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West Nile virus (WNV) is an emerging mosquito-borne pathogen and is posing
significant global health challenge through climate change. WNV, transmitted
between birds and Culex mosquitoes, has significantly expanded northward in
recent years, leading to outbreaks across Europe and North America. This review
explores the recent advancements and therapeutic strategies targeting WNV's
structural and non-structural (NS) proteins, which play critical roles in viral
replication and pathogenesis. Promising candidates include peptide-based
inhibitors, monoclonal antibodies, and small molecules that disrupt protein-
protein interactions. Most of current findings are derived from in silico methods
or in vitro assays, with limited validation through in vivo studies. Although no
vaccines are currently available for humans, several have been approved for horses,
and development efforts are ongoing. The growing threat of WNV underscores the
urgent need for validated antiviral therapies and scalable vaccines, especially
considering its increasing geographic range and public health impact.
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Introduction

West Nile virus (WNV) is an emerging mosquito-borne pathogen and a global health
challenge, affecting millions of people worldwide through geographical expansion of
mosquito vectors due to climate change (Weaver and Reisen, 2010; Weaver, 2013; Erazo
etal., 2024). The virus follows an enzootic transmission cycle, spreading between migratory
birds and Culex mosquitoes and infecting humans and mammals like horses, which are
dead-end hosts (Weaver and Reisen, 2010). Discovered in Uganda in 1937 (Lanciotti et al.,
2002), it reached the US by 1999 (Lanciotti et al., 1999), and by 2003, became a leading
arthropod-borne disease (DeFelice et al., 2017).

Climate change, particularly rising temperatures and increased rainfall, has fuelled
WNV’s spread across Europe, with annual outbreaks in Mediterranean and central regions
since the 1990s, particularly in Romania, Italy, and Greece (Paz, 2015; Vogels et al., 2017;
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Bakonyi and Haussig, 2020; Semenza et al., 2022; Farooq et al.,
2023; Giesen et al,, 2023; Erazo et al., 2024). Northern regions,
including Spain, the Netherlands, Germany, and Hungary, have
also been affected, with the largest European outbreak recorded in
2022, causing 1,340 locally acquired cases and 104 deaths (Bakonyi
and Haussig, 2020; Farooq et al, 2023; ECDC, 2024a; ECDC,
2024b). WNV spread from North America to Latin America, yet
large human outbreaks have not been reported in the latter regions,
likely due to underreporting, misdiagnosis, cross-protection from
other flaviviruses, or the circulation of attenuated viral strains. In
Asia, WNV neuroinvasive cases have been reported in Pakistan, Sri
Lanka, and India, but little is known about its impact in other
countries. Strengthening surveillance and diagnostic efforts are
crucial to prevent potential future epidemics (May et al., 2011;
Kramer et al., 2019; Chowdhury and Khan, 2021; Lorenz and
Chiaravalloti-Neto, 2022). While most infections are
asymptomatic, less than 1% lead to neuroinvasive diseases such as
encephalitis or meningitis, particularly in elderly or
immunocompromised individuals (Sinigaglia et al., 2020). With
no specific vaccine or antiviral treatment available, the increasing
incidence of severe cases underscores the urgent need for drug
discovery (European Centre for Disease Prevention and
Control, 2024).

