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Abstract

West Nile Virus (WNV), a mosquito-borne flavivirus first identified in Uganda in 1937,
has emerged over the past quarter century as a major global public health threat. Since
its introduction into North America in 1999, WNV has become the leading cause of ar-
boviral neuroinvasive disease, with recurrent outbreaks continuing across Europe, Africa,
and the Americas. This review provides a comprehensive overview of the microbiol-
ogy, epidemiology, and clinical impact of WNV. We discuss the molecular biology of the
virus, highlighting its genomic organization, replication strategies, and the structural and
non-structural proteins that underpin viral pathogenesis and immune evasion. The com-
plex enzootic transmission cycle, involving Culex mosquitoes and diverse avian reservoir
hosts, is examined alongside ecological and climatic determinants of viral amplification
and spillover into humans and equines. The clinical spectrum of WNV infection is out-
lined, ranging from asymptomatic seroconversion to West Nile fever and life-threatening
neuroinvasive disease, with particular emphasis on risk factors for severe outcomes in
older and immunocompromised individuals. Current approaches to diagnosis, support-
ive management, and vector control are critically reviewed, while challenges in vaccine
development and the absence of effective antiviral therapy are underscored. Finally, we
address future research priorities, including therapeutic innovation, predictive outbreak
modeling, and genomic surveillance of viral evolution. WNV exemplifies the dynamics of
emerging zoonotic diseases, and its persistence underscores the necessity of a coordinated
One Health approach integrating human, animal, and environmental health. Continued
scientific advances and public health commitment remain essential to mitigate its enduring
global impact.

Keywords: West Nile Virus; epidemiology; neuroinvasive disease; vector-borne infections;
one health
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1. Introduction

West Nile Virus (WNYV), a mosquito-borne neurotropic flavivirus, represents one of
the most significant emerging zoonotic pathogens of the last quarter-century [1]. Since
its dramatic introduction into the Western Hemisphere in 1999, it has become the leading
cause of arboviral neuroinvasive disease in North America and continues to cause sporadic,
severe outbreaks globally [2]. The virus’s history traces from its initial isolation in the West
Nile district of Uganda in 1937, where it was associated with mild febrile illness, to its
modern-day status as a cause of potentially fatal meningoencephalitis [3]. This historical
arc, marked by a dramatic shift in clinical severity and geographic range, is central to
understanding its evolving epidemiology and public health importance.

The global impact of WNV is defined by its vast geographic distribution, spanning all
continents except Antarctica, its complex enzootic transmission cycle involving birds and
mosquitoes, and the significant morbidity and mortality associated with its neuroinvasive
manifestations, particularly in older adults and immunocompromised individuals [3]. The
emergence of WNYV has placed a substantial burden on public health systems through
the costs of patient care, long-term rehabilitation for survivors with neurological deficits,
extensive vector control programs, and the implementation of universal screening for the
blood and organ supply [4].

The economic impact of WNV is substantial, imposing a heavy burden on healthcare
systems and society. Direct costs include hospitalization, long-term care for patients with
neurological sequelae, and outpatient visits. Indirect costs, such as lost productivity and
disability, further compound the financial strain. For example, major outbreaks have been
estimated to cost hundreds of millions of dollars, underscoring the economic rationale for
investing in robust surveillance, vector control, and vaccine development programs [5].

This review provides a multi-faceted and comprehensive analysis of West Nile Virus.
It begins with an examination of the fundamental virology and molecular biology that
govern its replication and pathogenesis. It then explores the intricate epidemiology of
the virus, from its natural enzootic cycle to its explosive global expansion and the ecolog-
ical factors that drive transmission. Finally, it details the full clinical spectrum of WNV
disease, from asymptomatic infection to fatal encephalitis, and critically evaluates the
current state of diagnosis, clinical management, and public health prevention, including
the formidable challenges that remain in the development of effective human vaccines and
specific antiviral therapeutics.

2. Virology and Molecular Biology

A thorough understanding of the molecular architecture and replication strategy of
West Nile Virus is the key to developing targeted countermeasures. The virus’s genetic
material, proteins, and life cycle reveal a highly evolved pathogen adept at exploiting host
cell machinery in both its invertebrate vectors and vertebrate hosts.

2.1. Taxonomy and Phylogenetics

West Nile Virus is a member of the family Flaviviridae and the genus Orthoflavivirus [6].
It is classified within the Japanese encephalitis virus (JEV) serocomplex, a group of closely
related neurotropic viruses that includes other major human pathogens such as St. Louis
encephalitis virus (SLEV), Murray Valley encephalitis virus (MVEV), and JEV itself [3]. This
close antigenic relationship is of significant clinical importance, as it leads to serological
cross-reactivity that can complicate diagnostic testing [7].

Phylogenetic analysis based on nucleic acid homology has categorized WNV into
at least seven, and possibly as many as nine, distinct genetic lineages, with the major
lineages diverging by as much as 25-30% at the nucleotide level [8]. Of these, only Lineage
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1 and Lineage 2 are consistently implicated in widespread and severe human and equine
disease [9].

e Lineage 1: This lineage has the broadest global distribution and is historically asso-
ciated with the most significant outbreaks of neuroinvasive disease. It is found in
the Americas, Africa, Europe, Asia, and Australia. Lineage 1 is further divided into
sub-lineages; notably, sub-lineage 1a is the strain responsible for the massive epidemic
that began in North America in 1999 [10]. Sub-lineage 1b, also known as Kunjin virus,
is primarily found in Oceania and is generally associated with a lower incidence of
severe neurological symptoms [10].

e Lineage 2: This lineage was traditionally endemic to sub-Saharan Africa and Madagas-
car and was associated with sporadic, milder disease [11]. However, this static view of
virulence has been challenged in recent years. Emergent, highly pathogenic strains
of Lineage 2 have been responsible for major outbreaks of neuroinvasive disease in
Europe, particularly in countries like Greece and Italy, since 2010 [11,12].

The dynamic evolution of WNV virulence illustrates a key principle of RNA virus
biology. The inherent plasticity of the viral genome, driven by a high mutation rate, allows
for the independent and convergent evolution of virulence-enhancing mutations within
different genetic backbones. This means that surveillance programs cannot focus solely
on Lineage 1; any WNV lineage circulating in nature possesses the intrinsic potential to
acquire mutations that increase its epidemic and pathogenic potential. This reality has
profound implications for public health preparedness and vaccine design, mandating that
any candidate human vaccine should confer broad, cross-protective immunity against
virulent strains from both Lineage 1 and Lineage 2. Encouragingly, studies of E-protein-
based vaccine candidates suggest this is an achievable goal [13].

