) following the manufacturer's protocol. After 12 h, cells transfected with plasmid
and untransfected cells were infected with 0.1MOI JEV. Post 72 h of incubation, supernatant and
whole cell lysate were collected for plague and protein estimation. The knockdown of endogenous
a-syn was carried out via combined transfection of two SiRNAs at total 75 picomole concentration.
The following sequence of siRNAs sense strands -CUAAGUGACUACCACUUAUI[dT][dT] and
CACAGGAAGGAAUCCUGGA[AT][dT] (Merck, Germany), targeted two different exons of a-
syn. The transfection reagent Lipofectamine RNAIMAX (Invitrogen, USA) was used following

manufacturer’s protocol, along with siRNA universal negative control #1 (SIC001, Sigma-
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Aldrich, Germany) as negative control (-ve siRNA). The knockdown of a-syn was estimated post

24 h of transfection by real-time analyses and western blotting.

3.3.10 Overexpression and endogenous silencing of SOD1

For overexpression studies, the gene encoding mouse SOD1 protein was amplified from
neuro2a cells and cloned into a c-flag pcDNA3 vector (#20011, Addgene), flanking Xbal and
BamHI restriction sites. The expression was confirmed using SOD1-specific antibody post-
transfection in neuro2a cells. The silencing of endogenous SOD1 was carried out via transfection
of siRNA of the following sequences: AUCCUCACUCUAAGAAACA [dT][dT] and
GGUGGAAAUGAAGAAAGUAC [dT] [dT] (Eurogentec, Belgium). The knockdown of SOD1
was estimated by western blotting after 24 h of transfection using RNAIMAX reagent (Invitrogen,

USA).

3.3.11 Gene expression and viral particle estimation

Total RNA was isolated using RNAIso reagent (Takara, Japan) and converted into cDNA
using iScript™ c¢cDNA Synthesis Kit (Biorad, USA). Real-time PCR analysis was carried out in
system QuantStudio5 (Applied Biosystems, USA) using Power-up SYBR master mix (Invitrogen,
USA). GAPDH was used as an internal control and values are represented as mean fold change
with respect to cell control (CON). Protein estimation were carried out using SDS-PAGE and
western blotting. Western blotting was performed using antibodies specific to JEV nonstructural
protein 1 (NS1) (GTX633820, GeneTex, USA), a-syn (32-8100, Invitrogen, USA), SOD1 (A0274,
Abclonal, USA), and DJ-1(5933), SQSTM1 (39749), and NQO1 (62262) from CST, USA. The B-
actin (MA1-91399, Invitrogen, USA) or GAPDH (MA1-16757, Invitrogen, USA) were used as a

loading control for all the experiments. The relative quantification was done using ImageJ
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software. For JEV particle quantification, plaque assay was performed in BHK-21 cells using

standard protocol (152).

3.3.12 ROS estimation

For all flow cytometry studies, neuro2a cells were seeded at 2 x 10° cells/well density in
6-well plate and incubated for 12 h at 37 °C, 5% CO; incubator. ROS was estimated in JEV-
infected and mock-infected cells at 24, 48, 72, and 96 h time points. Briefly, 0.1 MOI JEV was
added in 4 wells and equal number of wells were kept as controls. The cells were detached every
24 h post-infection, resuspended in 500 pl PBS containing 10 puM of 2.7'-
dichlorodihydrofluorescin diacetate (DCFH-DA) dye, and incubated for 30 min at 37 °C. The
stained cells were analyzed using flow cytometry (BC, CytoFlex S Analyser). FITC filter channel
was used to record the emission of DCFH-DA dye. Flow cytometry analysis was done post-
treatment with compounds; H2Oa, ascorbic acid, Exoa-syn, and LCS-1 at different time intervals
and concentrations. Ascorbic acid and Exoa-syn treatment were given 12 h before flow cytometry
at 0.2 and 1 uM concentrations, respectively. Cells were treated with 500 uM of H20. for 6 h,

whereas for LCS-1, ROS was estimated after 6 and 12 h of treatment with 5 uM of LCS-1.

3.3.13 Statistical analysis
The data presented in the results are the average of three independent experiments.
Significance values were calculated through two-tailed analyses using Student’s t-test in Microsoft

Excel. Asterisk marks; ** represent a p-value <0.01, while * represents a p-value <0.05.
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3.4 Results
3.4.1 Modulation of a-syn post JEV infection in neuronal cells

Time course analysis of a-syn expression upon JEV infection was carried out in neuro2a
cells for 96 h. The mRNA estimation using real-time PCR indicated gradual increase in a-syn from
24 h till 60" h. The maximum ~3.7-fold change, with respect to the mock-infected neuro2a cells,
was obtained at 60" h. Thereafter, with the rapid increase of JEV E RNA, a-syn mRNA decreased

to ~2.4-fold level (Figure 3.1 [A, B]).
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Figure 3.1 Quantification of endogenous a-syn in neuro2a cells. Real-time PCR analysis of JEV
E RNA at 12 h interval till 96 h post-infected with 0.1 MOI JEV (A). Fold change expression of
a-syn in JEV-infected neuro2a cells compared to mock-infected cells till 96 h where GAPDH is
used as a control (B). Fold change is calculated keeping mock-infected cells as control. Western
blot along with densitometric analysis of a-syn protein in JEV-infected neuro2a cells compared to
mock-infected cells till 96 h (C).

30
TH-3406_176106107



At the protein level, a gradual increase in a-syn was observed with time in both mock-
infected and JEV-infected cells. However, with respect to mock-infected neuro2a, there was

significant upregulation of a-syn in JEV-infected cells at all the time points (Figure 3.1 C).

3.4.2 a-syn inhibits JEV replication

The purified Exoa-syn was characterized before proceeding towards experiments. The
anion exchange-purified chromatogram of Exoa-syn showed elution around 55 min on a gel
filtration column (Figure 3.2 A). The different 55 min fractions were run on 12% SDS PAGE that
showed ~15 kDa protein band (Figure 3.2 B). The MALDI-TOF mass spectrum showed peaks at

7233.25 and 14,476.18 m/z values (Figure 3.2 C).

(A) (B)
80 55 min M 11 L2 13 14 L5 L6 L7 L8
=5 60 |
S; 50 | _—
g 40 r 25
=20 r D R g ——
10 | %
0 B= . . 10—
0 50 100
Time {min)
(9] (D)
3000 18 -~ Size: 8.01 + 2.42 nm
2500 | 7,233.25 16 } PDI: 0.246
?_E 2000 E‘
%’ 1500 | 14,476.18 >
S 1000 | g
= £
500 | -
0
5000 10000 15000 20000 0.1 1 10 100 1000
m/z Hydrodynamic diameter {nm)

Figure 3.2 Characterization of purified Exoa-syn. The SEC profile of the anion exchange-purified
aS (A). A 12% SDS-PAGE of Exoa-syn SEC fractions. The BioRad Precision Plus Protein™
ladder marked as M. The SEC fractions were loaded in L1-L8 (B). MALDI-TOF mass
spectrometric analyses of Exoa-syn protein. Expected monoisotopic mass: 14,451.22 Da, observed
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m/z: 14,476.18. Doubly-charged species is seen at m/z 7,233.25 (C). DLS profile of the freshly
prepared Exoa-syn protein (D).

The peak at 14,476.18 corresponds to the [M + Na]* adduct of Exoa-syn whereas the
smaller m/z value corresponds to the doubly-charged Exoa-syn. DLS analysis revealed a single
peak with mean hydrodynamic diameter of 8.01 nm with PDI of 0.246, indicating a monodispersed
protein preparation (Figure 3.2 D). This hydrodynamic diameter is comparable to those reported
in the literature for monomeric a-syn (153, 154). To analyze the role of Exoa-syn in JEV
replication, differential treatment of neuro2a cells was carried out with Exoa-syn along with JEV
infection. Significant downregulation of NS1-specific RNA was observed in pre- and post-a-syn
treatment. In pre-treatment, the VRNA gradually decreased with an increase in a-Syn concentration

(Figure 3.3 A).
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Figure 3.3 Modulation of JEV in neuro2a cells after co-treatment, pre-treatment, and post-
treatment of Exoa-syn at 0.25, 0.5, and 1 uM concentrations. JEV VRNA quantification after 72 h
of infection in differentially-treated cells. Fold change is calculated with respect to uninfected cells
as control (A). Western blot analysis to quantify the viral protein after 72 h of JEV infection in
cells differentially treated with Exoa-syn (B). Virus titration of supernatant collected after 72 h of
JEV-infected cells differentially-treated with Exoa-syn protein (C).

Treatment with 1 uM a-syn caused around 80% reduction in the NS1 vRNA level. Similar
results were obtained for the post-treatment samples as well. Around 75% reduction in the VRNA
level was observed at 1 uM a-syn concentration. Inhibition in pre-treatment was slightly better
than post-treatment. In co-treatment, no significant difference in viral VRNA levels was observed
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at any Exoa-syn concentration. The cellular protein estimation indicated the similar trend as
observed in gene expression studies. Upon a-syn pre-treatment (0.25 UM a-syn), JEV protein

amount reduced to about 84% compared to untreated JEV infected control.