West Nile virus (WNV) belongs to the genus Flavivirus
(Lindenbach et al, 2007; Dong et al, 2008). It is a spherical,
enveloped virus (~50 nm diameter) with a single-stranded,
positive-sense RNA genome (~11 kb) encoding structural (Capsid,
C; Envelope, E; pre-Membrane, prM) and non-structural (NS1 -
NS5) proteins critical for replication, assembly, and immune evasion
(Colpitts et al., 2012) (Figure 1). The structural proteins facilitate viral
encapsulation and entry. The E protein mediates receptor binding
and membrane fusion, while the prM protein stabilises immature
virions, later cleaved into the membrane (M) protein for infectivity
(Saiz et al,, 2021). Non-structural proteins are vital for replication
and immune modulation. NS1 assist replication complex formation
and interferes with Toll-like receptor 3 (TLR3) signalling, NS2A/
NS4A reshape host membranes for RNA replication and suppress
interferon responses (Liu et al., 2005; Wilson et al., 2008; Londono-
Renteria and Colpitts, 2016; Saiz et al., 2021). The multifunctional
NS3 protease and helicase processes viral polyprotein and unwinds
RNA, while NS5, the RNA-dependent RNA polymerase (RdRp),
ensures genome replication and RNA capping. NS5 is the most
conserved protein among flaviviruses, making it a key therapeutic
target (Londono-Renteria and Colpitts, 2016; Habarugira et al., 2020;
Saiz et al, 2021). WNV infects host cells via clathrin-mediated
endocytosis. Endosomal membrane fusion releases the
nucleocapsid into the cytoplasm, where RNA replication occurs at
vesicle packets formed by rearranged endoplasmic reticulum (ER)
membranes (Krishnan et al,, 2007; van der Schaar et al, 2008;
Londono-Renteria and Colpitts, 2016; Saiz et al., 2021). Immature
virions assemble and mature through host protease cleavage before
being released by exocytosis (Brinton, 2013; Londono-Renteria and
Colpitts, 2016; Martin and Nisole, 2020; Saiz et al., 2021).
Transmission primarily involves mosquitoes that acquire the virus
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from infected birds, its primary reservoirs, and spread it to humans
and other mammals, which are dead-end hosts due to insufficient
viremia (Colpitts et al., 2012; Ahlers and Goodman, 2018). Migratory
birds likely drive WNV dissemination by interacting with resident
bird populations, sustaining mosquito vectors, and maintaining
zoonotic risks (Cendejas and Goodman, 2024; Lima et al., 2024).

This review examines recent advances in drug development
targeting WNV’s E protein, which blocks viral entry, and NS3 and
NS5, essential replication proteins with conserved sites that enable
precise inhibitor design (Lescar et al., 2008; Fernandes et al., 2021),
making them key targets for antiviral therapy.

Drugs - envelope protein

The E protein, essential for virion assembly and host cell entry, is a
critical drug target. Its DIII domain, responsible for receptor binding,
has been targeted by entry inhibitors (Figure 1) (Nybakken et al., 2006;
Saiz et al,, 2021). Mertinkova et al. (Mertinkova et al., 2021) identified
four cyclic peptides (CTKTDVHEFC, CIHSSTRAC, CTYENHRTC,
CLAQSHPLC) with affinity for DIII using in silico approach. These
peptides exhibited neutralising activity in vitro with no detectable
toxicity or haemolytic effects (Mertinkova et al., 2021). Similarly, Bai
et al. (Bai et al., 2007). demonstrated 50% of WNYV infection inhibition
by Peptide P1 (DTRACDVIALLCHLNT) at 67 uM in vitro, while its
derivative P9 (CDVIALLACHLNT) achieved 50% inhibition at 2.6
uM. P9 also reduced viremia and brain viral loads in mice by crossing
the blood-brain barrier, enhancing survival rates in lethal WNV
challenges. Morrey et al. (Morrey et al., 2006). investigated a
humanised monoclonal antibody (mAb; hE16) targeting DIII in a
hamster model. A single intraperitoneal dose of hE16 five days post-
infection achieved 80% survival rates, increasing to 88% when
administered directly into the brain. Even hamsters with high WNV
levels in cerebrospinal fluid were protected when treated. This suggests
mAbs can neutralise WNV in the brain, likely facilitated by BBB
alterations during encephalitis (Morrey et al., 2006).

There are also other regions in the E protein that are worth to be
included in antiviral studies. Nybakken et al. (Nybakken et al,
2006). emphasise the significance of the DI-DIII linker, a region
vital for both the fusion transition and the maturation process of
viral particles, making it a promising candidate for further
investigation. Additionally, the fusion loop in DII is another key
target; it facilitates the homodimerization of the WNV E protein
within the mature virion, contributing to the protein’s structural
stability and functional integrity (Nybalkken et al., 2006). Building
on earlier work by Noueiry et al. (Noueiry et al,, 2007), Hossain
et al. (Hossain et al., 2018) highlight the potential of targeting
specific regions within the E protein using small inhibitory
molecules, such as AP30451 and its derivatives (Figure 1). These
compounds have been shown to specifically inhibit flavivirus RNA
translation and block the WNV replicon in ELISA in vitro assays in
multiple cell lines. It was shown that these compounds bind to the
DIIT and DI domains of the E protein as well as regions proximal to
the DI-DIII linker. Their findings underline the importance of these
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FIGURE 1
Life cycle of the West Nile virus and key drug targets. The WNV initiates infection by binding to an as-yet unidentified receptor on the host cell