2.2. Virion and Genome Structure

The West Nile virion is a small, spherical particle approximately 45-50 nm in diameter,
with an icosahedral nucleocapsid core surrounded by a host-derived lipid envelope [14].
Embedded within this lipid bilayer are the viral structural proteins, the Envelope (E) and
Membrane (M) proteins, which form a relatively smooth outer shell [15].

The core of the virion contains the viral genome, a single-stranded, positive-sense
RNA molecule (+ssRNA) of approximately 11,000 nucleotides [2]. The genome contains a
single long open reading frame (ORF) that is directly translated into a viral polyprotein
upon entry into the host cell cytoplasm [2]. The ORF is flanked by highly structured 5’
and 3’ non-coding regions (NCRs) that are indispensable for the viral life cycle [16]. A
hallmark of flaviviruses is the absence of a 3’ polyadenylation (poly (A)) tail, which is nearly
ubiquitous on eukaryotic mRNAs; instead, the WNV genome terminates in a conserved
stem-loop structure ending in a CUOH sequence [2].

Advanced molecular studies have revealed that the WNV genome functions not just
as a passive blueprint for proteins but as a highly sophisticated and dynamic RNA machine.
The NCRs contain a series of evolutionarily conserved secondary structures, including stem-
loops (SLs) and pseudoknots, that act as essential cis-acting “riboregulatory elements” [16].
These structures are not merely passive spacers; they are functional components that
orchestrate the viral life cycle. Deletion of the terminal SLs at either the 5 or 3’ end is
lethal to the virus, underscoring their critical nature [17,18]. These structures serve as
promoters and recognition sites for the viral replication machinery, regulate the switch
between translation and replication, and facilitate the long-distance RNA-RNA interactions
between the 5’ and 3’ ends. This “genome cyclization” is a physical prerequisite for the
initiation of RNA synthesis by the viral polymerase [17-19].
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Furthermore, the 3’ NCR contains complex structures, including so-called “dumbbell”
repeats and specific SLs, that function to stall host cell 5'-3’ exoribonucleases. This incom-
plete degradation of the viral genome results in the accumulation of a distinct, non-coding
subgenomic flaviviral RNA (sfRNA), which is itself a key molecule for viral pathogenesis
and evasion of the host innate immune response [17-19]. The discovery that the genome
folds with “minimal host dependence” yet the function of these riboregulatory elements
can be “host-specific” provides a profound understanding of viral adaptation [18]. This sug-
gests the virus has evolved a robust, pre-programmed structural scaffold that remains stable
across different organisms, while specific elements within this scaffold can be fine-tuned
to interact optimally with distinct host factors in vastly different cellular environments,
such as a mosquito midgut cell versus a human neuron. This dual functionality of the
genome as both an information carrier and a functional machine makes the RNA itself a
prime target for novel antiviral strategies, such as those using antisense locked nucleic acids
(ASO-LNAs) to physically disrupt these critical structures and inhibit viral growth [18].

2.3. The Viral Proteome

The single ORF of the WNV genome is translated by host ribosomes into a large
polyprotein of over 3000 amino acids. This polyprotein is then co- and post-translationally
cleaved by a combination of the viral protease complex (NS2B-NS3) and host cell proteases
(such as signalase in the ER and furin in the trans-Golgi network) to yield three structural
proteins (Capsid [C], pre-Membrane/Membrane [prM/M], and Envelope [E]) and seven
non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [2]. Each of
these proteins performs specific and often multiple functions essential for viral replication,
assembly, and pathogenesis (See Table 1).

Table 1. Functions of West Nile Virus Proteins.

Protein

Type Detailed Function(s)

C (Capsid)

Binds to and packages the viral RNA genome to form the icosahedral
nucleocapsid. Also traffics to the nucleus and may play a role in
modulating host cell processes, including gene regulation through
interactions with histone proteins.

Structural

prM/M
(pre-Membrane/Membrane)

The prM protein acts as a critical chaperone for the E protein during virion
assembly, stabilizing its conformation and preventing its premature,
Structural acid-catalyzed fusion during transport through the exocytic pathway. The
final cleavage of the ‘pr’ peptide from M by host furin in the trans-Golgi
network is the essential maturation step that renders the virion infectious.

E (Envelope)

The primary glycoprotein on the virion surface, arranged as dimers. It
mediates viral attachment to host cell receptors (e.g., DC-SIGN, integrins)

Structural and, following a low-pH-triggered conformational change in the
endosome, drives the fusion of the viral and host membranes. It is the
principal target for host-neutralizing antibodies.

A highly conserved glycoprotein that exists as a dimer within infected cells
and is also secreted as a lipid-associated hexamer. It is an essential cofactor

NS1 Non-Structural for viral RNA replication, likely by organizing the replication complex.
Secreted NS1 can modulate the host complement system and has been
implicated in promoting vascular leak and neuroinvasiveness.

A small, multi-pass transmembrane protein with diverse functions in the

NS2A Non-Structural viral life cycle. It is involved in the assembly of new virions, modulates

RNA replication, and is a key antagonist of the host interferon (IFN)
signaling pathway.
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Table 1. Cont.

Protein

Type Detailed Function(s)

NS2B

Non-Structural

A small integral membrane protein that serves as the essential cofactor for
the NS3 protease. It anchors the NS3 protease domain to intracellular
membranes, forming the active NS2B-NS3 protease complex required for
polyprotein processing.

NS3

A large, multifunctional enzyme. The N-terminal one-third constitutes a
serine protease (in complex with NS2B) that cleaves the viral polyprotein at

Non-Structural multiple sites. The C-terminal two-thirds contains RNA helicase and

nucleoside triphosphatase (NTPase) activities, which are required to
unwind RNA secondary structures during replication.

NS4A

Non-Structural

A small transmembrane protein that functions as a cofactor for the NS3
helicase. It is also responsible for inducing the membrane rearrangements
within the host cell that create the replication complexes and has been
shown to inhibit IFN signaling.

NS4B

Another hydrophobic, multi-pass transmembrane protein that is a crucial

Non-Structural component of the replication complex. It is also a potent antagonist of the

host IEN response, blocking the STAT1 signaling pathway.

NS5

The largest and most conserved of the flavivirus proteins, possessing two
distinct enzymatic domains. The N-terminal domain is a methyltransferase
(MTase) responsible for adding a type-1 cap structure to the 5’ end of the

Non-Structural viral RNA, which is crucial for translation and evasion of host innate

sensing. The C-terminal domain is the RNA-dependent RNA polymerase
(RdRp) that catalyzes the synthesis of new viral RNA genomes. NS5 also
plays a role in suppressing the IFN response.

