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ABSTRACT
Background:  West Nile virus (WNV) is among the most widespread arboviruses and 
has become a seasonal threat in temperate regions. Sustained in an enzootic bird–
mosquito cycle, with humans and horses as incidental hosts, its geographic range has 
expanded in recent decades due to ongoing climatic and ecological changes. While 
most infections are asymptomatic or mild, a minority progress to neuroinvasive disease 
with high morbidity and long-term sequelae. This review summarizes current knowledge 
on epidemiology, pathogenesis, clinical spectrum, diagnostic challenges, therapeutic 
options, prevention, and research gaps.
Discussion:  Lineages 1 and 2 co-circulate in Europe, where repeated large outbreaks 
highlight WNV adaptability to warmer summers, altered rainfall, and expanded mosquito 
habitats driven by recent ecological shifts. After inoculation, replication occurs in 
keratinocytes and dendritic cells, amplification in lymph nodes, and dissemination to 
visceral organs and the central nervous system. Neuroinvasion depends on viral proteins 
and host immune responses. Severe disease is associated with advanced age, 
immunosuppression, comorbidities, and genetic susceptibility. Clinical manifestations 
range from febrile illness to meningitis, encephalitis, or acute flaccid myelitis. Persistent 
neurological and functional sequelae are common, adding to disease burden. Diagnosis 
relies on molecular and serological tests, limited by short viremia and cross-reactivity 
with other flaviviruses. No approved antiviral therapy exists; management is supportive. 
Experimental antivirals, monoclonal antibodies, and interferon have shown mixed 
results. Vaccine candidates have progressed to phase 1–2 trials, but none are licensed 
for humans. Prevention relies on integrated vector control, veterinary surveillance, and 
donor screening, framed within a One Health approach.
Conclusion:  WNV exemplifies the impact of global ecological change on zoonotic 
diseases. Strengthening surveillance, refining diagnostics, and advancing antivirals and 
vaccines through multidisciplinary collaboration are essential to mitigate future 
outbreaks.

KEY MESSAGES
1.	 West Nile virus is one of the most widespread arboviruses worldwide, with seasonal 

outbreaks increasingly affecting temperate regions due to climate and ecological 
changes.

2.	 Although most infections are mild, neuroinvasive disease causes severe morbidity 
and long-term sequelae, and no specific antivirals or licensed human vaccines are 
available.

3.	 Integrated One Health surveillance, improved diagnostics, and the development of 
effective vaccines and antivirals are crucial to mitigate future outbreaks and 
strengthen preparedness.

© 2026 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
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Introduction 

West Nile virus (WNV) was first isolated in the West Nile District of Uganda in 1937, initially linked to 
sporadic, typically mild febrile illness across Africa and the Middle East [1,2]. Large human outbreaks 
emerged later: South Africa in 1974 (hundreds of cases), Algeria in 1994, and—most prominently—
Bucharest in 1996 with >390 neuroinvasive cases and 17 deaths, followed by Volgograd (Russian 
Federation) in 1998 (~826 neuroinvasive; ~4% case-fatality rate) [2,3]. Among the most pathogenetic of 
the currently known 8 lineages, phylogeographic work shows that lineage 1a likely originated in 
sub-Saharan Africa and spread northward via eastern and western avian routes; this lineage seeded the 
Western Hemisphere, causing New York City’s 1999 introduction (~62 cases; 7 deaths) and rapid conti-
nental establishment with major US peaks in 2002–2003 (>15,000 reported cases; ~600 deaths) and in 
2012 (>5,600 cases; 286 deaths) [4–8]. By contrast, lineage 2, long endemic in sub-Saharan Africa/
Madagascar, entered Europe around 1999–2000 (Hungary; Russia) and became established, driving large 
outbreaks in Greece in 2010 (>260 neuroinvasive; 35 deaths) and contributing to Europe’s exceptional 
2018 season (>2,000 confirmed cases) and Italy’s record 2022 epidemic (>580 cases; 37 deaths) [4,9–11]. 
Across settings, an avian–mosquito enzootic cycle sustains transmission, with Culex pipiens sl acting as 
the main vector in Europe and mammals like humans and horses as accidental dead-end hosts; migra-
tory birds underpin long-distance dispersal [12,13]. The current picture is one of co-circulation of lin-
eages 1 and 2 across Europe with recurrent urban and peri-urban epidemics.