In post-treatment samples, JEV protein amount got reduced to 69-91% compared to
infected control. Endogenous a-syn expression also seems to get regulated with JEV replication.
The JEV-infected control exhibited the highest a-Syn expression, whereas cells with lower JEV
replication displayed reduced a-syn levels both in pre- and post-treatment samples (Figure 3.3 B).
In co-treatment, uniform JEV replication across differentially treated cells resulted in consistent
endogenous a-Syn expression. In plague assay, more than 60 % decrease in JEV titer were observed
in 0.25 uM of Exoa-syn pre- and post-treated cells. In 1 uM of Exoa-syn treatment, more than 85
% decrease in JEV titer was observed. In co-treatment, about 42% decrease in JEV titer was

observed only at 1 pM of Exoa-syn treatment (Figure 3.3 C).

As a-syn is known to bind lipid vesicles, its interaction with SUVs made up of lipids that
constitute viral lipid bilayer was investigated. The diameters of plain and calcein-loaded SUVs, as
determined by DLS, were around 32 nm and 55 nm, respectively (Figure 3.4 A). Circular
dichroism spectrum of Exoa-syn in the absence of SUVs suggest a random coil conformation, as
is expected for a monomeric a-syn. In the presence of SUVs, on the other hand, the protein folds

to take up an a-helical conformation (Figure 3.4 B).
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Figure 3.4 Characterization of liposomes (SUVs) and interaction with Exoa-syn protein. Graphs
representing DLS size distribution profile of the plain and calcein-loaded SUVs (A). Circular
dichroism spectra of Exoa-syn (2 uM) in phosphate buffer and in the presence of SUVs at
protein:lipid ratio of 1:200 (B). Graphs representing fluorescence intensities of calcein-loaded
SUVs in buffer, in the presence of Triton X-100 (1% v/v), and with Exoa-syn at 1:50 protein:lipid
ratio (C).

Disruption of lipid vesicles upon Exoa-syn binding, if any, was investigated through
calcein release assay. Calcein was loaded in the SUVs at self-quenching concentration. An increase
in fluorescence intensity upon o-syn addition would imply membrane disruption. The extent of
fluorescence is directly proportional to the extent of vesicle disruption. Treatment of calcein-
loaded SUVs with Exoa-syn did not cause any appreciable enhancement in calcein fluorescence
(Figure 3.4 C) suggesting that binding of Exoa-syn to SUVs does not disrupt them. The results

obtained were in consonance with in vitro co-treatment study.
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3.4.3 Effect of overexpression and silencing of a-syn on JEV replication

The overexpression study was carried out by transfecting neuro2a cells with plasmids
encoding wild type a-syn and GFP, separately. Cellular protein analysis revealed about 68%
reduction in JEV protein in a-syn overexpressing cells than GFP control. Concurrently, about 61%
lower JEV titer was observed in a-Syn overexpressing cells than JEV infected cells expressing

GFP (Figure 3.5 A).
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Figure 3.5 Modulation of JEV upon up and down regulations of a-syn gene. Western blot analysis
of JEV protein after 48 h of its infection in cells transfected with plasmid expressing a-syn (A).
The graph representing the percentage reduction in the plaque number. Downregulation of a-syn
MRNA by siRNA treatment in neuro2a cells (B). Western blot analysis of JEV protein and plaque
assay of neuronal cells transfected with siRNA and infected with JEV at 0.1 MOI (C).

Further, the silencing of endogenous a-syn was carried out through transfection of a-syn
specific cocktail of two siRNAs. The downregulation was estimated using real time PCR and by
western blot analyses. The endogenous a-syn mMRNA was decreased by 57% and 64% compared

to untransfected and -ve siRNA transfected neuro2a cells, respectively. A significant difference
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was observed at protein level as well, where a-syn-specific siRNA transfection downregulated a-
syn by more than 76% as estimated by ImageJ software (Figure 3.5 B). To estimate the replication
of JEV upon a-syn silencing, cells were infected at 0.1 MOI after 12 h of transfection. Beside
absence of any significant difference in viral protein, the JEV titer from the supernatant of a-syn-
silenced cells showed up to 46% and 96% increase as compared to untransfected, and -ve siRNA-

transfected JEV-infected cells, respectively (Figure 3.5 C).

3.4.4 a-syn modulates oxidative stress via decreasing ROS in neuro2a cells

We investigated the ROS levels upon JEV infection, and upon treatment with ascorbic acid,
and H20>, two oxidative stress modulators, and Exoa-syn protein. JEV was infected at 0.1 MOl in
neuro2a cells and ROS was estimated using DCFH-DA dye using flow cytometry. ROS during

early stage of infection was comparable to mock-infected neuro2a cells.
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Figure 3.6 Reactive oxygen species (ROS) estimation using flow cytometry. Flow cytometry
analysis to quantify ROS in JEV infection at 24 h interval till 96 h. DCFH-DA dye was used to
stain the cells 30 min prior estimation in live cells in FITC channel. Graph representing median
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FITC (%) in mock-infected and JEV-infected cells (A). Median FITC (%) of ROS estimation in
cells 6 h post-treatment with H.O2, 12 h post-ascorbic acid and a-syn protein treatment and
untreated control (B). Modulation of JEV infection post-treatment with H2O5, ascorbic acid, a-syn
protein, and untreated control. Western blot analysis along with viral titration through plaque assay
from the whole cell lysate and supernatant of the treated cells, respectively (C). Graph representing
the percent plaque numbers in differentially treated cells.

Their level, however, increased by about 59% in JEV-infected cells 72 h post-infection
(Figure 3.6 A). The H>O2 and ascorbic acid are positive and negative modulators of oxidative
stress, respectively. As revealed by flow cytometric analysis, treatment with H>O> resulted in
~37% more ROS compared to untreated control cells after 6 h of treatment. Ascorbic acid and
Exoa-syn both decreased ROS by about 19% and 16%, respectively compared to untreated control
after 12 h of treatment (Figure 3.6 B). These data revealed that Exoa-syn reduces intracellular
ROS. Further, experiments were conducted to understand if JEV replication gets influenced by
increase or decrease in ROS levels. We observed about 20% increase in JEV viral particle in the
supernatant of H20- treated cells compared to untreated JEV-infected cells. Similar to Exoa-syn,
ascorbic acid also negatively regulated JEV replication by approximately 38% compared to JEV

control group (Figure 3.6 C).

3.4.5 a-syn positively regulates SOD1 expression

Neuro2a cells were treated with Exoa-syn at 0.25, 0.5, and 1 UM concentrations for 24 h,
and cellular protein analyzed using western blotting. A significant increase in SOD1 level from
~2.2 to ~4.7-fold compared to untreated cells was observed with increasing concentration of Exoa-
syn. No appreciable difference in SQSTM1, DJ-1, and NQO1 in either of the Exoa-syn
concentrations was observed (Figure 3.7 A). To validate whether SOD1 is modulated via

endogenous a-syn, the SOD1 expression post a-syn silencing was analyzed.
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Figure 3.7 Modulation of genes involved in oxidative stress post-treatment with Exoa-syn protein
at 0.25, 0.5, and 1 uM concentrations. Western blot analyses of SOD1, SQSTM1, DJ-1, and NQO1
proteins after 24 h of treatment. Untreated neuro2a cells are used as control cells and GAPDH as
loading control (A). Modulation of SOD1 post-a-syn gene silencing. Real-time PCR and western
blot analyses to estimate SOD1 specific MRNA and protein post a-syn siRNA treatment (B). Fold
change is calculated by keeping SOD1 expression in untransfected (CON) cells as baseline.

SOD1-specific mMRNA was reduced to about 37% and 56% compared to -ve siRNA-treated
cells and untreated control cells, respectively. At protein level, SOD1 protein was upregulated by
about 17% in -ve siRNA-treated cells compared to untreated cells. The SOD1 downregulation in
a-syn knockdown cells was found to be reduced by around 59% and 42% compared to -ve SiRNA-

treated and untreated cells, respectively (Figure 3.7 B).

3.4.6 Increase in JEV infectivity post treatment with LCS-1
To check the role of SOD1 in JEV infection, the neuro2a cells were treated with LCS-1, a

known inhibitor of SOD1 activity.
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Figure 3.8 Modulation of ROS post-treatment with SOD1 inhibitor LCS-1. Graph representing
median FITC (%) post 6 h and 12 h of 5 pM LCS-1 treatment in neuro2a cells (C). Untreated
(CON) neuroZ2a cells are kept as control cells. Modulation of JEV post-treatment with 5 uM LCS-
1. Viral titer analyses through plaque assay and graph representing plaques (%) in differentially-
treated cells (D).

Intracellular ROS level was increased by ~51% and ~63% compared to untreated neuro2a
cells after 6 h and 12 h treatment of 5 pM LCS-1, respectively (Figure 3.8 A). Moreover, it also

enhanced the JEV replication by ~50% post 12 h LCS-1 treatment (Figure 3.8 B).
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Figure 3.9 Modulation of JEV post-overexpression and silencing of SOD1. Modulation of JEV
post-overexpression of SOD1. Western blot analyses were performed after 48 hours to estimate
the JEV NS1-specific protein. Cells without infection (CON) and cells with JEV infection (JEV)
were used as control groups. Graph representing the percentage of plaque obtained from the
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supernatant of treated cells after 48 h (A). Modulation of JEV post-SOD1 siRNA treatment.
Western blot analyses and plaque assays were carried out for virus titration in treated groups. Cells
treated with universal scrambled siRNA were used as the control group. Graph representing the
percentage of plaque obtained from the supernatant of the differentially treated groups post 48 h
(B). Statistical analyses were determined using ordinary one-way ANOVA (p<0.05, p<0.001, and
p<0.001 are described as *, **, and ***).