2.4. The Viral Replication Cycle

The WNV life cycle is a highly coordinated process that occurs entirely within the

cytoplasm of the infected host cell, leveraging host structures and machinery to efficiently

produce new viral progeny.

1.

Attachment and Entry: The cycle initiates when the viral E protein on the virion
surface binds to cellular attachment factors, such as glycosaminoglycans, and sub-
sequently to specific entry receptors on the host cell [2]. This interaction triggers
internalization of the virus particle via clathrin-mediated endocytosis, enclosing it
within an endosome [19].

Fusion and Uncoating: As the endosome traffics into the cell interior, it undergoes
maturation, a process accompanied by a drop in luminal pH from neutral to acidic.
This acidic environment induces a dramatic and irreversible conformational rearrange-
ment of the E protein dimers into fusogenic trimers. This change exposes a fusion loop
that inserts into the endosomal membrane, driving the fusion of the viral envelope
with the endosomal membrane and releasing the nucleocapsid into the cytoplasm.
The nucleocapsid then disassembles, uncoating the viral RNA genome [2].
Translation and Polyprotein Processing: Once free in the cytoplasm, the positive-
sense genomic RNA is recognized by host ribosomes and immediately translated.
This translation occurs on the surface of the endoplasmic reticulum (ER) and produces
the single, large viral polyprotein. As it is being synthesized, the polyprotein is co-
and post-translationally cleaved by the viral NS2B-NS3 protease and host proteases
to release the ten individual mature structural and non-structural proteins [2].

RNA Replication: The non-structural proteins induce and associate with invagi-
nations of the ER membrane, forming specialized, vesicle-like structures known as
replication complexes or “viral factories” [19]. These structures sequester the com-
ponents of the replication machinery, concentrating reactants and shielding the viral
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RNA from host innate immune sensors. Within these protective vesicles, the NS5
RNA-dependent RNA polymerase (RdRp) uses the input genomic (+ssRNA) as a
template to synthesize full-length, complementary negative-sense RNA intermediates
(—ssRNA). These —ssRNA intermediates then serve as templates for the asymmetric
and massive amplification of new progeny (+ssRNA) genomes [19].

5. Assembly, Maturation, and Egress: Newly synthesized (+ssRNA) genomes are
encapsidated by the C protein to form nucleocapsids. These nucleocapsids then bud
into the lumen of the ER, acquiring a lipid envelope that is studded with the prM
and E structural proteins. This process forms immature, non-infectious virions [19,20].
These immature particles are transported through the secretory pathway, moving
from the ER to the Golgi apparatus. Within the acidic environment of the trans-Golgi
network, the host protease furin cleaves the ‘pr” portion of the prM protein. This
cleavage is the final and critical maturation step; it causes a structural rearrangement
that lays the E proteins flat against the viral surface, stabilizing them in their final,
fusion-competent conformation. The now mature, infectious virions are packaged
into transport vesicles and released from the cell via exocytosis [14,19].

Notably, while traditionally considered non-infectious, recent evidence indicates that
immature virus particles that escape the cell without prM cleavage can still play a role in
pathogenesis. These particles can be bound by antibodies against the E or prM proteins,
allowing them to infect immune cells via Fc receptor-mediated entry, a process that may
contribute to antibody-dependent enhancement (ADE) of infection [21].

3. Epidemiology and Transmission

The epidemiology of West Nile Virus is a compelling narrative of viral evolution,
ecological adaptation, and global dispersal. What was once a geographically restricted
virus causing mild illness has transformed into a continental pathogen responsible for
severe neuroinvasive disease, a shift driven by a complex interplay between the virus, its
vectors, its hosts, and the environment.

3.1. Historical Emergence and Global Spread

The recognized history of WNV begins in 1937 with its isolation from the blood
of a febrile woman in the West Nile district of Uganda [3] (See Table 2 for Major WNV
Outbreaks). For the next several decades, the virus was known to cause infrequent and
generally mild febrile outbreaks across Africa, the Middle East, and parts of Southern
Europe and Asia [10]. The first well-documented epidemic occurred in Israel in 1951, and
subsequent extensive studies in Egypt during the 1950s were pivotal in characterizing its
ecology. These studies established its endemicity along the Nile, confirmed its transmission
by Culex species mosquitoes and identified its broad range of avian reservoir hosts and
incidental mammalian hosts, including equines [10]. Throughout this period, WNV was
largely considered a pathogen of minor public health importance, primarily causing a
self-limiting illness in children [8].

Table 2. Timeline of Major WNV Outbreaks and Geographic Expansion.

Year(s) Location Key Features & Significance
1937 West Nile District, Uganda Flrs’f 1s91at10n of the virus from a human patient with a mild

febrile illness.

First recognized epidemics; detailed characterization of clinical
1950s Israel, Egypt features, endemicity, and the mosquito-bird transmission cycle. Virus

considered a minor pathogen.
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Table 2. Cont.

Year(s)

Key Features & Significance

1996

Major outbreak with high rates of severe meningoencephalitis,

Bucharest, Romania signaling a dramatic shift in the virus’s clinical presentation

and severity.

1999

First introduction to the Western Hemisphere. Outbreak of severe

New York City, USA neuroinvasive disease and massive associated mortality in native

avian species (e.g., crows).

2002-2003

United States (nationwide)

Explosive, coast-to-coast epidemics with 4156 and 9862 cases,
respectively, establishing WNV as the dominant arbovirus in the US.

2012

Major resurgence in cases (5674 total), with a large outbreak centered

United States (esp. Texas) in Dallas County, highlighting the continued epidemic potential of

the virus in endemic regions.

2010s

Southern/Eastern Europe (e.g.,
Greece, Italy, Romania)

Recurrent and expanding large outbreaks, driven by emerging
virulent Lineage 2 strains, demonstrating ongoing risk and viral
evolution in the Old World.

2018

Southern/Central Europe

Unprecedentedly large and geographically widespread outbreak,
with a significant number of cases in Italy and the first autochthonous
cases reported as far north as Germany. Demonstrated the northward
expansion of the virus’s range in Europe.

2025

A significant summer outbreak of autochthonous WNV

Lazio Region, Italy neuroinvasive disease, highlighting the persistent endemicity and

re-emergence of the virus in previously affected European regions.

A significant shift in the virus’s clinical and epidemiological character began in the mid-
1990s. An outbreak in Bucharest, Romania, in 1996 was alarming for its unprecedentedly
high rate of severe meningoencephalitis and associated mortality, primarily among older
adults [10]. This event served as a harbinger of the virus’s emerging neurovirulent potential
and was followed by similar severe outbreaks in Russia and Israel in the late 1990s [10].