Today, WNV is one of the most widespread arboviruses worldwide, with >48,000 reported cases in the 
US alone (1999–2017) and frequent seasonal outbreaks in Europe, the Mediterranean, the Middle East, 
and parts of South America [14–16] (Table 1). While traditionally considered a tropical and subtropical 
pathogen, WNV has re-emerged as a significant threat in temperate regions. Increasingly warm condi-
tions, changes in rainfall, and expanding mosquito habitats have enabled intense seasonal transmission 

Table 1.  Major documented West Nile virus human outbreaks and clusters worldwide.
Country/Region Year(s) Reported cases Lineage

Uganda 1937 1 (first isolation) Prototype (African)
France (Camargue) 1962–63 Sporadic Lineage 1
South Africa (Karoo) 1974 Hundreds Lineage 2
Algeria 1994 ≈50 Lineage 1
Romania (Bucharest) 1996 >390 neuroinvasive Lineage 1
Tunisia 1997 ≈173 neuroinvasive Lineage 1
Russia (Volgograd) 1999 826 neuroinvasive Lineage 1
USA (New York) 1999 59–62 hospitalized Lineage 1
Israel 2000 417 confirmed Lineage 1
USA 2002–03 4,156 (2002); 9,862 (2003) Lineage 1
Greece 2010 262 (197 WNND) Lineage 2
Romania 2010 57 (54 WNND) Lineage 2
Croatia 2012–13 7 WNND (2012); 20 (2013) Lineage 2
Serbia 2012 70+ WNND Lineage 2
USA 2012 5,674 Lineage 1 (WN02/SW03)
Romania 2016 ≈90 Lineage 2
Europe (multi-country) 2018 ≈1,993 Lineages 1 & 2
Germany 2019 5 autochthonous Lineage 2
Netherlands 2020 6 autochthonous Lineage 2
Spain (Andalusia/Extremadura) 2020 77 Lineage 1
Italy 2022 ≥723 Lineages 1 & 2
Greece 2022 283 Lineage 2
Romania 2022 47 Lineage 2
Hungary 2022 14 Lineage 2
Croatia 2022 8 Lineage 2
Austria 2022 6 Lineage 2
France 2022 6 Lineage 2
Spain 2022 4 Lineage 1
Slovakia 2022 1 Lineage 2
Spain 2023 17 Lineage 1
Italy 2023 329 Lineage 1 & 2
Greece 2023 162 Lineage 2
Romania 2023 103 Lineage 2
Spain 2024 114 Lineage 1 & 2
Europe (multi-country) 2024 Ongoing Lineage 1 & 2

CFR, case fatality ratio; WNND, West Nile neuroinvasive disease. Numbers may vary slightly depending on case definition and source; values 
represent published estimates.
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in southern and central Europe, with earlier onset and prolonged duration of epidemics [17]. The unprec-
edented European outbreak of 2018, and recurrent severe epidemics in Italy, highlight how WNV epide-
miology has shifted from sporadic incursions to endemic seasonal circulation in temperate climates, 
underscoring the virus’s capacity to adapt and persist under changing ecological conditions.

Epidemiology and transmission

WNV circulates in a complex network of vectors and hosts (Figure 1). Among mosquitoes, several Culex 
species—Cx. pipiens, Cx. quinquefasciatus, Cx. tarsalis, Cx. torrentium and others—constitute the principal 
vectors, sustaining enzootic transmission in both temperate and tropical habitats [4]. Yet the picture is 
far from exclusive: secondary vectors such as Aedes albopictus and Ae. vexans are increasingly recognised 
as contributors, particularly in peri-urban environments where they may bridge transmission from avian 
hosts to humans [18]. Birds remain the central reservoirs, with striking heterogeneity in competence 
[19,20]. Passeriformes are among the most competent reservoir species, corvids are characterized by a 
high fatality rate [19], and birds at the apex of the food web, like raptors, might acquire infection through 
predation of infected preys [21]. Humans and horses are considered epidemiological dead ends, but 
occasional reports of viremia in mammals such as squirrels, rabbits, racoons, or bats suggest that 
non-avian hosts may yet play underappreciated roles in viral ecology and transmission [22–25].