Further, overexpression and silencing of endogenous SOD1 were carried out in neuro2a
cells. Overexpression of SOD1 decreased JEV replication as observed by ~54% and ~40% in JEV
NS1 protein and viral titer, respectively, compared to only JEV-infected cells (Figure 3.9A).
Approximately 76% knockdown of SOD1 was achieved compared to non-transfected cells via a
cocktail of sSiRNAs targeting two different SOD1 exons. The silencing of endogenous SOD1 led
to an increase in JEV NS1 protein by around 61% compared to -ve siRNA-treated cells. At the

same time, virus titer was increased by almost ~30% (Figure 3.9B).

a-syn

siRNA = - ve SOD1 = -ve SOD1 a-syn +SOD1 a-syn
a-syn overexpression - - - = + + + = - e
SOD1 overexpression - = = - - - - - - +
JEV = + + + + + + + + +
— —_—— 13
- D A A e W sODL
a-syn
TR — — — ——— —— ———— — GAPDH
a-syn
siRNA = = -ve SOD1 N -ve SOD1 a-syn +SOD1 a-syn

a-syn overexpression = = = - + + + = - -
SOD1 overexpression = = = - - - - -

y p .
\
o 7 _’,/
k kK

JEV Plaque (pfu/ml)
RRRRE
ONBRO®
Soo000o

FEId LT GEX &L I

-ve siRNA SOD1 = -ve siRNA SOD1 a-syn+  a-syn + a-syn
siRNA siRNA -vesiRNA SOD1 siRNA
L Y 3 L )
+ siRNA +
a-syn overexpression SOD1 overexpression

Figure 3.10 Modulation of JEV post overexpressing and silencing of a-syn along with SOD1
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silencing and overexpression. Differential treated cells along with controls; non-transfected, -ve
SiIRNA, SOD1 siRNA, a-syn siRNA, a-syn overexpression were infected with 0.1MO1 of JEV.
Western blot analyses using GAPDH, NS1, SOD1, a-syn specific antibodies and plaque estimation
were performed after 48 hours of JEV infection. Graph representing the percentage of plaque
obtained from the supernatant of differentially treated cells. Statistical analyses were determined
using ordinary two-way ANOVA (p<0.05, p<0.001, and p<0.001 are described as *, **, and ***).

To check whether anti-JEV activity of a-syn is directly linked through SOD1 activity,
endogenous silencing of SOD1 was carried out in a-Syn overexpressing cells infected with JEV.
Additionally, the effect of overexpression of SOD1 in a-syn silenced cells along with appropriate
controls were analyzed. Approximately 53% increase in NS1 protein was observed in a-Syn
overexpressing cells that were SOD1 silenced compared to -ve siRNA treated cells (Figure 3.10).
In a-syn and SODL1 silenced cells, NS1 protein increased by ~39% compared to a-syn silenced
cells whereas JEV titer increased by ~30%. The plaque assay revealed 78% and 38% increased
JEV titer post-SODI1 silencing in a-syn overexpressing cells compared to non-treated and -ve
siRNA-treated a-syn overexpressing cells, respectively. Additionally, SOD1 overexpression in o-

syn silenced cells led to ~48% decrease in JEV titer compared to only a-syn silenced cells.

3.5 Discussion

Despite intensive research endeavors, the development of effective treatments against
neurotropic viruses, mainly JEV has been impeded due to lack of comprehensive understanding of
neurotropism (155, 156). To bridge these gaps and enhance therapeutic approaches, we
investigated the function of a specific neuronal protein, a-syn in JEV pathogenesis. Recently, many
clinical studies have uncovered the resemblance of Parkinson-like symptoms in JEV-infected
patients. This prompted us to explore whether a-syn contributes to promoting JEV progression or

inhibiting its replication.
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We performed time-course expression analyses of a-syn in JEV-infected and mock-
infected neuro2a cells. The results revealed a marked upregulation of endogenous a-syn at both
MRNA and protein levels during the late phase of JEV replication in neuronal cells. This
upregulation of a-syn is consistent with previous reports of increased a-syn levels in the brains of
patients infected with other viruses, such as WNV and human immunodeficiency virus (HIV) (101,
102). To investigate the potential antiviral role of a-syn, we conducted experiments involving
wild-type Exoa-syn. Pre- and post-treatment with Exoa-syn exhibited reduction in JEV infection.
These findings align with previous studies that showed a-syn’s antiviral properties against WNV,
wherein the brains of a-Syn-knockout mice exhibited increased infectious viral particles and
mortality compared to control mice (101). Intriguingly, our co-treatment experiments, wherein o-
syn was administered along with JEV, did not show a significant antiviral effect. We hypothesized
that Exoa-syn exerted its antiviral function through modulation of host cellular mechanisms rather
than direct interference with the physiochemical properties of JEV virion particles or the viral
entry process. We explored this hypothesis via investigating the biophysical interaction between
Exoa-syn and calcein dye-encapsulated SUVs designed to mimic the lipid membrane of JEV
(157). Using circular dichroism spectroscopy and calcein release assay, we found that Exoa-syn
underwent a conformational change from random coil to a-helical conformation upon interaction
with SUVs. Remarkably, this interaction did not cause any disruption in the lipid SUVs, as no
calcein release was observed. While a-syn is known to exhibit lipid binding affinity under cellular
conditions, our results suggest that it does not significantly disrupt the viral lipid membrane or

inhibit viral entry during JEV infection.

The behavior or function of a-syn seems to differ based on cell type, its mutational status,

and the conformation of the protein (aggregated or non-aggregated). Several studies have
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demonstrated a relationship between mutated and aggregated a-syn and oxidative stress, leading
to neurotoxicity and its involvement in neurodegenerative diseases (158-160). However, besides
the well-documented neurodegenerative activity of a-syn, the role of monomeric and wild-type a-
syn has been found to be neuroprotective in many studies (161, 162). The toxicity of wild-type a-
syn is specifically dependent on the presence of dopamine. In the absence of dopamine, in human
cortical neurons, a-syn protects the cells and significantly increases neuronal survival (163).
Additionally, wild-type a-syn has been reported to block rotenone- and maneb-induced ROS
production and cell toxicity. In contrast, the mutated versions of a-syn, such as A30P, A53T, and
E46K, aggravated ROS production induced by rotenone and maneb (115). Moreover, in one of the
studies involving microglial cells, the administration of aggregated wild-type a-syn showed a
dose-dependent increase in ROS production, while non-aggregated a-syn resulted in a slightly
decreased ROS level (116). Thus, the ability of a-syn to modulate ROS appears to be dependent
on the conformational form of the protein. In terms of JEV progression in neuronal cells, Exoa-
syn was found to modulate oxidative stress inside the cell. Furthermore, it blocked the JEV-

induced ROS generation during the late phase of JEV infection.

We investigated whether the anti-JEV activity exhibited by a-syn is mediated via
modulation of ROS levels. The expression of anti-oxidative proteins like NQO1, SOSM1, and DJ-
1, that are mainly involved in Nrf2-SQSTM1 pathway, was not altered with Exoa-syn protein
treatment. However, there was upregulation of SOD1 with Exoa-syn treatment and conversely,
endogenous a-syn silenced neuro2a cells had low SOD1 expression. This anti-oxidative
mechanism of a-syn has been shown earlier, wherein SH-SYS5Y cells expressing a-syn protein had
increased SODL1 activity and significantly attenuated rotenone-induced cell apoptosis (121). SOD1

is known to convert the superoxide radicals arising from mitochondrial intermembrane space,
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cytosol, and peroxisome into hydrogen peroxide and molecular oxygen through redox reactions.
Overall, our results indicate that a-syn, through SOD1 upregulation directly or indirectly,
contributes to a cellular environment that counteracts oxidative stress and restrains JEV
propagation. This was supported by the data where inhibiting SOD1 activity using the compound
LCS-1 led to an increased release of JEV particles outside the cells. We did not observe a
significant difference in intracellular viral proteins with LCS-1 treatment, indicating the late
response of SOD1 which may be during packaging or budding of viral particles outside cells.
SODL1 is a known target of a plant lignan compound, arctigenin that shows anti-JEV activity via
increasing SOD1 protein level inside cells (140). In JEV-infected in vivo and in vitro models,
SODL1 is reported to be downregulated (140). Like SOD1, there are many other anti-oxidative
proteins that are manipulated differentially by most of the flaviviridae members. JEV is reported
to decrease ROS scavenging via downregulation of proteins like DJ-1 as well as Nrf2-mediated
expression of SQSTM1 and thioredoxin (86, 152). Thus, there is a significant role of oxidative
stress-induced ROS in shaping the cellular milieu to favor JEV propagation. This is further
established by the data where administration of the oxidative stress inducer, hydrogen peroxide

(H202), significantly increased viral replication within infected cells.