The defining event in the modern history of WNV occurred in the late summer of
1999. An unusual cluster of human encephalitis cases, characterized by profound muscle
weakness, was identified by an astute physician in Queens, New York City [19]. Simul-
taneously, veterinary pathologists at the Bronx Zoo noted extensive die-offs among local
bird populations, particularly American Crows [22]. The convergence of these human
and animal health investigations led to the stunning identification of West Nile Virus,
marking its first-ever appearance in the Western Hemisphere [7]. This introduction, likely
via an infected mosquito on an airplane or an infected migratory bird, exposed the pro-
found vulnerability of a technologically advanced nation to the importation of an exotic
pathogen [7].

From this initial foothold in New York, the virus disseminated across North America
with a speed and scale that stunned the public health world. Facilitated by the movement
of infected birds, the virus spread rapidly along migratory flyways. Within just three years,
it had reached the Pacific coast, and by 2006, it had been detected in all 48 contiguous U.S.
states, southern Canada, Mexico, the Caribbean, and parts of South America [10,14]. The
years 2002 and 2003 witnessed massive, nationwide epidemics in the United States, with a
cumulative total of over 14,000 reported cases and more than 500 deaths, firmly establishing
WNYV as the dominant and most important arboviral pathogen in the country [9]. The virus
is now considered permanently established and endemic throughout North America [23].
Following its establishment in North America, WNV continued its southward expansion,
with detections in Central and South America. Although the region has not experienced
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human neuroinvasive disease outbreaks on the scale seen in the United States, the virus
has been isolated from mosquitoes, horses, and birds in countries such as Argentina, Brazil,
and Colombia [24]. Serological evidence suggests widespread, low-level circulation, but
the reasons for the lower incidence of severe human disease remain an area of active inves-
tigation, potentially related to cross-protective immunity from other endemic flaviviruses
or differences in vector-host dynamics [25].

In the 21st century, Europe has also faced recurrent and expanding WNV outbreaks.
An unprecedentedly large outbreak in 2018 affected numerous southern and central Euro-
pean countries, with Italy being particularly hard-hit. This event was notable for the virus’s
northward expansion, leading to the first locally acquired cases in Germany. More recently,
a significant outbreak of neuroinvasive disease in the Lazio region of Italy in the summer
of 2025 re-emphasized the virus’s firm establishment and ongoing public health threat on
the continent [22].

3.2. The Enzootic Transmission Cycle

WNV is maintained and perpetuated in nature through a primary enzootic cycle
involving birds as reservoir and amplifying hosts and mosquitoes as biological vectors [19]

(Figure 1).

Figure 1. West Nile Virus (WNV) transmission cycle. The virus is maintained in an enzootic cycle
(black double arrow) between Culex mosquitoes and avian hosts, which act as reservoirs and
amplifiers. Some mosquito species function as bridge vectors, transmitting WNYV to incidental hosts
such as humans and horses (Red arrows), who are considered dead-end hosts because they do not
sustain transmission. Environmental factors (temperature, rainfall, and migratory bird movements)
strongly influence both vector abundance and viral spread, shaping the intensity and geographic
distribution of outbreaks ( ).

e  Mosquito Vectors: Mosquitoes of the genus Culex are the principal vectors of WNV
globally [2]. In the United States, several species are critical to transmission, with their
dominance varying geographically:

Culex pipiens (the northern house mosquito) is a key vector in the eastern and urban
areas; Culex tarsalis is dominant in the western states; and Culex quinquefasciatus (the
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southern house mosquito) is important in the Southeast [3]. The ability of a mosquito to
transmit the virus, known as vector competence, is a multi-step process. After ingesting a
blood meal from a viremic bird, the virus must infect and replicate within the mosquito’s
midgut epithelial cells, escape into the hemolymph (body cavity), and finally infect the
salivary glands. Only when the virus reaches a high titer in the saliva can it be transmitted
to a new host during a subsequent blood meal [3]. While some Culex species are strongly
ornithophilic (preferentially feeding on birds), others are more opportunistic generalists that
will also feed on mammals, including humans. These “bridge vectors” [26] are essential for
spilling the virus out of its primary avian cycle and into human and equine populations [27].
A seasonal shift in feeding patterns, where mosquitoes switch from avian to mammalian
hosts in the late summer, is thought to be a major driver of human outbreaks [28].

e Avian Reservoir Hosts: Birds are the cornerstone of the WNV transmission cycle
because they serve as amplifying hosts. Following infection, many bird species de-
velop levels of virus in their blood (viremia) that are high enough to infect feeding
mosquitoes, thus sustaining and amplifying viral circulation in the environment [2].
While over 320 species of birds in the U.S. have been found to be infected, their roles in
the transmission cycle are not equal [29]. Members of the crow family (Corvidae), such
as American Crows and Blue Jays, are highly susceptible to WNYV, often developing
fatal illness. Their deaths serve as a sensitive and highly visible indicator of viral activ-
ity, making them valuable sentinels for public health surveillance [22]. However, from
a transmission standpoint, species that are highly competent reservoirs—meaning
they sustain high viremia but may not die from the infection—are more important
for perpetuating the cycle. In much of North America, the American Robin (Turdus
migratorius) is considered a “super-spreader” and a primary driver of transmission,
as it develops high viremia and is a preferred food source for the primary Culex
vectors [30-32]. The long-distance dispersal of WNV across continents and along
major flyways is largely attributed to the movement of infected migratory birds, which
introduce the virus into new regions [33-36].

3.3. Epizootic Spillover and Human Infection

Humans and equines are generally considered “dead-end” or incidental hosts for
WNV [4]. While they are susceptible to infection and can develop severe disease, the level
of viremia they produce is typically too low and transient to efficiently infect a feeding
mosquito. This means they do not significantly contribute to the onward transmission of
the virus, effectively breaking the cycle [4,37].

While the overwhelming majority of human infections result from the bite of an
infected mosquito, several atypical modes of transmission have been identified and are
of significant public health concern, even though they account for a very small fraction
of cases:

e Blood Transfusion and Organ Transplantation: The recognition that WNV could be
transmitted via the transplantation of solid organs or the transfusion of blood products
from viremic, often asymptomatic, donors was a critical discovery in the early years of
the U.S. epidemic. This led to the rapid development and implementation of highly
sensitive nucleic acid amplification testing (NAAT) to screen the entire national blood
supply. This public health intervention has been remarkably successful, virtually
eliminating the risk of transfusion-transmitted WNV [38—40].

e  Perinatal Transmission: Although extremely rare, cases of vertical transmission from
mother to child have been documented, both transplacentally during pregnancy and
via breastfeeding after birth [41-43].
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e  Occupational Exposure: Percutaneous exposure through needlesticks or contact
with infectious tissues or aerosols in a laboratory setting represents a known risk
for researchers and healthcare workers [44].