Climate and seasonality

The virus is now endemic across North America and Europe, while underreporting in regions such as 
parts of the African continent may reflect limited surveillance rather than true absence [26]. At temperate 
latitudes, transmission typically peaks in late summer (Figure 1), coinciding with high mosquito abun-
dance [27] and optimal temperatures (23.6–25.5 °C; [28]), while winter conditions prevent mosquito activ-
ity and transmission. Climate change, however, is reshaping these patterns: warmer temperatures 
accelerate both mosquito development and viral replication within individual mosquitoes [29], thus 
enhancing WNV amplification with greater spillover risk [30], extending the activity of vectors into spring 
and autumn, and facilitating expansion into higher latitudes and elevations [31,32]. Periods of drought 
can intensify transmission by concentrating birds and mosquitoes around scarce water sources, while 
extreme heat occasionally reduces vector survival [29], underscoring the non-linear influence of climate 
change on WNV transmission dynamics. At the same time, land-use practices such as irrigation, agricul-
tural intensification, and wetland restoration intersect with these climatic shifts to create novel ecological 
niches for both primary and secondary vectors and hosts [29,33]. The result is a disease system that is 
dynamic, regionally specific, and increasingly difficult to predict.

Figure 1. E nzootic cycle of West Nile virus and monthly distribution of human West Nile virus disease cases.
On the left, schematic representation of the enzootic cycle of West Nile virus, showing virus maintenance between avian hosts and mosquito 
vectors, with occasional spillover to humans and other mammals (Created in BioRender. Da Re, D. (2026) https://BioRender.com/zxtwvpj). On 
the right, normalised monthly distribution of reported human WNV disease cases in Europe and the USA. European data (ECDC, 2024: https://
wnv-monthly.ecdc.europa.eu/archive/wnv-2024.html) were manually digitised using WebPlotDigitizer and are publicly available at subannual 
level for 2024 only (for a recent overview of the seasonal trend 2010–2021 please see Figure 1C in Marini et  al., 2022). USA data (CDC, 
1999–2024: https://www.cdc.gov/west-nile-virus/data-maps/historic-data.html) were retrieved from official surveillance records. Values are 
scaled by the relative maximum within each region to enable seasonal pattern comparison.

https://BioRender.com/zxtwvpj
https://wnv-monthly.ecdc.europa.eu/archive/wnv-2024.html
https://wnv-monthly.ecdc.europa.eu/archive/wnv-2024.html
https://www.cdc.gov/west-nile-virus/data-maps/historic-data.html
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Co-circulation with other flaviviruses

The ecology of WNV cannot be understood in isolation. In Europe, the rapid expansion of Usutu virus 
(USUV) into the same avian and mosquito communities [34] highlights the complexity of multi-pathogen 
landscapes. Co-circulation challenges diagnostics, given extensive serological cross-reactivity, and raises 
important but unresolved questions about whether immune cross-protection, antibody-dependent 
enhancement, or ecological competition might alter the epidemiology of either virus [35]. Additionally, 
the overlap of WNV with Zika, dengue, and Japanese encephalitis viruses increasingly affects both trop-
ical and temperate regions, compounding diagnostic and surveillance challenges [26].

Outlook and open questions

Taken together, these dynamics position WNV as an emblematic case of an emerging zoonosis in an era of 
global change. Its ability to persist across continents, exploit diverse mosquito and avian species, and coex-
ist with other flaviviruses underscores the difficulty of achieving a fundamental understanding of this dis-
ease system. The epidemiological significance of mammals beyond humans and horses has so far remained 
largely unexplored: even limited competence in species such as squirrels, lagomorphs, or bats could prove 
important for viral persistence during inter-epidemic periods. Forecasting models, though increasingly 
sophisticated [36], continue to struggle to integrate entomological, ornithological, environmental, and social 
data in ways that yield actionable predictions. They remain constrained by limited quantitative estimates 
for key epidemiological parameters, patchy surveillance, and fragmented reporting [37]. Moreover, the spa-
tial scale of investigation can influence the observed effects of land use and land use change on WNV 
epidemiology, together with the specific roles of diverse avian and mammalian host species, all of which 
hinder adequate model parameterization [29,38]. The consequences of co-circulation with other arboviruses 
are similarly uncertain, with the potential for cross-immunity or immune enhancement to either dampen 
or amplify epidemic risk. Demographic change adds yet another dimension: as human populations age, the 
burden of severe WNV disease is likely to increase, suggesting that epidemiological trends are being shaped 
not only by climate and land use but also by shifting host susceptibility and human exposure [39].