In conclusion, our study sheds light on the intricate interplay between oxidative stress, o-
syn, and JEV infection. Apart from the current study, a-syn is reported to modulate the ER stress
pathway (101). The levels of activating transcription factor 6 (Atf6), protein disulfide isomerase
(PDI), and phosphorylated elF2a proteins, all of which support viral infection in WNV were
significantly increased in a-syn-knockout primary cortical neurons (101). Thus, there is possibility
of more than one antiviral mechanism or pathway being involved in response to a-syn. It is

noteworthy that we have not investigated the role of aggregated a-syn or Lewy bodies (LBS) in
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JEV infection. Also, the role of JEV induced ROS in a-syn aggregation. As maintaining the
physiologic levels of a-syn in neurons is important for their survival, overexpression of a-syn for
prolonged time may lead to its aggregation even if it is in response of viral infection. Therefore,
the role of LBs and aggregation of a-syn in viral pathogenesis remains an important question and

an area of active interest.
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Chapter 4. Understanding the effects of JEV replication on
phosphorylation and oligomerization of a-syn

4.1 Abstract

The pathological implications of a-syn phosphorylation and oligomerization constitute a
critical aspect in various neurodegenerative diseases. a-Syn aggregation has been discerned in
specific brain regions of animal models infected with coxsackievirus B3, influenza A, and western
equine encephalitis viruses. In contrast, WNV infection exhibited no discernible variation in a-Syn
multimers in primary striatal neuron cultures compared to non-infected cells. Given the established
association of o-syn aggregation with neurotoxicity in dopaminergic neurons, it becomes
imperative to elucidate its role in JEV pathogenesis. Therefore, in the present study, we conducted
a comprehensive time-course analysis of casein kinase 2 (CK2) and polo-like kinase 2 (PLK2),
the kinases responsible for a-syn phosphorylation at the S129 position (pa-synS129) in neuronal
cells. Our findings revealed a substantial reduction in both these kinases, specifically during the
late phase of JEV replication. Concurrently, a decrease was also observed in pa-synS129 levels in
JEV-infected cells. Moreover, we examined a-syn oligomerization through glutaraldehyde cross-
linking and thioflavin T dye. Both results collectively indicated an overall increase in intracellular
oligomerization of a-syn in JEV-infected neuro2a cells. To understand the role of phosphorylation
and oligomerization in JEV prognosis, further investigations through in vitro and in vivo studies

are required.
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4.2 Introduction

Phosphorylated a-syn has been implicated in neurodegenerative diseases like dementia and
PD. In a healthy brain, a-syn is primarily unphosphorylated; however, most aggregated a-syn in
Lewy bodies of PD patients is phosphorylated at Serl29, presumed to be of pathological
significance (137). The C-terminal tail of a-syn contains the majority of phosphorylation sites, but
location S129 is known to be a major player involved in a-synucleinopathy. Various kinases like
casein kinase 2 (CK2), polo-like kinase (PLK), and G protein-coupled receptor kinase (GRK) have

been recognized to date that catalyzes S129 phosphorylation (164-166).

Both CK2 and PLK2 are serine/threonine protein kinases. CK2 is a tetrameric enzyme
assembled from two catalytic subunits (CK2a and CK2a') and a regulatory subunit (CK2f dimer).
Casein kinase 2 is necessary for cell survival and is a crucial suppressor of apoptosis. Out of five
known PLKSs, PLK2 and PLK3 have better phosphorylation activity than PLK1 and PLK4. PLK5
lacks a functional kinase domain due to a premature stop codon in exon 6 and is thus incapable of
phosphorylating a-syn. Interestingly, a significant reduction in a-Syn phosphorylation has been
observed in primary cortical neurons and the cerebral cortex of PLK2 knockout mice (167). These
data suggest that PLK2 is critical for a-Ssyn phosphorylation in the pathogenesis of a-

synucleinopathy.

Whether phosphorylation serves as the constraining factor in facilitating aggregation
remains ambiguous. Exposure to the exogenous a-syn fibrils results in intracellular aggregation in
cell lines and primary neuronal cells, which is immunopositive to a-Syn phosphorylated at Ser129
(168, 169). However, phosphorylation does not seem to be mandatory for the formation of

cytoplasmic inclusions. The study indicated the presence of phosphorylated a-syn only in triton-
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insoluble fraction, suggesting the modification in growing inclusions (169). Contradictory to the
above findings, aggregation of a-syn has been suggested to be independent of phosphorylation in
a few studies (170-172). No significant differences existed in dopaminergic cell loss, tyrosine
hydroxylase expression, or nigrostriatal terminal density among the wild-type and pa-synS129
mutants. Furthermore, there were no differences in a-syn aggregate formation or distribution
among wild-type or pa-synS129 mutants (172). In normal cells, the overexpression of a-syn leads
to the formation of cytoplasmic inclusion bodies known as aggresomes, which have several
morphologic and molecular similarities to LBs (173). Aggresomes are characterized by their

localization to the centrosome and protect cells from the toxic effects of misfolded proteins (174).

In terms of neurotropic virus infection or JEV particularly, a-syn phosphorylation and
aggregate are not explored. a number of kinases phosphorylate pa-synS129, however, their role in
disease pathogenesis and relationship with a-synucleinopathy are yet to be understood. Thus, our
study highlighted the time course analyses of CK2, PLK2, and pa-synS129 in JEV-infected cells.

We have analyzed the effect of JEV replication on oligomerization of a-syn in neuroZ2a cells.

4.3 Material and Method
4.3.1 RNA and protein quantification of phosphokinases

MRNA and protein quantification of CK2 and PLK2 was carried out via real-time PCR and
western blot analyses. The primers specific to CK2; For.P — GAGCACCCTTACTTCTACACTG,
Rev.P- CTGGAACAGGTATCCCAAGTG and PLK2; For.P- AGGTGGGAGACTTTGGTTTG,
Rev.P- TGGTTTCGAATGGAGGTCTTC, were used. For western blot analyses CK2 (2656,
CST, USA) and PLK2 (A7066, Abclonal, USA) were used. Briefly, cells were seeded in 6 well
plate at density 2 x 10° cells per well. After 12 h, 3 wells were kept non-infected and 3 wells were
infected with JEV at 0.1MOI. Cells were harvested at 24 h interval for RNA and protein estimation.
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4.3.2 Phosphorylated a-syn estimation

Phosphorylation of a-syn post JEV infection was carried out using a phosphorylated (S129)
antibody (AP0450, Abclonal, USA). Plasmid pHM®6-alpha-synuclein-WT from addgene was used
for a-syn overexpression in neuro2a cells (151). Briefly, neuro2a cells were seeded in density
2 x 10° cells per well. Approximately 2 pg of pHM6-alpha-synuclein-WT plasmid was transfected
per well using Lipofectamine3000 (Thermo, USA). Following incubation, the transfected cells
were infected with JEV at 0.1 MOI. Cells were harvested post 48 h of JEV infection and protein
lysates were prepared using 2X Laemmli buffer with 355 mM 2-mercaptoethanol. Samples were

heated 10 min prior SDS-PAGE for protein estimation.

4.3.3 Aggregation of a-syn

Oligomerization of a-syn was analyzed post-treatment with protein crosslinking reagent,
glutaraldehyde at 0.005%. Briefly, 2 x 10° cells per well were infected with 0.1MOI JEV along
with appropriate controls. Post 72 h of incubation, cells were harvested in PBS. Cells were treated
with 0.005% glutaraldehyde for 15 mins at room temperature and washed with cold PBS to analyze

it for protein expression using a-syn specific antibody.

4.3.4 ThioflavinT Assay

ThioflavinT (ThT) dye was used to analyze aggregated cellular proteins in neuro2a cells
post differential treatment. Briefly, two 35mm dishes having 2 x 10° cells per well were
transfected with approximately 2 pg of pHMG6-alphasynuclein-WT plasmid using
Lipofectamine3000. Transfected cells from one dish were infected with 0.1MOI of JEV whereas
other was kept as transfected uninfected control. Likewise, one dish of untransfected/uninfected
cells and a second dish of untransfected cells with JEV infection were analyzed for ThT
fluorescence. The samples were mixed with 300 pl of 20 uM ThT dye, and all the samples were
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excited at 445 nm wavelength. ThT fluorescence intensities were estimated from 450 to 650 nm,

slit 4 nm. CON cells without ThT were used to measure baseline fluorescence.

4.4 Results
4.4.1 Modulation of phosphokinases post JEV infection

Time course analyses of CK2 and PLK2 was done from 24 h till 72 h post-JEV infection.
We observed a significant decrease in gene and protein expression of PLK2 and CK2 at 72 h.
About 80% decrease in CK2 mRNA was observed post 48 h of JEV infection. PLK2 mRNA was
decreased gradually over time up to 30% compared to non-infected cells (Figure 4.1A). Western

blot analyses revealed better modulation of CK2 as compared to PLK2 at 24 h post-JEV infection
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Figure 4.1 Real time gene expression analyses of CK2 and PLK2 in JEV infected compared to

control neuro2a cells (CON). Fold change has been calculated keeping CON as base line
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expression and GAPDH as control gene expression (A). The western blot analyses using PLK2,
CK2 and GAPDH specific antibodies in JEV infected and CON cells at 24, 48, 72 h intervals (B).
Western blot analyses to evaluate the pa-syn in JEV infected and non-infected neuro2a cells which
are transfected a-syn expression plasmids (C). Total a-syn is kept as control to analyze the change
in pa-syn

Around 37% and 52% decrease in CK2 protein level was observed at 24 h and 48 h post
JEV infection, respectively. More than 62% and ~ 43% reduction in PLK2 and CK2 was observed
respectively, in JEV infected cells compared to control cells at 72 h. Further, we visualized pa-
synS129 protein level in a-syn overexpressing cells infected with JEV compared to uninfected

cells. About 71% decrease in exogenous pa-synS129 level was observed post JEV infection

compared to non-infected cells (Figure 4.1C).