surface. Entry into the host cell is mediated via clathrin-dependent endocytosis. Following internalisation, the virus fuses with the vesicular
membrane, releasing the gRNA into the cytoplasm. The gRNA is translated into a polyprotein precursor, which undergoes proteolytic cleavage to
produce structural proteins (C, prM, E) and non-structural proteins (NS). The non-structural proteins form the replication complex, facilitating the
synthesis of new gRNA. Structural proteins and replicated gRNA are assembled into nascent virions within the ER. The partially assembled virions are
encapsidated and transported through the ERGIC to the Golgi apparatus. Final virion maturation occurs in the vesicles that are transported to the
cell membrane, where furin cleaves prM to M, before the release of the newly formed infectious virus particles, which can now infect additional host
cells. Several therapeutic targets have been identified along this pathway, such as the E protein, NS3 protease, NS5 RdRp, and the NS3-NS5
interaction interface. C, Capsid protein; E, Envelope protein; ER, Endoplasmic Reticulum; ERGIC, ER-Golgi intermediate compartment; gRNA,
genomic RNA; NS, Non-Structural protein; prM, pre-Membrane protein; RdRp, RNA-dependent RNA polymerase; WNV, West Nile Virus. The figure

was created with the help of BioRender.com.

structural elements not only for viral function but also as promising  production costs and delivery challenges, particularly for brain

targets for antiviral drug development. penetration. In contrast, small molecules can be more cost-

While monoclonal antibodies like hE16 offer high specificity  effective, orally bioavailable, and capable of targeting intracellular
and potent neutralisation, their use can be limited by high  processes, though they may face challenges related to resistance and
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off-target effects. These trade-offs highlight the need for a balanced
approach in antiviral drug development (Wan, 2016; Desai et al.,
2023; Wu et al,, 2024). Though the E protein remains a critical entry
target, non-structural proteins offer additional avenues for antiviral
therapies by disrupting viral replication.

Drugs — non-structural proteins

The NS3 protease plays a critical role in viral replication
through its protease and helicase functions, and forms a serine
protease complex with the cofactor NS2B, enabling the cleavage of
non-structural proteins from the viral polyprotein, a crucial step for
viral particle assembly (Hammamy et al., 2013; Lim and Shi, 2013;
Bhakat et al.,, 2014) (Figure 1). This proteolytic activity is vital to
produce functional viral proteins, facilitating effective viral
replication and contributing to the overall pathogenicity of the
virus. Consequently, in recent years, various experimental
approaches have been explored to inhibit the NS3 functions,
highlighting its potential as a target for antiviral drug development.

The FDA-approved asthma treatment molecule, zafirlukast, and
its derivatives were evaluated for their potential to inhibit the NS3
protease (Martinez et al., 2018). Zafirlukast, composed of a toluic
acid-N-aryl sulfonamide and a cyclopentyl carbamate linked by an
indole backbone, binds to an NS3 allosteric site via the
sulphonamide group and the aromatic ring inhibiting its protease
activity. Zafirlukast occupation of allosteric site also hinders the
docking of NS2B to NS3 inhibiting its function. Furthermore, in
vitro studies demonstrated even better inhibition when the
cyclopentyl group was replaced with a phenyl group. These
findings were supported by both in vitro and in silico approaches,
highlighting the critical structural components of zafirlukast that
contribute to its inhibitory activity (Martinez et al., 2018).

The study by Skorenski et al. (Skorenski et al., 2019) screened
various o-aminoalkylphosphonate diphenyl esters and their
peptidyl derivatives for their ability to inhibit NS3 protease.
Among the compounds evaluated, Cbz-Lys-Arg-(4-GuPhe)®
(OPh), emerged as the most potent inhibitor. This molecule
specifically targets the serine active site of the NS3 protease,
leading to irreversible inhibition by forming a slowly hydrolysing
protease-inhibitor complex (Skorenski et al., 2019) (Figure 1).