Pathogenesis

A graphical representation of the different pathogenetic steps of WNV disease, described in the following 
paragraphs, is available in Figure 2.

Entry, replication, and dissemination

During the meal, mosquitoes inject saliva, containing viral particles, directly into blood vessels or, more 
often, into the dermal layer. A single bite can deliver up to 106 plaque-forming units of virus [40]. Mosquito 
saliva also carries factors that inhibit haemostasis and dampen host inflammation, causing local immuno-
suppression and enhancing pathogen infectivity [41]. Once inoculated, the virus replicates in epidermal 
keratinocytes and dendritic cells. Amplification proceeds in draining lymph nodes, then spreads to the 
bloodstream and visceral organs, including spleen and brain. Several cell-surface receptors have been 
implicated in mediating WNV entry. In vitro studies indicate roles for integrins (including αVβ3), C‑type 
lectins (e.g. DC‑SIGNR and DC‑SIGN), heparan sulfate proteoglycans, and cholesterol‑rich membrane micro-
domains [42–44]. Acidic endosomes trigger fusion and release of the RNA genome into the cytoplasm. This 
RNA is translated into a polyprotein, cleaved by viral and host enzymes into functional proteins. Replication 
complexes generate new RNA genomes, which are packaged by capsid proteins into immature particles. 
These undergo protein modifications, are transported to the cell surface, and released by exocytosis [45].

Mechanisms of neuroinvasion (crossing the blood–brain barrier)

Neuroinvasivity of WNV, which is reported to happen in fewer than 1% of infections in immunocompe-
tent people [46], depends on both viral and host factors. The most relevant viral determinant is a N-linked 
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glycan located on domain I of the E protein, named E154 [47]. This and other proteins (i.e. NS1, NS2A, 
NS3, NS4B and NS5) mediate, in a manner that is still largely unknown, binding and penetration into 
central nervous system (CNS) endothelial cells. Moreover, during the host response, blood-brain barrier 
permeability can be altered by the high levels of inflammatory cytokines, including tumour necrosis 
factor (TNF), and the activity of metalloproteinases, which break down tight junction proteins. Other 
proposed ways WNV might reach the CNS could be direct infection of olfactory neurons and spread 
through the olfactory bulb, recruitment and migration of big amounts of infected polymorphonuclear 
cells into the CNS (“Trojan Horse” mechanism), and retrograde transport along axons from peripheral 
neurons. Within the CNS, WNV targets neurons in the brainstem, hippocampus, cortex, cerebellum, and 
spinal cord, leading to neuronal damage [45]. Therefore, direct neuronal injury, persistent neuroinflam-
mation, autoimmune phenomena, impaired repair mechanisms, microglial activation and vascular/
blood-brain barrier disruption can lead to long-term neurological sequelae [48].

Risk factors for severe disease

Advanced age represents the most significant risk factor. Some studies have reported a 2% probability of 
neuroinvasive disease in people older than 65 years, compared to 0.1–0.4% probability in the younger pop-
ulation [49]. Other studies have shown an increased rate of hospitalization (nearly 98%) in people older 
than 70 years with neuroinvasive disease [50]. There is evidence that with ageing, antiviral defences weaken: 
pathogen recognition receptors are less effective, innate immune cells such as macrophages, dendritic cells, 
and natural killer cells show impaired activity, and regulatory changes like up-regulation of defined recep-
tors may enhance viral entry into the CNS. These immunological alterations contribute to the higher vul-
nerability of older adults and underline the need to identify therapeutic strategies tailored to age-related 
susceptibility [51]. Additional risk factors for severe disease are male sex, diabetes, cardiovascular disease, 