4.4.2 Oligomerization of a-syn

The results indicated an overall increase in endogenous a-Syn expression and an increase
in a-syn specific oligomers of distinct sizes between ~15 kDa to 55 kDa in JEV-infected cells
compared to non-infected neuro2a cells (Figure 4.2A). ThT fluorescence intensities showed higher
intracellular protein aggregate in JEV-infected cells both in the absence and presence of a-Syn
overexpression compared to appropriate controls (Figure 4.2B). In JEV-infected cells higher peak
maxima was observed at ~ 56000 units, whereas in CON cells, peak maxima was followed less
than 40000 units. In a-syn+JEV cells peak maxima was found around 610000 and in a-syn cells it

was around 50000 units.
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Figure 4.2. Analyses of aggregation a-syn by western blotting and ThT fluorescence. Western blot
analyses of whole cell lysate post 0.05% glutaraldehyde mediated protein cross-linking. a-syn
specific antibody was used to detect the oligomers of different sizes in CON and JEV infected
sample (A). Spectrophotometric analyses of aggregated intracellular proteins via ThT dye. Graphs
representing fluorescence intensities from 450 to 650 nm (B). CON cells without ThT is used to
measure base line fluorescence from cells (ThT). The samples CON, JEV, a-syn and a-syn+JEV
were mixed with 300 pl of 20 uM ThT dye and all the samples were excited at 445 nm wavelength.

4.5 Discussion

Many studies have indicated the importance of a-Syn phosphorylation at Serl29 in
regulating its aggregation and neurotoxicity (137, 175). Thus, the propensity by which kinases,
particularly, CK2 and PLK2, are involved in phosphorylation and a-syn aggregation has been of
significant importance. Characterizing these two kinases in other viruses has been indicated to play
an important role. Our study suggested that CK2 and PLK2 got downregulated, particularly at late
phase of JEV infection. As per previous reports, both of these kinases are proviral host factors
(176, 177). CK2 is reported to regulate the phosphorylation of viral-specific proteins in HIV, HBV
and HCV, CMV, HSV infection while PLK2 is found to be involved in viral-induced apoptosis

(178-184). Although, the impact on a-syn phosphorylation has not been studied in former studies,
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our data suggests a decrease in CK2 and PLK2 expression and reduced pa-synS129 protein in JEV

infection.

Many studies have indicated the pa-synS129 protein may promote pa-syn oligomerization
(185, 186). It has been estimated that 90% of aggregated a-syn present in LBs contains are
phosphorylated at Serinel129, implying that this specific phosphorylation event is connected to
pathology (186). Thus, we checked the aggregation of a-syn in both JEV-infected and non-infected
neuro2a cells. Glutaraldehyde-mediated cross-linking of intracellular proteins showed increased
a-syn oligomers. The aggregated or oligomeric state of a-Syn has been shown to bind with ThT
dye, abenzothiazole salt and is widely used to visualize and quantify the presence of
misfolded protein aggregates called amyloid, both in vitro and in vivo. Hence, spectrophotometry
analyses of ThT dye confirmed that JEV replication leads to oligomerization of a-syn which
further indicated that decreased a-syn phosphorylation did not alter its aggregation in JEV-infected
cells. In previous animal studies, pa-synS129 neither promoted nor inhibited a-syn aggregate
formation (170, 171). Studies have reported that S129 phosphorylation is present on monomeric
and soluble a-syn and able to inhibit its fibril formation under certain conditions (187). However,
others have proposed that pa-synS129 does not confer toxicity in vivo and may actually be a

neuroprotective mechanism accelerating the clearance of aggregated a-syn (172, 188).

The interplay between phosphorylation and the non-phosphorylated state of a-syn has been
important in gene transcriptional regulation (175). Serine-129 phosphorylation decreases the
ability of a-syn to both bind and bend DNA, as a-syn binds 304 bp circular DNA forced into a
bent shape, but pa-synS129 does not (189). We hypothesize that reduction in a-syn
phosphorylation might be one of the key events that regulate the transcription of SOD1 is in JEV-

infected cells as mentioned in chapter 3. Further, the oligomerization of a-syn in JEV infection
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even at lower pa-synS129 level may indicate the formation of aggresomes, which are rather

cytoprotective.

Beside this study, the exact role of pa-synS129 and a-syn aggregate in JEV pathogenesis
is yet to be understood. In JE disease prognosis, the function of these phosphorylating enzymes
like GRKSs is still poorly understood (137). Also, as per a previous study, the propensity of a-syn
to form cellular aggregates in vivo can be more pronounced as compared to in vitro (190). Thus,
elaborate in vivo and in vitro studies is required to understand the dynamics of a-syn in JEV

pathogenicity.
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Chapter 5. 3. Designing and assessment of pyrazole derivatives
against JEV infection.

5.1 Abstract

JEV is the leading causative agent of encephalitis and its associated mortality among
children. JEV modulates host cell machinery for its advantage, such as oxidative damage, leading
to stress responsive pathways. The present study analyzes new series of dinitroaryl substituted
derivatives (1a-1f), containing a pyrazole moiety and explores its potential anti-JEV activity. Out
of all synthesized derivatives, compounds 1b and 1f were selected based on minimal cytotoxicity.
In vitro inhibition of more than 70% and 90% were observed with compounds 1b and 1f,
respectively, in neuronal cells. Dose-response analyses highlighted 1f exhibiting better antiviral
activity than 1b. The mice treated with compound 1b or 1f did not show any noticeable toxicity at
a dose of 100 mg/kg/day when administered intraperitoneally for 96" h. Inhibition of up to 41%
and 70% JEV RNA in the spleen and 33% to 43% in brain tissue was observed with compounds
1b and 1f, respectively. Both the compounds suppressed JEV induced ROS generation by
significantly up-regulating the endogenous anti-oxidative proteins like NQO1 and HO-1 via
increasing DJ-1 and SQSTML1 expression. The results suggest 1b and 1f regulated JEV replication
through an interlocked positive feedback loops of NRF2-SQSTM1 signaling mechanism. The
potential of these compounds can be further tested for broad-spectrum antiviral effects with other

flaviviruses in the path towards the development of therapeutics.
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5.2 Introduction

In the prognosis of JEV infection, many host factors have been identified as being involved
in the various steps of the viral life cycle (74). Viral replication machinery perturbs cellular
metabolism homeostasis, thus inducing a stress pressure on the host cell. Cell injury, disease,
homeostasis or signaling alteration, increasingly produces ROS, as a byproduct in mitochondria,

ER, and peroxisome compartments (73, 74).

Previous studies showed that elevated ROS can react to form peroxynitrite, which triggers
the loss of ATP and mitochondrial membrane potential. This cascade further leads to the activation
of caspase 3, causing neuronal apoptosis (87, 88). Thus, several potential anti-oxidative
compounds like minocycline, arctigenin, fenofibrate, curcumin have been explored for anti-JEV
activities, but only minocycline and ribavirin have been tested by randomized clinical trials (138,
140, 141, 191). However, the treatment with both the drugs showed no statistically significant
differences in the mortality rate of JEV patients as compared to placebo-treated controls (192,

193).

Pyrazole derived compounds have recently been studied in various aspects of its biological
applications (127). In this study, we have synthesized new pyrazole derivatives and checked their
efficacies against JEV both in vitro and in animal model. Moreover, the study highlights the anti-

oxidative properties of the pyrazole derivatives concurrently imparting the anti-JEV effect.

5.3 Materials and methods
5.3.1 General methods
All commercially available reagents of analytical grade were used without further

purification and procured commercially (SD Fine, Loba Chemie, and Avra synthesis, India). An
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open capillary tube method was used to determine melting points and * H (13C) NMR spectra were
recorded using CDCI® solvent (Bruker model 400 MHz instrument, USA). The chemical shifts (8)
were expressed in parts per million, and coupling constants (J) were calculated in hertz. Proton
coupling patterns were illustrated as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m)
and broad (br). The IR spectra were recorded on a FT-IR spectrometer using KBr pellets
(Schimadzu, Japan). HRMS data were obtained in electron impact (EI) mode, and intensities were
recorded as percentages relative to the base peak (I=100%). Chalcone and hydrazone derivatives
have been synthesized as per the literature known procedures. The synthesis of pyrazole
compounds have been previously reported by our research group (Gawandi et al., 2019). Some

known and new pyrazole derivatives have been selected to perform anti-JEV studies.

5.3.2 General procedure for the synthesis of pyrazole derivatives

Substituted 2,4-dinitrophenyl hydrazones (1mM) and silica supported molybdic acid
(ImM) were placed in a conical flask and heated at 80-120°C on a sand bath. The progress of the
reaction was monitored by TLC intermittently. After completion of the reaction, the product was
dissolved in ethyl acetate and filtered to recover the catalyst. The solvent was then evaporated
under vacuum, and the crude product was recrystallized from n-hexane to afford the pure product.
The newly synthesized compounds were characterized based on IR and NMR spectroscopic data.

The catalyst was further recycled to carry out another batch of reactions.

5.3.3 Cytotoxicity assay of pyrazole-based compounds.

The cytotoxicity of the compounds was analyzed using 3-(4,5- dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide formazan conversion assay. Neuro2a cells were seeded in a 96 well plate with a seeding
density of 10* cells/well before the experiment. Further, the cells were incubated with six
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compounds (100 uM to 100 nM) for 48hr. The absorbance was taken at 570 nm using the
microplate reader (Multiscan go, Thermo scientific, USA), and the percentage of cell viability was

calculated taking DMSO as vehicle control.

5.3.4 In vitro antiviral assay of pyrazole compounds

The Neuro2a cells were seeded in 12 well plate at a density of 2 x 10° cells per well. For
co-treatment, JEV at 0.01 MOI in infection medium was incubated with pyrazole compounds at
15uM for half an hour in 1.5ml tubes. Following incubation, 200ul of infection medium was added
on top of cells. After 2 h of adsorption, the medium was removed, and fresh DMEM with 2% FBS
was added. For post-treatment, compounds were added after 2 h of JEV adsorption. Cells and
supernatant from differentially treated (virus-infected, virus along with compound treated, mock-
infected, and compound control) samples were collected at 72 h time point. Virus titration was
done using plague assay along with viral VRNA and JEV NS1 protein detection through real-time

and western blot analyses, respectively.