Balasubramanian et al. (Balasubramanian et al,, 2016) further
explored the NS3 protease as a drug target using an in vitro protease
assay. They screened tolcapone, tannic acid, and compound C (a
catechol derivative). In high-throughput screening (HTS), all three
compounds exhibited strong inhibition of WNV protease activity,
with C, F (tolcapone), and G (tannic acid) showing 98%, 99%, and
98% inhibition, respectively, at 10 uM concentrations. These
inhibitors acted competitively, binding to the active site of the
protease. In silico models using the DENV protease revealed that
tannic acid had the highest binding efficiency, followed by
compound C and tolcapone. While tannic acid, a phytochemical
with historical use in natural medicine, has demonstrated broad
antiviral properties, including protection against dengue virus,
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tolcapone’s application is limited due to its known hepatotoxicity,
despite its effectiveness as a protease inhibitor (Balasubramanian
et al,, 2016) (Figure 1).

A eugenol derivative, namely 4-(3-(4-allyl-2-methoxyphenoxy)-
propyl)-1-(2-bromobenzyl)-1H-1,2,3- triazole, was identified as a
promising lead compound for inhibiting the NS3 protease. Eugenol,
widely known for its anti-inflammatory, antiseptic, anaesthetic, and
analgesic effects at low concentrations, is commonly used in dental
products such as toothpastes and mouthwashes. The modification of
eugenol has shown potent antiviral activity with low cytotoxicity in
vitro. Molecular docking studies revealed that the eugenol derivative
effectively binds to the catalytic triad of the NS3 protease. Given its
natural origin, favourable safety profile, and specific recognition
pattern in the protease, the eugenol derivative holds potential as a
promising antiviral agent against Flavivirus infections, including West
Nile virus (de Oliveira et al., 2019).

In the study of Drazi¢ et al (Drazic et al., 2020), various peptide-
B-lactams were used to inhibit the NS3 protease of WNV. The
findings show that tripeptide-bound S-lactams, which previously
showed affinity towards flavivirus NS3 proteases, are capable of
inhibition by binding the active site. Tripeptide-bound f-lactams
exhibit two distinct mechanisms of action. In the first mechanism, it
forms a covalent and reversible bond with the catalytic serine of the
NS3 protease. Upon release, the B-lactam ring undergoes opening.
In the second mechanism, the amide bonds between lysine and
benzyloxyphenylglycine are cleaved before release (Drazic et al,
2020) (Figure 1).

The strategy, which is used by Pinkham et al. (Pinkham et al,
2018), aims at the modification of the catalytic site of NS3 protease.
Attenuation of the protease was achieved through use of different
metallopeptides with benzoylated and naphtoylated N-terminal
capping by irreversible oxidation of amino acid residues of the
protease which are essential for substrate binding and catalysis. The
study utilized amino-terminal copper and nickel (ATCUN) binding
peptides, which have already been described as catalytically active
protease inhibitors (Joyner and Cowan, 2011; Joyner et al., 2012;
Joyner et al., 2013; Pinkham et al., 2018). The ATCUN motif was
introduced by modifying the C-terminus of the WNV protease
binding domain, where the N-terminal glycine of the tripeptide
Gly-Gly-His was replaced with D-2,3-diaminopropionic acid
(DDap), resulting in the sequence DDap-Gly-His. This targeting
sequence was coupled through the 3’ amine of DDap, allowing the
2’ amine to coordinate with copper ions. Additionally, DDap-Gly-
His was attached to targeting domains using polyglycine linkers of
various lengths, optimizing the interaction and efficacy of the
metallopeptides against the NS3 protease. Both, benzoylated and
naphtoylated metallopeptides, are capable of oxidation of amino
acid residues in the binding pocket important for catalysis and
residues important for substrate binding, attenuating the NS3
protease in its function in viral replication (Pinkham et al., 2018).

NS5, with its dual methyltransferase (MTase) and RNA-
dependent RNA polymerase (RdRp) functions, plays a pivotal
role in the virus’ life cycle (Koonin, 1993; Tan et al., 1996; Guyatt
et al., 2001; Egloff et al., 2002; Ray et al., 2006; Malet et al., 2007;
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Zhou et al., 2007; Davidson, 2009; Lim and Shi, 2013; Bhakat et al.,
2014). Recent studies have considered on identifying compounds
that inhibit NS5’s enzymatic activities, with various experimental
approaches being explored to enhance the efficacy of antiviral
therapies targeting this critical protein. Sofosbuvir is a licensed
nucleotide analogue targeting the RdRp of hepatitis C virus (HCV),
and has already shown successful inhibition in vitro and in vivo
towards DENV and ZIKV (Lam et al., 2012; Sacramento et al., 2017;
Xu et al,, 2017; Mesci et al., 2018). It is proposed that sofosbuvir
binds to the catalytic site of WNV RdRp by forming a wobble-like
hydrogen bond with the uracil base of the RNA template (Dragoni
et al,, 2020), inhibiting the enzyme from its activity. Although this
drug might be promising against WNV, the viral RdRp shows
escape pathways against sofosbuvir through specific mutations in
the active site of the enzyme (Dragoni et al., 2020) (Figure 1).