Figure 2.  West Nile virus infection pathogenesis in humans.
After infection, West Nile virus (WNV) replicates in keratinocytes, Langerhans cells and dendritic cells. Infected immune cells (macrophages 
among others) produce proinflammatory cytokines (type I IFNs, IL-1β, TNF) and chemokines, while neutrophils, NK cells, B-cells and T-cells try 
to control further dissemination. Replication continues in draining lymph nodes, then WNV spreads into the bloodstream, eventually reaching 
central nervous system and visceral organs. Created in BioRender. Tran, A.S. (2026) https://BioRender.com/4y1fbcx

https://BioRender.com/4y1fbcx
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chronic kidney disease, malignancies, immunosuppression (e.g. solid organ transplantation, immunosup-
pressive therapy with anti-CD20 antibodies) and genetic factors [52]. Certain human leukocyte antigens 
(HLA) types make severe disease more likely (HLA-A*68 and C*08), while others seem protective (B*40 and 
C*03). Variations (single nucleotide polymorphisms, SNPs) in immune-related genes - like those in interferon 
pathways (IRF3, MX-1, OAS-1) - have been associated with greater infection risk and worse neurological 
outcomes. Other genes, including RFC1, SCN1a, and ANPEP, have also been linked to disease severity. Even 
a CCR5 deletion, known for protecting against HIV, appears to worsen WNV disease outcomes. Altogether, 
host genetics play a major role in who gets sick and how severe the illness becomes [53].

Host immune response

The immune response to WNV involves a coordinated interplay of innate and adaptive mechanisms. 
Innate defences are triggered by viral RNA intermediates recognized by pattern-recognition receptors 
such as TLR3, RIG-I, and MDA5, activating macrophages, dendritic cells, neutrophils, NK cells, and γδ T 
cells. Activated macrophages and NK cells produce cytokines and chemokines, including type I interfer-
ons, CXCL1, CXCL2, CXCL10, TNF-α, IL-6, IL-8, and IL-1β, which restrict viral replication and recruit immune 
effectors, while IRFs 3, 5, and 7 drive dendritic cell-mediated antiviral responses. Adaptive immunity is 
crucial for viral clearance: B cells and IgM antibodies limit viremia, CD8+ T cells eliminate infected neu-
rons, CD4+ T cells sustain antibody and T cell responses, and regulatory T cells prevent immunopathol-
ogy. Protective immunity thus relies on effective innate restriction and adaptive clearance, whereas 
dysregulated responses can exacerbate neuropathogenesis [45,54].

Taken together, these findings suggest that both host genetic determinants and immune response 
signatures represent valuable predictors of WNV disease severity. However, they remain research tools 
rather than clinically implemented measures due to limited validation and feasibility, even though their 
clinical utility would depend heavily on early diagnosis, which is rarely achieved in most patients [55].

Clinical manifestations in humans

Clinical manifestations of WNV disease range from silent infection to severe neurologic disease. About 
80% are asymptomatic; ~20% present with a self-limited febrile illness, and only 1–2% progress to neu-
roinvasive disease, while extra-neurologic involvement is even rarer [49,52,56] (Figure 3).

The burden of non-neuroinvasive disease is difficult to quantify because affected individuals infre-
quently seek medical care [56], but seroprevalence studies estimate ~250 infections per reported neuro-
invasive case [49]. Incubation after a mosquito bite is typically 2–6 days, extending to ≥14 days in 
immunocompromised hosts. This may reflect delayed viral clearance and prolonged viraemia in patients 
with impaired immune responses [57].

Symptomatic non-neuroinvasive disease (West Nile fever; WNF) classically presents with abrupt fever 
and an influenza-like syndrome with chills, malaise, headache, arthralgias, myalgias, conjunctivitis and 
retro-orbital pain, lasting 3–6 days [58]. Lymphadenopathy and a nonspecific maculopapular trunk/
extremity rash may occur; the rash is typically transient (<24 h) and reported more often in WNF than in 
neuroinvasive diseases, especially in children [59].

Neuroinvasive WNV diseases manifest as meningitis, encephalitis/meningoencephalitis, or acute flaccid 
myelitis [58,60]. A 1–7-day, sometimes biphasic, febrile prodrome is common. Meningitis, more frequent 
in younger patients, is clinically indistinguishable from other viral meningitides and presents with head-
ache, neck stiffness, photophobia and possible concomitant gastrointestinal symptoms (nausea, vomiting, 
diarrhea) [60,61]. Encephalitis, more common in older adults and immunocompromised individuals, 
causes confusion and movement disorders (tremor, myoclonus, ataxia), reflecting WNV neurotropism for 
extrapyramidal structures [60,62]. Syndromic overlap across WNF, meningitis, and encephalitis is common, 
and altered mental status may stem from severe systemic illness without histopathologic or radiologic 
evidence of true encephalitis. Seizures are not typical, occurring less often than with other arboviruses, 
and are usually reported in <10% of cases [63].