3.4. Epidemiological Determinants and Risk

The explosive emergence of WNV in North America was not simply a matter of a
virus arriving in a new location; it was a “perfect storm” of synergistic factors that created
an unprecedented amplification cycle [4,23]. This event was driven by the convergence of
a virulent viral strain, a favorable environment, and immunologically naive and highly
competent host and vector populations [4,23,45]. The introduction of a highly pathogenic
Lineage 1a strain into a temperate climate with abundant urban and rural breeding sites
for Culex mosquitoes set the stage [27,45]. This environment contained a dense population
of avian hosts, such as American Crows and Robins, that were both exquisitely susceptible
to infection and capable of generating extremely high viremia, leading to massive viral
amplification in the environment [31,46]. This intense transmission pressure among birds,
facilitated by widespread and highly competent Culex vectors, dramatically increased the
frequency of spillover events into the equally naive human population, unmasking the full
neuroinvasive potential of the virus on a continental scale [4,23].

Several key factors determine the risk of WNV infection and the likelihood of
severe disease:

o Environmental and Seasonal Factors: In temperate climates, WNV transmission is
strongly seasonal, with the vast majority of human cases occurring in the late summer
and early fall (July through September), coinciding with the peak abundance and
activity of adult Culex mosquitoes [36,47]. Environmental factors such as tempera-
ture and rainfall can significantly influence vector populations and viral replication
rates [36,48]. Warmer temperatures can shorten the mosquito development cycle and
accelerate the extrinsic incubation period (the time it takes for the virus to replicate
in the mosquito and reach the salivary glands), thereby increasing transmission effi-
ciency [48]. Geographically, the highest incidence rates in the U.S. are found in the
central plains and western states [47].

e Behavioral and Occupational Factors: Any activity that increases exposure to
mosquito bites elevates the risk of infection. This includes spending significant time
outdoors, particularly during the peak biting hours of dusk and dawn [49]. Certain
occupations that involve extensive outdoor work, such as agriculture and construction,
or direct contact with the virus or its hosts, such as veterinary medicine and laboratory
research, have been identified as carrying a higher risk of exposure [44].

e Host Factors for Severe Disease: While anyone can become infected, the risk of
developing severe neuroinvasive disease is not uniform across the population. The
single most important risk factor is advanced age, with individuals over the age of 50,
and particularly those over 60, being at the highest risk for WNND and death [50,51].

Immunocompromised status is another major risk factor; solid organ transplant recipi-
ents, patients undergoing chemotherapy for cancer, and individuals with other forms of
immunosuppression are significantly more likely to develop severe disease [50,51]. Other
underlying medical conditions, such as diabetes, hypertension, and kidney disease, have
also been associated with an increased risk of severe outcomes [50,51].

Occupational Exposure and Work-Related Risk

Occupational exposure to WNV is an emerging concern, particularly for outdoor
workers and professionals with frequent contact with animals or biological samples. Several
recent studies have expanded the understanding of work-related risk factors. A systematic
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review by Odigie et al. [6] highlighted that military personnel, veterinarians, agricultural
workers, farmers, and laboratory staff handling infected materials are among the groups
at highest risk of WNV infection, underscoring the importance of tailored preventive
measures in occupational health programs.

In Southern Italy, it was reported a measurable seroprevalence of WNV antibodies
among outdoor workers, with livestock breeders showing the highest risk (6.5%) [52].
The study also demonstrated that consistent use of repellents and personal protective
equipment (PPE) significantly reduced infection risk, supporting the role of behavioral
and preventive strategies [52]. Similarly, data from Austria showed a 3.1% seroprevalence
of WNV among veterinary practitioners, reinforcing the occupational relevance of this
infection in Europe [53].

Broader analyses have emphasized that zoonotic pathogens such as WNV, which
can cause severe neurological complications, represent a critical but often underestimated
occupational hazard. A One Health-based approach, integrating surveillance across human,
animal, and environmental health, is recommended to improve detection and prevention
strategies in at-risk sectors [14].

4. Clinical Manifestations and Pathogenesis

Infection with West Nile Virus results in a wide spectrum of clinical outcomes in
humans, ranging from completely asymptomatic infection to severe and fatal neurological
disease [4,51]. The incubation period following the bite of an infected mosquito typically
ranges from 2 to 14 days, though it can be longer in immunocompromised individuals [4,37].

4.1. The Spectrum of Human Disease

The clinical presentation of WNV infection can be broadly categorized into three
main outcomes:

e Asymptomatic Infection: The vast majority of individuals infected with WNYV, es-
timated at approximately 80%, remain completely asymptomatic [4,49,51]. They
develop an immune response and clear the virus without ever knowing they were
infected. This high rate of subclinical infection is a major factor in the underreporting
of WNV prevalence and underscores the importance of blood supply screening, as
asymptomatic donors can be viremic [38].

e  West Nile Fever (WNF): Approximately 20% of infected people develop a symp-
tomatic, non-neuroinvasive illness known as West Nile Fever [4,50,51]. WNF is typi-
cally an acute, self-limiting viral syndrome characterized by the abrupt onset of fever,
headache, malaise, myalgia (muscle aches), and profound fatigue [4,50,51]. Gastroin-
testinal symptoms, including nausea, vomiting, and anorexia, are also frequently
reported [4,50,51]. In up to half of WNF cases, patients may develop a transient,
non-pruritic maculopapular rash, which characteristically appears on the trunk and ex-
tremities as the fever begins to subside [50,51]. While most patients with WNF recover
fully within one to two weeks, a significant and often underappreciated aspect of the
disease is the potential for prolonged post-viral sequelae. Many individuals, even
those with initially “mild” illness, report debilitating fatigue, weakness, and cognitive
difficulties (e.g., “brain fog”) that can persist for weeks or even months, significantly
impacting their quality of life and ability to return to work or daily activities [54]. This
represents a substantial hidden burden of WNV-associated morbidity.

o  West Nile Neuroinvasive Disease (WNND): The most severe manifestation of WNV
infection occurs in less than 1% of all infected people (approximately 1 in 150 to
1 in 200 infections) [4,51]. WNND results from the virus crossing the blood-brain
barrier and infecting the central nervous system (CNS). It carries a case-fatality rate of
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approximately 10% and can result in severe, permanent neurological damage [15,51].
WNND encompasses three distinct clinical syndromes, which can occur alone or
in combination:

1. Meningitis: This is the least severe form of WNND and involves inflammation
of the meninges, the membranes surrounding the brain and spinal cord. Patients
present with fever, intense headache, photophobia, and nuchal rigidity (neck
stiffness) but typically have a normal level of consciousness [4,51].