Adding to the therapeutic exploration of NS5, Qing et al. (Qing
et al., 2009) highlights the role of cyclophilins (CyPs), a family of
peptidyl-prolyl isomerases (PPlases), in viral replication. CyPs
catalyse the isomerisation of peptide bonds at proline residues,
facilitating proper protein folding. CyP interacts directly with the
WNV genomic RNA and NS5 within the replication complex,
acting as a molecular chaperone that maintains the active
conformation of the complex to enhance viral RNA synthesis.
The study demonstrates that cyclosporine (Cs), an 11-amino-acid
cyclic peptide, inhibits the PPIase activity of CyP, thereby blocking
its interaction with NS5 affecting the step of viral RNA synthesis.
Knockdown experiments and viral RNA measurements further
establish the importance of CyP in the replication process. While
CyPs have been implicated in the replication of other viruses such as
HIV and HCV, their involvement in the WNV lifecycle reinforces
their significance as a host-derived target for therapeutic
interventions. However, as the therapeutic dose of Cs remains
unestablished, and in vivo studies are lacking, its clinical potential
against WNV is yet to be determined, limiting current findings to in
vitro assays (Qing et al., 2009).

The NS3-NS5 interaction is crucial for viral replication, making
it a key target for antiviral strategies. Disrupting this interface with
small molecules or peptides could block replication complex
assembly, reducing viral replication and pathogenicity. Drug
discovery efforts focus on identifying inhibitors to target this
interaction has been done (Kapoor et al., 1995; Chen et al., 1997a;
Johansson et al., 2001; Yon et al., 2005; Takahashi et al., 2012; Tay
et al,, 2015; Brand et al., 2017; Yang et al., 2022). Yang et al. (Yang
et al., 2022) demonstrates that I-OMe tyrphostin AG538 (I-OMe-
AG538) and suramin hexasodium (SHS), can inhibit the interaction
of NS3 with NS5 of WNV in vitro. Due to specific side effects
observed in humans, SHS has not received FDA approval.
Nevertheless, it is a known anti-viral drug, blocking the
replication of various viruses (Chen et al., 1997b; Ren et al., 2014;
Albulescu et al., 2015; Ho et al.,, 2015; Hen{$ et al., 2016; Albulescu
et al,, 2017; Salgado-Benvindo et al., 2020). It is suggested that both
small molecules bind directly to NS5, destabilizing its structure and
preventing its interaction with NS3, thereby inhibiting viral
replication (Yang et al, 2022). Celegato et al. (Celegato et al,

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2025.1568031

2023) identified hit compounds C-9 (ZINC1333392 in ZINKI5
docking database; C23H27N306S2) and C-30 (ZINC19598270;
C18H11F5N40), which inhibited DENV replication in vitro
without cytotoxicity using digital docking. Compounds C-9, C-24
(ZINC56798609; C14H20N403), and C-30 also inhibited WNV
replication in cells, demonstrating broad-spectrum antiviral
potential. In mouse models, C-30 significantly reduced viral loads
in the spleen and brain, effectively decreasing DENV replication in
key tissues, including the brain. These compounds disrupt the NS3-
NS5 interaction in a concentration-dependent manner. Their
broad-spectrum activity suggests they may also be effective
against WNV in vivo. This underscores the promise of targeting
protein-protein interactions in flavivirus drug development
(Celegato et al., 2023) (Figure 1).

The diverse range of antiviral strategies targeting WNV
highlights the complexity of disrupting viral replication. While
individual inhibitors show promise, mostly in vitro so far, their
efficacy could be enhanced by combining multiple drugs that target
different viral proteins, such as NS3 and NS5, to prevent escape
mutations and improve treatment outcomes. Future studies should
also explore such combination therapies to develop more robust
antiviral approaches against WNV.