5.3.5 In vitro time-dependent Kinetics of JEV

To examine the replication of JEV, Neuro2a cells were treated in four different conditions:
mock-infected, compound treated cells, virus along with DMSO treated, virus along with
compound treated. Initially, cells were seeded in 6 well plate at a density of 2 x 10° cells/well and
kept for 12 h at 5% CO> at 37°C incubator. Further, 0.01 MOI of JEV infection was given for 2 h.
Post virus adsorption, infection media was removed and DMEM containing 2% FBS along with
compound at 15uM concentration were added. For analyses, the cultured media at 24, 48, 72, 96,

and 120" h were harvested for virus titration using logio TCIDso.
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5.3.6 In vitro dose-dependent response of JEV

For dose-response analyses, Neuro2a cells were seeded in a 12 well plate at a density of 2
x 10° cells/well. The cells were infected with 0.01 MOI of JEV for 2 h. Post-virus adsorption,
different doses of final shortlisted compounds (1b and 1f) starting from 15uM to 5SpuM in DMEM
containing 2% FBS were used to treat cells. Supernatant and whole-cell lysate were collected at
72 h post-infection. The JEV NS1 and GAPDH specific bands were detected in western blot to
check the virus inhibition and for loading control, respectively. Inhibitory concentrations (ICso) of
both the compounds were calculated by treating the cells at four different concentrations ranging
from 15 to 1uM. Briefly, Neuro2a cells were seeded in 6 well plates and infected with JEV at MOI
0.01 after which cells were incubated for 72 h. Cells and supernatant were harvested post

incubation, and JEV particles were titrated by plaque assay.

5.3.7 Dose and time-course study of compounds in mice

For dose-determination study, non-toxic concentrations of 1b and 1f were determined by
administering intraperitoneal 10, 50, and 100mg/ kg body weight of the compound in different
groups (n = 5) of 4-weekold BALB/c mice. All mice were observed for seven days for loss or gain
in weight and other evidence of toxicity like ruffled fur compared with the mice injected with plain
DMSO. Dilutions of compounds were prepared accordingly to inject only 50ul for every three
mentioned concentrations. Further, in the time course study, separate groups of mice (n = 5) were
treated with a different dosage of selected concentrations of compounds from the first study. The
dosage was administered intraperitoneal every 24 h for four days. The toxicity of compounds in

mice of each group was observed for seven days.
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5.3.8 Evaluation of anti-JEV effect of the compounds in mice

Four-week-old BALB/c mice were randomly divided into six groups (10 mice/group). In
three groups, 10* PFU/mice of live attenuated vaccine strain of JEV SA-14-14-2 was administered
intracerebrally. Following two hours of JEV injection, compounds 1b or 1f with dosage 100
mg/kg/day per mice were injected intraperitoneally into two out of three JEV injected groups.
Third group was treated as JEV infected group and was infected intraperitoneally with DMSO (30
ul). Fourth group received intracerebral injection of PBS (30 pl) and intraperitoneal DMSO (30
ul) to serve as ‘mock infected group’. Fifth and sixth groups served as ‘only drug control’ thus
received 100mg/kg/day per mice of 1b or 1f, respectively. The treatment of compounds was given
from 1st day post-infection, daily, for up to four days. Following a day, three mice from each group
were sacrificed every 24 h. The spleen and brain harvested from each mouse were used for virus
quantification and gene expression studies. For viral VRNA quantification, total RNA from the
brain and spleen were isolated using TriZol method and converted into cDNA using (iScript™
cDNA Synthesis Kit, Biorad). All the in vivo experiments were done at Maharshi Dayanand
University, Rohtak, India. The study was conducted following the guidelines of the institutional

animal ethics and biosafety committee vide sanction CAH 76-85 dated 26-02-2021.

5.3.9 ROS estimation

For flow cytometry analyses, Neuro2a cells were seeded in 2 x 10° cells/well density in 6-
well plate and incubated for 12 h at 37°C, 5% CO: incubator. JEV infection were given in three
wells at 0.1MOI. The 1b and 1f treatment was given at 15uM concentration separately in JEV
infected and non-infected cells 2 h post-infection. Untreated and uninfected controls were kept
along with one DMSO (0.1%) control. After 48 h of incubation, cells were pelleted and washed

with 1% phosphate buffer saline (PBS, pH 7.4). Further, cells were suspended in 500 pl of 1%
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PBS and incubated with 10 uM 2’ ,7' -dichlorodihydrofluorescin diacetate (H2DCF-DA) for 30
min at 37°C. The stained live cells were analyzed using flow cytometry (BC, CytoFlex S Analyser).
The DJ-1(5933, CST, USA), SQSTML1 (39749, CST, USA), HO-1 (43966, CST, USA), NQO1
(62262, CST, USA), antibodies were used to explore the modulation of NRF2- SQSTM1 pathway
in the cells. Antibodies dilutions of 1:5000 were prepared in 2% Bovine serum albumin in PBS.

The B-actin was used as a loading control for all the experiments (MA1-91399, Invitrogen).

5.4 Results
5.4.1 Synthesis of pyrazole derivatives

The synthesis of 1,3,5-trisubstituted pyrazoles were achieved using our reported
methodology involving oxidative cyclization of synthesized 2,4-dinitrophenyl hydrazone
derivatives in the presence of silica molybdic acid as catalyst. At the beginning, the synthesis of
substituted chalcones was obtained employing the literature known Claisen Schmidt condensation
procedure, followed by treatment with 2, 4-dinitrophenyl hydrazine under hot acidic conditions in
methanol to yield respective hydrazone derivatives. These hydrazone derivatives were then
subjected to oxidative cyclization under solvent-free, neat heat conditions using silica molybdic
acid as a catalyst (Figure 5.1 [A, B]). The formation of compounds 1a-1f were confirmed by 'H

NMR and 3C NMR spectral analysis (Figure 5.2).
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Figure 5.1 Substrate scope of the synthesized 2,4-dinitrophenyl pyrazole derivatives (A).
Structural representation newly synthesized six pyrazole derivatives (B).
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Figure 5.2 'H NMR and 3C NMR spectral analysis of compounds 1a-1f.

5.4.2 Evaluation of the anti-JEV effect of compounds in cells

Mean cellular toxicity (CCso) of pyrazole derivative 1a was recorded at around 10uM, for
Ic, 1d, le at around 1uM, whereas CCso values of 1b and 1f were calculated around 50uM and
75uM, respectively (Figure 5.3). Compound la showed about 10% reduction in viral plaque at
5uM concentration but was not selected due to high cellular toxicity beyond 10uM (data not
shown). Also, no anti-JEV activity were observed with 1c, 1d, or 1e treated cells, at different

concentration.
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Figure 5.3 Cytotoxicity analyses of six compounds in Neuro2a cells. MTT assay was done after
48hr. Concentrations from 100uM to 100nM were selected for the experiment (A). Data are shown
as the mean + SD.

In order to examine the anti-JEV effects of two-hit compounds 1b and 1f, Neuro2a cells
infected with JEV at 0.01 MOI were co-treated and post-treated with the compounds separately
(Figure 5.4A). At 72 h post-infection, viral titer of the supernatant were calculated through plaque
assay by diluting it in ratio 1:10. The results showed up to 70% and 90% less viral particles in
post-treated and about 55% to 82% reduced particles in co-treated cells with 1b and 1f, respectively
(Figure 5.4B). Viral vVRNA from the cells was quantified by gRT-PCR by gene-specific primers
and normalized with GAPDH. The results indicated 83%- and 98%-fold decrease in viral VRNA
at 72 h with 1b and 1f in post-treated cells (Figure 5.4C). The anti-JEV effect of both compounds
was higher in post-treated than in co-treated cells. Concurrent results were observed at the protein
level as well. About 60% and 78% reduction in the viral protein was observed in 1b co-treated and
post-treated cells, respectively. The 1f treated cells showed more than 95% reduction (Figure

5.4D).
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Figure 5.4 Evaluation of antiviral effect of 1b and 1f derivatives in Neuro2a cells. Different
treatment groups are marked as: cell control (CON), virus infected (V), virus along with 1b treated
cells (V+1b) and virus along with 1f treated (\V+1f). Schematic presentation of post-treatment and
co-treatment performed for 72 h at 15uM concentration (A). Virus titration using plagque assay of
supernatant collected from post and co-treated cells after 72 h of incubation (B). Real-time
analyses of viral RNA using JEV E gene specific amplification (C). For all the treated groups
CON, V,V+1b, V+1f analyses is done at 72 h time points. GAPDH is used as an internal control
and values are represented as mean fold change in multiple of 100 with respect to cell control. ***
representing p-value < 0.001. Western blot analyses using JEV NS1 specific monoclonal antibody
(GTX633820, GeneTex) and GAPDH (BB-AB0060, BioBharti) as an internal control (D).
Analyses was done using whole cell lysates after 72 h of treatments. JEV NS1 band is detected at
~45 kDa normalised with protein band of GAPDH at around 37 kDa.