2. Encephalitis: This is a more severe syndrome involving inflammation of the
brain parenchyma itself. It is characterized by signs of cerebral dysfunction,
including an altered mental status that can range from confusion, lethargy,
and personality changes to deep stupor and coma [4,51,54]. Other common
features include tremors (particularly of the limbs and face), seizures, and fo-
cal neurological deficits. The development of extrapyramidal signs, such as
parkinsonism-like rigidity and bradykinesia, is a characteristic feature of West
Nile encephalitis [51,54].

3. Acute Flaccid Paralysis (AFP): This is a poliomyelitis-like syndrome caused by
WNV-induced damage to the anterior horn cells of the spinal cord. It presents as
the acute onset of limb weakness, which is often asymmetric and can progress
rapidly over hours to days. In severe cases, it can affect the muscles of respi-
ration, leading to acute respiratory failure that requires prolonged mechanical
ventilation [51,55].

Recovery from WNND is often a long and arduous process. A large proportion of
survivors are left with persistent or permanent neurological sequelae, including cognitive
deficits (memory loss, executive dysfunction), gross and fine motor abnormalities, chronic
weakness, and debilitating fatigue [4,54,55].

4.2. Immunopathogenesis

The clinical outcome of a WNV infection is ultimately determined by a complex and
delicate balance between the host’s immune response and the virus’s ability to replicate
and cause damage [4,51]. The immune system is essential for controlling and clearing
the virus, yet an overly aggressive or dysregulated immune response, particularly within
the confined space of the CNS, is a major contributor to the pathology of neuroinvasive
disease [20,51,56].

This “double-edged sword” nature of the immune response is central to WNV patho-
genesis [20,57]. A robust and rapid peripheral immune response is highly effective at
controlling the initial viremia and preventing the virus from ever reaching the CNS [4,58].
However, should the virus successfully breach the blood-brain barrier and establish an
infection in the brain or spinal cord, the subsequent neuroinflammatory response becomes
both protective and pathogenic [20,59,60]. The infiltration of immune cells, such as T-
lymphocytes and macrophages, into the CNS is necessary to clear infected neurons and
limit viral spread [56,58,59]. However, the release of pro-inflammatory cytokines and
chemokines by these cells can lead to significant bystander damage, disrupting the blood—
brain barrier, causing cerebral edema, and contributing directly to neuronal death [57,59,60].
Thus, the severity of WNND is a function of both direct viral-mediated cytopathology and
indirect, immune-mediated injury [20,51,56].

e  Host Immune Control: The host employs a multi-layered defense against WNV.

O Innate Immunity: Type [ interferons (IFN-a/ 3) represent the critical first line of
defense. They are induced upon cellular recognition of viral RNA and establish
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an antiviral state in surrounding cells, which is essential for restricting initial
viral replication and limiting dissemination to the CNS [58,61,62].

O Humoral Immunity: B-cell-produced antibodies, particularly neutralizing
antibodies that target the viral E protein, are crucial for clearing free virus
from the bloodstream (viremia) and preventing cell-to-cell spread [63,64]. The
generation of a strong neutralizing antibody response is the primary goal of
vaccination and the basis for experimental passive antibody therapies [64,65].

O Cell-Mediated Immunity: Cytotoxic T-lymphocytes (CTLs) are essential for
recognizing and eliminating virus-infected cells, a role that is particularly
critical for clearing an established infection within the CNS [56,59,66].

e  Viral Evasion Strategies: To succeed, WNV must counteract these host defenses. The
virus has evolved specific countermeasures, primarily mediated by its non-structural
proteins. Several NS proteins, including NS1, NS2A, NS4B, and NS5, have been shown
to be potent antagonists of the host interferon signaling pathway [61,67,68]. They
act at various points in the pathway to block IFN production or the downstream
signaling cascade, thereby delaying the establishment of an antiviral state and giving
the virus a crucial head start to replicate before the host immune response can be fully
mobilized [67-69].

5. Diagnosis, Management, and Prevention

Given the potential for severe outcomes, the accurate diagnosis, supportive manage-
ment, and robust prevention of West Nile Virus infection are pillars of the public health
response [4,51]. While significant advances have been made in diagnostics and prevention,
the lack of a specific antiviral therapy remains a critical gap [51,70].

5.1. Laboratory Diagnosis

The definitive diagnosis of WNV infection relies on laboratory testing, as the clinical
symptoms are non-specific and can overlap with many other viral illnesses [4,9]. The
primary diagnostic approach involves serological testing for WNV-specific antibodies,
supplemented by molecular methods in specific clinical contexts [4,71]. See Table 3.

Table 3. Diagnostic Testing for West Nile Virus.

Test

Specimenc(s) Optimal Timing Interpretation & Key Considerations

IgM Antibody ELISA

Primary screening test. A positive result indicates
recent infection. Can persist for months. A negative
result early in illness does not rule out WNV. Subject
to cross-reactivity with other flaviviruses.

Serum, CSF 3-8 days post-onset

IgG Antibody ELISA

Indicates past infection. Persists for years. Not

> - . . .
Serum 7 days post-onset useful for diagnosing acute disease alone.

RT-qPCR

Detects viral RNA. Primary method for early, acute
diagnosis. Preferred for immunocompromised
patients and for testing CSF. Urine can remain
positive for longer periods. Low sensitivity in serum
of immunocompetent patients after symptom onset.

CSF, Serum, Urine, <7 days post-onset
Whole Blood, Tissue (ideally <3-5 days)

Plaque Reduction
Neutralization Test

Gold standard for confirmation. Differentiates
between cross-reacting flaviviruses. A >4-fold rise
in neutralizing antibody titer confirms acute

Acute: <14 days;

ired acut
Serum (paired acute & Convalescent:

convalescent samples)

(PRNT) 2-3 weeks later infection. Performed at public health labs.
Immunohistochemistry =~ Formalin-fixed Post-mortem Detects WNV antigen in tissue. Used to confirm
(IHC) tissue (autopsy) diagnosis in fatal cases and to study tissue tropism.
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Serological Testing: The detection of WNV-specific Inmunoglobulin M (IgM) anti-
bodies in a patient’s serum or cerebrospinal fluid (CSF) is the most common method
for diagnosing an acute infection [4,71,72]. WNV-specific IgM antibodies are typi-
cally detectable by ELISA 3 to 8 days after the onset of symptoms and can persist for
30 to 90 days, or occasionally longer [71-73]. Therefore, a positive IgM result provides
strong evidence of a recent infection. However, if a sample is collected very early in
the course of illness (within the first 8 days), an initial IgM test may be negative, and a
repeat test on a convalescent sample may be necessary to confirm the diagnosis [72].
The detection of WNV-specific IgG antibodies, which appear shortly after IgM and
can persist for years, indicates a past infection and is not useful for diagnosing acute
disease on its own [4,72,73].