Vaccines

As of now, no WNV vaccine has progressed beyond phase I or II
clinical trials for humans, with candidates often requiring multiple
doses and boosters (Principi and Esposito, 2024). ChimeriVax-WN02
(Sanofi Pasteur; NCT00442169, NCT00746798), a live attenuated
chimeric vaccine, demonstrated seroconversion rates above 90% after
a single dose in Phase II clinical trials (Dayan et al,, 2013; Gould et al.,
2023; Principi and Esposito, 2024). Several phase I clinical trials have
evaluated alternative vaccine approaches, each with distinct
immunogenic profiles. WN/DEN4-3’A30, a live attenuated chimeric
vaccine, demonstrated seroconversion rates ranging from 55% to 95%
depending on the dosing schedule in different clinical trials
(NCT00094718, NCT00537147, NCT02186626) (Durbin et al,
2013; Gould et al., 2023; Principi and Esposito, 2024). DNA-based
candidates, such as VRC-WNVDNAO017-00-VP (NCT00106769) and
VRC-WNVDNA020-00-VP (NCT00300417), have demonstrated
strong neutralising antibody responses, with seroconversion rates
exceeding 96% after a three-dose regimen (Gould et al, 2023;
Principi and Esposito, 2024). Notable advancements include
recombinant subunit vaccines, such as one using the truncated E
protein (rWNV-80E) combined with adjuvants, which elicited strong
humoral and cellular immunity in mice (Du et al., 2023; Gould et al,,
2023; Principi and Esposito, 2024). Inactivated whole-virus
formulations, including HydroVax-001 (NCT02337868), have
shown moderate seroconversion rates (31-50%) following two
doses, while a formalin-inactivated vaccine induced peak antibody
responses after a booster dose (Gould et al, 2023; Principi and
Esposito, 2024). Despite promising progress, no candidate has
advanced beyond early trials, highlighting challenges in
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immunogenicity, dosing, and scalability for human use. While WNV
exhibit less genetic variability when compared to dengue virus
(DENV), its unpredictable infection course makes it difficult to
assess vaccine efficacy, hindering clinical trial progression (Gould
et al,, 2023). Notably, none of these vaccine candidates have been
reported to have adverse effects and are generally described as safe.
Both WNV and dengue virus belong to the Flavivirus genus,
sharing similar structural and immunological features (Brand et al.,
2017; Principi and Esposito, 2024). While no WNV vaccine has

® and

been approved for humans, two dengue vaccines, Dengvaxia
Qdenga®, have been licensed, providing valuable insights for WNV
vaccine development. Dengvaxia® is a live recombinant tetravalent
vaccine, offering 75% protection against DENV-3 but only 34% for
DENV-2, while Qdenga® is a live attenuated version containing all
serotypes which reaches 98% for DENV-2 (Principi and Esposito,
2024; World Health Organization, 2024; Zoetis, 2024). This
suggests that similar strategies could help address WNV vaccine
challenges in immunogenicity and scalability. The progression of
ChimeriVax-WNO02 to phase II trials marks a significant step
forward despite ongoing hurdles.

In contrast, four vaccines have been approved for horses,
including inactivated virus and canarypox-vectored platforms,
demonstrating success in veterinary medicine (West Nile-
Innovator® by Zoetis, US; RECOMBITEK® by MERIAL Ltd., US)
(Merial Ltd, 2023; Zoetis, 2024). West Nile-Innovator® showed
94% protection against viremia, while RECOMBITEK® induced
cell-mediated immunity and neutralizing antibodies (Ng et al,
2003; El Garch et al., 2008; Rossi et al., 2010; Filette et al., 2012;
Pinto et al., 2013; Merial Ltd., 2023; Merck Animal Health, 2024;
Zoetis, 2024).

Conclusion

This review highlights significant advancements in developing
antiviral drugs against WNV while emphasizing the need for
further therapeutic development. Despite progress in
computational modelling and in vitro studies targeting WNV’s
proteins, in vivo assays remain limited, highlighting a gap in
experimental validation compared to flaviviruses like YFV,
DENV, and ZIKV. With WNV spreading to northern regions due
to climate change, more in vivo experimentation and validated
animal models are urgently needed to substantiate findings and
expedite the development of effective antivirals and vaccines. Such
efforts could not only address the growing WNV threat but also
contribute to therapeutics for other flaviviruses, given their
conserved proteins.
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