5.4.3 Time and dose-dependent Kinetics of JEV in cells

Virus titration in Neuro2a showed maximum inhibition at 96" h with either of the
compounds (V+1b and V+1f) treated cells compared to control. A maximum of 6 logio TCIDso
value was observed at 96" h for the virus control compared to 5.25 and 4.25 logio TCIDso for
compounds 1b and 1f, respectively (Figure 5.5A). Results highlighted slow replication of JEV
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from the early phase of infection in compound treated groups. Supernatant from the mock-infected

group showed no cytopathic effect.
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Figure 5.5 Time and Dose-dependent kinetics of JEV in Neuro2a cells. Multi-step growth kinetics
of the JEV in Neuro2a cells upon treatment with 15uM of 1b and 1f (A). Cells from CON are
shown as base line. Supernatant were collected after every 24 h till 120" h post treatment and
replaced with equal volume of fresh medium. Virus yield were determined by logio TCIDso.
Standard deviations indicated as error bars. Dose response analyses of JEV from (15 to 5)uM
concentration of 1b and 1f (B). Western blot analyses with JEV NS1 and GAPDH specific antibody
post. Whole cell lysates collected post 72 h of treatment were used for analyses.

Different doses of 1b and 1f treatment were given to Neuro2a cells starting from 15uM to
5uM. Protein analyses from whole cell lysate revealed more reduction in JEV protein with
compound 1f as compared to 1b (Figure 5.5B). The decrease in JEV protein was dependent upon

the concentration of 1b, while inhibition by 1f was consistent even at lower concentrations.
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The ICsp value of compound 1b was calculated ~5uM with about 59% reduction in JEV as
compared to controls. Compound 1f showed five times lower 1Csq value than 1b (Figure 5.6 [A,
B]). Approximately, 67% reduction in JEV was observed at 1uM concentration suggesting 1Cso

value of 1f to be around <1puM.
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Figure 5.6 Evaluation of ICso value of 1b and 1f through plaque assay at 72" h. (A). Graph
representing percentage of plaque reduction at 15 pM, 10 uM, 5 uM and 1 uM (B).
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5.4.4 Anti-JEV potential of 1b and 1f in mice
No significant change in body weight due to intraperitoneal injection of the compound was
observed. Also, no change in fur color, tremors or activeness was observed at any time till seven

days in either time-escalation or dose-escalation study (Figure 5.7 [A-D]).
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Figure 5.7 Graph representing time escalation study of 1b and 1f in mice (A-B). Mice wereinjected
intraperitoneal with 10, 50 and 100mg/kg of 1b or 1f first day in different groups (n=3). Mice of
control group received DMSO of equal volume. Body weight of each mouse were observed till
five days and plotted as mean body weight in grams. Graph representing dose escalation study of
compounds in mice (C-D). Intraperitoneal injection of 100mg/kg of 1b or 1f were given two, three
and four times at 24 h interval in different groups. Body weight of each mouse was observed till
5™ day of experiment and plotted in graph as mean body weight in grams

Further, the anti-JEV efficacy was analyzed till five days of antiviral study (Figure 5.8A).
No visible symptoms of infection were observed in mice of any group injected with intracerebral
JEV at 10* PFU/mice. The protective efficacy of compounds on mice was determined by viral
RNA quantification through real-time analyses in brain and spleen samples every 24 h. Treatment
with either compound 1b or 1f considerably reduced viral RNA by more than 41% and 70% in
spleen tissue and about 33% and 43%, respectively, in brain tissue compared to untreated controls.
Data suggested reduced JEV replication starting from an early phase of infection with most

significant inhibition in the spleen than in the brain (Figure 5.8 [B, C]).
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Figure 5.8 Schematic presentation of anti-JEV experiment in mice (A). Real time analyses of JEV
E viral RNA in spleen (B) and brain (C) tissues harvested at 24, 48, 72, 96, 120" h time points.
Graph representing JEV E RNA fold change in multiple of 100 with respect to group
CON+DMSO. GAPDH is used as internal control. *** representing p-value <0.001. Standard
deviations indicated as error bars.

5.4.5 Anti-JEV mechanism

The expression of DJ-1 and SQSTM1 proteins were analyzed along with anti-oxidative
proteins; HO-1 and NQO1 48 h of post treatment and/or infection. DMSO (solvent in which
compound was dissolved) did not show significant modulation of any of the proteins except HO-
1 with 0.76-fold decrease compared to mock control. Significant up-regulation of all the proteins
were observed post 1b and 1f treatment. DJ-1 and SQSTM1 proteins showed 5.4- and 2.6-folds
higher expression compared to untreated/uninfected control for 1b and 1f, respectively.
Conversely, JEV infected cells showed a decrease in both the protein level by ~25% compared to
untreated and uninfected control. No suppression of DJ-1 or SQSTM1 was observed in JEV
infected cells when treated with 1b or 1f compounds (Figure 5.9A). Further, analyses of anti-

oxidative proteins, NQO1 and HO-1 indicated a substantial increase by around 14 and 2.9 folds
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with either of the compound treatment. In the contrary, no significant difference was observed in
either NQO1 or HO-1 in JEV infected cells. Further, flow cytometry analyses was performed to
estimate ROS generation post 48 h. About 27% and 32% reduction in median FITC intensity was
observed in 1b and 1f treated cells, respectively, compared to untreated and uninfected cells
(Figure 5.9B). On the other side, approximately 50% increase in ROS was observed in JEV
infected cells. Conversely, no increase in ROS was observed in JEV infected cells post 1b or 1f
compound treatment (V+1b, V+1f). Around 15% low FITC intensity was obtained in VV+1f treated

cells compared to JEV infected cells.
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Figure 5.9 Western blot analyses using DJ-1 (SQSTM1 (8025, CST) specific antibody and beta-
actin as a loading control (MA1-91399, Invitrogen) at 48" h. (A). Flow cytometry analyses to
estimate ROS generation in differential treated group with respect to CON group at 48" h in
Neuro2a cells (B). FITC channel is used to detect fluorescence of DCFH-DA dye. Y-axis
representing median FITC intensity. Base line drawn at intensity of CON group. *** representing
p-value <0.001

5.5 Discussion

JEV infection causes up-regulation of ROS and down-regulation of endogenous anti-

oxidative mechanism (73). The endogenous (or adaptive) anti-oxidants are of both enzymatic and
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non-enzymatic molecules. As discussed before, many of these enzymatic anti-oxidants (e.g.,
NQO1 peroxiredoxins, HO-1, SOD, catalase, and GPx) are encoded by the NRF2 -Keapl pathway
(194). Upon cellular oxidative stress, SQSTM1 prevents Keapl from binding to NRF2, thereby
up-regulation of ARE-containing genes (195, 196). NRF2 has also been found to get stabilized
with DJ-1 protein. It is a redox-sensitive protein that triggers activation of anti-oxidant pathway
through NRF2/ARE system by ubiquitination and facilitates its nuclear translocation(195, 196).
Knockdown of DJ-1 have indicated decrease in NRF2 as well as NRF2 dependent decrease in
NQO1, HO-1 enzymes (195, 196)). In the present study, we have tried understanding the anti-
oxidative characteristics of synthesized pyrazole derivatives via NRF2-SQSTM1 pathway
attributing towards anti-JEV properties.

Out of six pyrazole derivatives, only two compounds 1b and 1f inhibited JEV up to ~70
and ~90%, respectively. We observed a higher reduction of JEV infection in post-treatment than
co-treatment probably due to the prevention of re-infection of virus particles present in the
supernatant. Further, dose-dependent response of JEV showed significant reduction at protein level
even at 5uM concentration of compound 1f. Whereas, with 1b the level of JEV reduction was
dependent on concentration and was ineffective at 5M concentration. Time-dependent kinetics
of JEV conferred inhibition from the early stage of viral entry till the late phase of virus replication
and release of viral particles. Our study reflects that fluoro substituent is essential for optimal anti-
JEV activity. Pyrazole 1f, which contains two fluorine substituents, showed better activity than
compound 1b, which has only one fluoro substituent. Further, having established anti-JEV role in

vitro, we investigated its therapeutic potential in mouse.

In our in vivo study, all 3-week old mice infected with up to 10* PFU/mouse of SA14-14-

2 remained healthy and displayed no clinical signs of JEV infection up to 120" h. In previous
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research, high pathogenicity of SA14-14-2 strain was observed when injected via intracerebral
route than intraperitoneal or intramuscular route (197). In our study, the intraperitoneal
administration of (100mg/kg/day) of 1b and 1f did not affect the visible sign of health and behavior
in mice, thus bypassing toxicity limitations. In mouse model, although both of the compounds
inhibited JEV infection but did not suppress JEV replication completely. At 120" h notable
inhibition by 40.9% and 70.5% in spleen and by 33.3% and 43.7% in brain tissues were achieved
by 1b and 1f, respectively. The data suggests that 1f compound suppressed the JEV infection more
effectively than 1b and both compounds showed higher inhibition in spleen than in brain tissue.
We assume that the distribution and reach of the compounds to different organs or blood brain
barrier penetration could be the factor for their limiting performance. Also, the route of virus
inoculation or pathogenic nature of JEV strain may influence the extent of inhibition in different
tissues. Further work can be done to improve the delivery method or its formulation. In previous
studies, anti-JEV effect of Nitazoxanide was shown following its delivery directly to the stomach

(198).