The Challenge of Cross-Reactivity and Confirmatory Testing: A major limitation of
flavivirus serology is the potential for antibody cross-reactivity [9,73]. Because of the
structural similarities among viruses in the JEV serocomplex (like WNV and SLEV)
and other co-circulating flaviviruses (like Dengue or Zika virus), an initial positive IgM
ELISA result may not be specific to WNV [74]. For this reason, confirmatory testing
with the Plaque Reduction Neutralization Test (PRNT) is often required [74]. The
PRNT is the gold standard for flavivirus serology; it measures the titer of virus-specific
neutralizing antibodies and can reliably differentiate the causative agent [45,75]. A
fourfold or greater increase in the neutralizing antibody titer between acute- and
convalescent-phase serum samples, collected 2 to 3 weeks apart, provides definitive
confirmation of an acute WNV infection [45,75].

Molecular Testing: Molecular testing using Reverse Transcription-Polymerase Chain
Reaction (RT-PCR), particularly real-time RT-PCR (RT-qPCR), is the cornerstone for
diagnosis in the early, acute phase of illness, before a robust antibody response has
developed [9,45]. While viremia in immunocompetent patients is often transient,
making serum a challenging sample [76,77]. RI-PCR remains the preferred method
for testing cerebrospinal fluid (CSF) in patients with suspected neuroinvasive disease
and for diagnosing immunocompromised patients, who may have prolonged viremia
and an attenuated antibody response [45,78]. Furthermore, viral RNA can be detected
in urine for longer periods than in blood, sometimes beyond 7 days post-symptom
onset, making it a valuable non-invasive specimen for diagnosis [78]. Studies also
suggest that whole blood may be a more sensitive specimen than serum for WNV
RNA detection [77].

5.2. Clinical Management and Treatment

There is currently no specific antiviral medication approved for the treatment of West

Nile Virus disease. Clinical management is, therefore, entirely supportive, focusing on
alleviating symptoms and managing complications [4,14,51].

Management of West Nile Fever: For patients with the milder, non-neuroinvasive
form of the disease, treatment is symptomatic. This includes rest, ensuring ade-
quate fluid intake to prevent dehydration, and the use of over-the-counter anal-
gesics (e.g., acetaminophen) for fever and myalgia, and antiemetics for nausea and
vomiting [4,71].

Management of West Nile Neuroinvasive Disease: Patients with WNND require
hospitalization for close monitoring and intensive supportive care [4,14,51]. Manage-
ment strategies may include intravenous fluids to maintain hydration and electrolyte
balance, aggressive pain control for severe headaches, and anti-seizure medications
if convulsions occur [4,79]. For patients with severe encephalitis or AFP leading
to an inability to protect their airway or progressing to respiratory failure, critical
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care support with endotracheal intubation and mechanical ventilation may be life-
saving [51,79]. Over the past two decades, various experimental therapeutics have
been investigated for WNV disease, but none have demonstrated clear efficacy in
well-controlled, randomized clinical trials [14,70].

Polyclonal Intravenous Immune Globulin (IVIG): Case reports and small case series,
particularly in immunocompromised patients, have shown variable and inconclusive
results, with no clear evidence of improved survival or neurological outcomes [80-82].
Interferon: While interferon-«-2b shows antiviral activity against WNV in vitro, clini-
cal studies have been small and unblinded, yielding equivocal results and concerns
about side effects [70,83].

Ribavirin: This broad-spectrum antiviral has been used, but observational data failed
to show a benefit and suggested it might be associated with worse outcomes, likely
due to confounding by indication (i.e., it was given to the sickest patients) [70,84,85].
Corticosteroids: The use of steroids to quell the neuroinflammatory response is
controversial [86]. A systematic review found no evidence of benefit for viral en-
cephalitis, and their use in WNV remains off-label and without robust supporting
data [87-89].

Monoclonal Antibodies: A high-affinity humanized monoclonal antibody (MGAWN1)
targeting the WNV E protein showed promise in preclinical studies [64]. However,
a Phase 1/2 clinical trial was terminated early due to difficulty with enrolment,
highlighting the logistical challenges of studying therapies for a sporadic, seasonal
disease [90].

5.3. Prevention and Public Health Control

In the absence of a human vaccine or specific treatment, the entire strategy for combat-

ing WNV rests on preventing transmission at the human-vector-animal interface [37,91].
This requires a comprehensive “One Health” approach that integrates human, animal, and
environmental health interventions [92]. Effective control is impossible without coordi-
nating surveillance of the virus in its animal reservoirs and vectors with targeted control
measures and public education [93].

Integrated Mosquito Management (IMM): This is the cornerstone of community-level
prevention and aims to reduce vector populations [94].

O Surveillance: The foundation of any IMM program is robust surveillance. This
involves trapping adult mosquitoes to monitor species abundance and test
for WNV infection, as well as monitoring sentinel animal populations, such
as chickens or dead birds, to provide an early warning of viral activity in a
given area [9,95]. This data is crucial for guiding the timing and location of
control measures.

O Source Reduction: The most effective and sustainable long-term strategy is
eliminating mosquito breeding sites. This primarily involves public education
campaigns that empower residents to remove sources of standing water on
their property, such as in discarded tires, buckets, planters, and clogged rain
gutters, where Culex mosquitoes lay their eggs [94,96].

O Larviciding and Adulticiding: When surveillance indicates a high risk to
human health, chemical control methods are employed. Larvicides are ap-
plied to standing water bodies that cannot be drained to kill mosquito lar-
vae before they emerge as adults [27]. Adulticiding, or “fogging,” which
involves the ground or aerial spraying of insecticides, is used as a reactive mea-
sure to rapidly reduce the population of infected adult mosquitoes during an
outbreak [27,97].
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e  Personal Protective Measures: Individual behavior is a critical component of preven-
tion [98]. Public health messaging focuses on:

O Using Insect Repellent: Consistent use of EPA-registered repellents containing
active ingredients such as DEET, picaridin, or oil of lemon eucalyptus on
exposed skin is highly effective [98-100].

O Wearing Protective Clothing: Long-sleeved shirts and long pants can minimize
exposed skin available for mosquito bites [98].

O Avoiding Peak Biting Times: Limiting outdoor activity during the hours
of dusk and dawn, when Culex mosquitoes are most active, can reduce
exposure [43].

O Using Screens: Ensuring that windows and doors on homes have intact screens
to keep mosquitoes out [43].

e Blood and Organ Supply Safety: To prevent iatrogenic transmission, all blood dona-
tions in the United States are screened for WNV RNA using NAAT, a public health
success that has virtually eliminated this transmission route. Similar strategies have
been adopted across Europe, tailored to local epidemiological risk. For instance,
France has implemented a comprehensive strategy that includes systematic screen-
ing in high-risk areas during transmission seasons and deferral criteria for donors
returning from endemic zones to safeguard both solid organ and hematopoietic stem
cell grafts [40,101,102]. Furthermore, individuals with a confirmed WNYV infection are
deferred from donating blood for 120 days (4 months) following their illness [101].

One Health Approach

A coordinated One Health approach is particularly critical in regions like the Mediter-
ranean basin, where the virus is endemic [14]. Integrated surveillance systems that monitor
WNYV in mosquitoes, wild birds, equines, and humans have been developed to provide
early warnings of viral circulation and guide targeted public health interventions [12]. This
regional strategy, which combines veterinary, entomological, and human health data, is
essential for mitigating WNV risk in an area with complex ecological and climatic drivers
of transmission [6,103].

6. Future Directions and Conclusion

More than two decades after its dramatic arrival in the Americas, West Nile Virus
remains a significant and persistent public health threat [23,104]. While the scientific
community has made remarkable progress in understanding its biology and epidemiology,
critical gaps in our ability to treat and vaccinate against the disease persist, defining the
major challenges for the future [13].

6.1. Vaccine Development: The Unfinished Race

The development of a safe and effective human vaccine against WNV is a paramount
public health goal, particularly for protecting the elderly and other vulnerable populations
from severe neuroinvasive disease [105]. The existence of four licensed and effective vet-
erinary vaccines for horses clearly demonstrates that vaccine-mediated protection against
WNV is an achievable objective [106].

A variety of vaccine platforms have been advanced into human clinical trials, including
DNA vaccines, inactivated whole-virus vaccines, and chimeric live-attenuated viruses such
as ChimeriVax-WNYV, which uses the yellow fever 17D vaccine backbone [107,108]. These
candidates have generally demonstrated good safety profiles and the ability to elicit robust
neutralizing antibody responses in early-phase trials [107,109]. The recent launch of a new
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Phase 1 trial for a second-generation inactivated WNV vaccine shows that research and
development efforts are ongoing [110].

Despite this progress, no human WNYV vaccine has successfully navigated the path to
licensure. The reasons for this are not a failure of basic science but rather a formidable triad
of interconnected logistical, economic, and regulatory barriers [111].

1. The Epidemiological/Logistical Barrier: WNV outbreaks are sporadic, seasonal,
and unpredictable in their geographic location and intensity from year to year. This
epidemiological pattern makes it extraordinarily difficult and expensive to plan
and execute traditional, large-scale Phase III efficacy trials, which require enrolling
thousands of participants in a region where a significant outbreak is guaranteed to
occur to demonstrate a statistically significant reduction in disease [112,113].

2. The Economic Barrier: The primary target population for a WNV vaccine is older
adults. From a commercial standpoint, the high cost of conducting large-scale Phase
III efficacy trials is difficult to justify for a disease with a sporadic and unpredictable
incidence, creating a challenging economic model for pharmaceutical investment and
dampening commercial interest in late-stage development [5,114].

3. The Scientific/Regulatory Barrier: A major safety concern for any flavivirus vaccine
is the theoretical risk of antibody-dependent enhancement (ADE). This phenomenon,
best described for dengue virus, occurs when non-neutralizing or sub-neutralizing
antibodies from a previous infection or vaccination bind to a different flavivirus
and enhance its uptake into immune cells, potentially leading to a more severe in-
fection [115]. Given the increasing co-circulation of WNV with other flaviviruses
like Zika and St. Louis encephalitis virus, the potential for vaccine-induced antibod-
ies to worsen a subsequent infection raises the safety bar for regulatory approval
significantly [92,116].

Overcoming these hurdles will require more than just a promising vaccine molecule. It
will necessitate innovative approaches to clinical trial design (e.g., using immunobridging
or controlled human infection models) [117], new public-private partnership models
to de-risk the economic investment for “outbreak” vaccines, and sophisticated vaccine
engineering to focus the immune response on highly specific, non-cross-reactive epitopes
to minimize the theoretical risk of ADE [116,118].

6.2. Unanswered Questions and Research Priorities

While much has been learned, key questions remain that must be addressed to improve
the response to WNV [4,37].

o  Therapeutics: The development of a potent, specific, and orally bioavailable antiviral
drug for WNV remains a top priority [119,120]. Targeting the essential viral enzymes,
such as the NS3 protease/helicase or the NS5 polymerase, or pursuing novel strategies
that target the functional RNA structures of the viral genome, are promising avenues
for future research [121-123].

e  Predictive Modeling: Enhancing the accuracy of epidemiological models to forecast
the time, location, and intensity of future outbreaks is critical [124,125]. Integrating
climate data, vector surveillance, avian host data, and human case data into sophisti-
cated predictive models could allow public health officials to deploy limited resources
for vector control and public education more efficiently and proactively [124,126,127].

e Pathogenesis: A deeper understanding of the molecular mechanisms of viral neu-
roinvasion and the specific host factors that determine why one individual remains
asymptomatic while another develops fatal encephalitis is urgently needed [20,128].
Elucidating the biological basis of the long-term cognitive and physical sequelae that
afflict many survivors is also a critical area for future study [128-130].
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e Ecology and Evolution: Continuous genomic surveillance of WNV strains circulating
in nature is essential to monitor for the emergence of new, more virulent mutations
or shifts in lineage distribution [131,132] Likewise, ongoing research into vector-host
dynamics is necessary to understand how factors like climate change and land use
may alter transmission patterns in the future [133-135].

7. Conclusions

West Nile Virus has unequivocally established itself as a permanent and formidable
public health challenge in the 21st century. Its remarkable journey from a relatively ob-
scure African virus to a major cause of neuroinvasive disease across multiple continents
serves as a stark and compelling lesson in the dynamics of emerging and re-emerging infec-
tious diseases. The global scientific and public health communities have made enormous
strides in dissecting its molecular biology, unraveling its complex transmission cycle, and
characterizing its clinical impact.

However, this wealth of knowledge has yet to translate into the tools most needed
to protect human populations: a specific antiviral therapy and a licensed human vaccine.
Moving forward, mitigating the ongoing threat of WNV will depend on a sustained
commitment to the “One Health” paradigm, strengthening the integration of human,
veterinary, and environmental surveillance and control efforts. The ultimate conquest
of West Nile Virus will require not only continued scientific innovation but also new
and creative paradigms in public health policy, clinical trial execution, and economic
investment to finally bridge the persistent and challenging gap between promising research
and licensed medical countermeasures.
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