In our study, pyrazole compounds 1b and 1f significantly induced the expression of DJ-1
and SQSTM1, thereby mediating NRF2-driven pronounced increase in NQO1 and HO-1 protein
level at 48" h of its treatment. Concurrently, opposite (negative) regulation of DJ-1 and SQSTM1
was observed in JEV infected cells. In various studies role of SQSTML in flavivirus pathogenesis
have been contradictory. During the progression of dengue infection, SQSTM1/p62 levels have
been found to reduce via proteasomal degradation. Importantly, stable overexpression of SQSTM1
significantly suppressed dengue replication, suggesting it as a viral restriction factor (199). Dual
functionality of SQSTML1 in autophagy and JEV infection supports its role in viral pathogenesis.

Increased levels of SQSTM1 are seen in JEV-infected cells and are hypothesized to block
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autophagosome maturation and accumulation of misfolded proteins (200, 201). Our results
correlate with the findings that SQSTML1 levels in cells are dependent on viral replication or on
the stage of infection. Unlike SQSTM1, few studies have been done reporting regulation of DJ-1
in JEV infected cells. Previously, DJ-1 as well as NRF2 mediated expression of thioredoxin, SOD
were down-regulated, leading to decrease in ROS scavenging and activation of p38-MAPK
induced apoptosis in JEV infected cells (199). In various studies, the role of NQO1 and HO-1
have found to be antiviral and the propagation of RNA viruses like Zika, Dengue, HCV are known
to suppress its induction thus bypassing the host antiviral response against increasing ROS (195,
196). In contrast, in our study, JEV infection mediated DJ-1 and SQSTM1 down-regulation did
not affect the NRF2 mediated regulation of downstream proteins like NQO1 or HO-1. We
hypothesize that, depending on the cellular contexts and oxidative stress levels, viral infection
exerts a differential influence on the NRF2 pathway. Apart from this report conflicting results
overturned the findings describing the up-regulation of NQO1 and HO-1 in most of the viral
infections (199). Studies have confirmed the mechanism of detoxification by NQOL1 is based on
the two electron mediated reduction of quinones to hydroguinones and bypassing semiquinone
radical via redox cycling reactions (199). On the other side, HO-1 is a stress-inducible enzyme that
catabolizes heme into biliverdin, ferrous iron, and carbon monoxide contributing to the
cytoprotective effect of HO-1 by acting as anti-oxidant, anti-inflammatory, and
immunomodulatory molecules (199). Our results showed marked decrease in ROS (27% and 32%)
in 1b or 1f treated cells via NRF2 downstream up-regulation of NQO1 and HO-1, respectively.
Altogether, even slight increase in DJ-1 and SQSTML protein significantly induced NQO1 and
HO-1 by 14-fold and 3-fold compared to mock-treated cells. The activity of our compounds

corresponds to interlocked positive feedback loops of NRF2-SQSTML1 signaling mechanism
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(196). In previous reports, pyrazole itself have been shown to increase both, nuclear NRF2 protein
level and NRF2-ARE binding activity in both in vitro as well as in vivo systems, indicating the
vast target potential of pyrazole derivatives (131, 202).

Among many reported studies, few pyrazole derivatives were found to be ineffective,
similar to our compounds 1a, 1c, 1d, and 1e (142). In this study, we have used the most prevailing
synthetic route known for the synthesis of 1,3,5-trisubstituted pyrazole which includes annulations
initiated by condensation of 1,3-diketones with hydrazines, 1,3-dipolar cycloaddition of diazo
compounds with alkynes from aryl hydrazones and the reaction of a, 3-unsaturated aldehydes and
ketones with hydrazines (203-207). In our previous study, we have synthesized similar series of
1,3,5-trisubstituted pyrazole derivatives and were screened biologically against different cancer
cells (208).

Many recently reported anti-JEV compounds are found to be active against multiple viruses
(198, 209). Since, 1b and 1f have been found to be more effective in inhibiting JEV infection both
in neuronal cells and in mouse, these may impart a possibility for developing therapeutics against
other flaviviruses. Antiviral therapies based on anti-oxidants could provide potential targets for
generating therapeutics against JEV. Compounds with direct radical scavenging properties or
modulating anti-oxidative enzymes like SOD, catalase, GPx, GST can be explored for their likely

antiviral effects.
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Chapter 6. Conclusions

JEV is a serious vector-borne cause of encephalitis and a major public health problem
leading to high morbidity and mortality. Within endemic areas, it leads to approximately 25-30%
rate mortality and severe residual neurological or psychiatric complications (6). Neurological
complications associated with the critical phase of the illness include encephalopathy, movement
disorders such as parkinsonism (46, 47). Parkinsonism includes symptoms like tremors, a masked
face, microphonia, impaired consciousness, saccadic eye tracking and neck stiffness (48, 49).
Since there are no therapeutics for the treatment of JEV infected patients, identifying a biomarker

could be a way forward to develop its therapeutics and diagnostics.

Neuron-specific proteins in JEV infection play major role in JEV prognosis in CNS. The
normal function of a-syn is associated with synapses, such as synaptic plasticity, neurotransmitter
release, dopamine metabolism, and vesicle trafficking a-syn. However, this protein has been
directly and indirectly linked with JEV pathogenesis. Overexpression of a-syn is reported in the
brain of JEV-infected patients. Also, JEV exploits dopamine signaling and modulates its level to

facilitate viral infection, which is regulated by a-syn protein.

Thus, we tried to understand the role of a-syn in JEV replication, including the mechanism,
phosphorylation, and oligomerization. We also focused on utilizing a similar mechanism to design
anti-JEV therapeutic candidates and characterize them in vitro and in vivo. Our results suggested
that a-syn exerts an anti-JEV effect by regulating protein involved in oxidative stress inside
neuronal cells. Briefly, we found significant increase in endogenous a-syn expression in JEV-
infected cells. Additionally, treatment with Exoa-syn led to a substantial reduction in JEV

replication, suggesting its anti-viral effect. Furthermore, Exoa-syn treatment led to the
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upregulation of SODI1 and reduction in ROS. The results were validated by endogenous a-Syn-
silencing, which decreased SOD1 and raised ROS levels in neuronal cells. Similarly, the SOD1

inhibition via LCS-1 also intensified ROS and JEV infection.

Further, an increase in endogenous a-syn expression in JEV-infected neuroZ2a, leads to its
altered a-synS129 phosphorylation and formation of a-syn oligomers. Our study revealed protein
expression of phosphokinases like PLK2 and CK2 that are found to regulate a-Syn were
significantly downregulated, specifically at late phase of JEV replication. Parallelly, we observed
significant decrease in pa-synS129 in JEV-infected cells. Since the interplay between
phosphorylation and the non-phosphorylated state of o-syn has been important in gene
transcriptional regulation, we hypothesize that it might increase SOD1 gene expression as shown
in our first objective. Further, the oligomerization of a-syn in JEV-infected cells was increased

compared to non-infected neuro2a cells.

The modulation of anti-oxidative pathways could be a way to interfere with JEV
replication. Thus, we analyzed new series of dinitroaryl substituted derivatives of pyrazole moiety
that can directly modulate anti-oxidative pathway. We. Out of six tested pyrazole derivatives, only
two compounds showed anti-JEV effect. Pyrazole compounds significantly induced the expression
of DJ-1 and SQSTM1, which were otherwise negatively regulated in JEV-infected cells. Our
results indicated anti-oxidative properties of pyrazoles derivatives through up-regulation of NQO1
and HO-1 leading to marked decrease in ROS. The activity of our compounds corresponds to
interlocked positive feedback loops of NRF2-SQSTML1 signaling mechanism. The combined
results of all objectives reflect the molecular and functional insight of the anti-JEV role of cellular
anti-oxidative machinery, which can be modulated via endogenous neuronal protein like a-Syn or

directly by exogenous pyrazole compounds.

79
TH-3406_176106107



Chapter 7. Future prospects

The present study ponders on the functional characterization of a-syn in JEV replication

and probable therapeutic candidates against its infection.

The study revealed the anti-viral role of a-syn via modulating SOD1 protein. Since the
normal function of a-syn is found to be related to synaptic plasticity, we hypothesize multiple roles
of a-syn in JEV pathogenesis. Hence, an elaborate study is required to be performed to analyze all
other aspects. Notably, we have not investigated the role of aggregated a-syn or LBs in JEV
infection. Therefore, in viral pathogenesis, it remains an important question to answer. In depth in

vivo study will provide molecular details of a-synucleinopathy in JEV infection.

Apart from current study, a-syn is reported to modulate ER stress pathway (101). The
levels of activating transcription factor 6 (Atf6), protein disulfide isomerase (PDI), and
phosphorylated elF2a proteins, all of which support viral infection in WNV, were significantly
increased in a-syn-knockout primary cortical neurons (101). Also, the detailed analyses of mutated
a-syn like A53T, A30P can deliver a broader understanding of functional characteristics of a-syn
in JEV replication. Also, our findings corroborate with the previous studies indicating the unrelated
behavior of pa-synS129 with the oligomerization of a-syn. This can be validated using a mouse

model or in clinical samples.

In the present study, we examined temporal expression of cellular CK2 and PLK2.
However, other kinases like GRK5, PLK1 are left to be investigated. The relation of pa-synS129
in JE progression is still left to be uncovered. Additionally, in vitro and in vivo analyses of the
antiviral activity of pyrazole compounds highlighted their potential to develop therapeutics against

JEV. However, its role in other flaviviruses like WNV, DENV are yet to be analyzed.
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Additionally, pyrazole derivatives modulating a-syn expression can be an interesting area
to explore. Antiviral therapies based on anti-oxidants could provide potential targets for generating
therapeutics against JEV. Compounds with direct radical scavenging properties or modulating
anti-oxidative enzymes like SOD, catalase, GPx, GST can be explored for their likely antiviral

effects.
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