Acute flaccid paralysis (also called WNV poliomyelitis) arises from anterior horn cell involvement, typ-
ically appearing within 48 h of symptom onset and often accompanying meningitis or encephalitis [60]. 
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The presentation is poliomyelitis-like, with asymmetric limb weakness, reduced reflexes, and preserved 
sensation that represent hallmark features [60]. The most severe complication is respiratory muscle 
denervation causing diaphragmatic/intercostal paralysis and neuromuscular respiratory failure, often 
requiring endotracheal intubation [64]. Less frequent neurologic manifestations include cranial neuropa-
thies and optic neuritis; Guillain–Barré syndrome has also be reported and, given its ascending symmet-
ric weakness with sensory/autonomic involvement, can be distinguished from acute flaccid myelitis by 
clinical, cerebrospinal fluid (CSF), and electrodiagnostic findings [65].

Atypical extra-neurologic involvement is uncommon. Reported manifestations include ocular disease 
(chorioretinitis, uveitis) [60,64,66], rhabdomyolysis, myocarditis, pancreatitis, renal involvement and hepa-
titis. Incidence remains undefined because evidence comes mainly from case reports and small series [4].

Laboratory testing may show peripheral leukocytosis or leukopenia with occasional hyponatremia. CSF 
typically has mild lymphocytic pleocytosis, though early samples can be normal or neutrophil-predominant; 
protein is mildly increased and glucose is usually normal [60]. Brain magnetic resonance imaging is vari-
ably abnormal and may be normal even in severe encephalitis; characteristic findings are bilateral basal 
ganglia and thalamic signal on T2-weighted, fluid-attenuated inversion recovery, and diffusion-weighted 
imaging, consistent with deep-gray neurotropism [60]. Electroencephalography often shows generalized 
slowing with triphasic waves and may reveal focal epileptiform activity [60].

Long-term post-infectious sequelae are hallmarks of WNV disease, driving substantial morbidity, mainly 
after neuroinvasive disease (up to ≈75%) and also after WNF (up to ≈50%) [61]. Manifestations span phys-
ical (weakness, fatigue, myalgia, headache, tremor, joint weakness, neck pain), cognitive (memory loss, 
depression, impaired concentration, irritability, confusion, anxiety), and functional domains (difficulties with 
ambulation and activities of daily living) [67,68]. In a recent meta-analysis, 20 studies included reported 
post-discharge neurocognitive morbidity including fatigue 37–75%, memory concerns 11–57%, concentra-
tion deficits 17–48%, depression 17–38%, with variable symptom duration and substantial methodological 

Figure 3. C linical manifestation of West Nile virus infection.
IC: immunocompromised. Created in BioRender. Giacobbe, D. (2026) https://BioRender.com/j4yvm5r

https://BioRender.com/j4yvm5r
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heterogeneity across the studies [69]. The clinical spectrum and true incidence remain uncertain; dedicated 
risk-prediction studies are lacking, although age, immunocompromised states, diabetes, and cardiovascular 
disease have been associated with long-term sequelae [67]. Across infectious diseases, post-acute sequelae 
are well described with multi-organ involvement, yet mechanisms remain incompletely defined [70–72]. 
Persistent viral replication may contribute; analogous to SARS-CoV-2, WNV persistence, particularly in urine, 
has been reported in patients with chronic symptoms, however the role of persistent infection versus 
immune-mediated mechanisms are not yet defined and warrant additional study [73].

Diagnosis

As in other arboviral diseases, diagnosis of WNV disease relies on both direct and indirect viral detection. 
Timing of testing, paired with the choice of sample type, is crucial in order to maximize sensitivity. The 
clinical suspicion of WNV disease, paired with the use of the right test at the right time is at the basis 
of the diagnostic cascade (Figure 4).

Direct viral detection

Direct viral detection has the advantage of providing a definite diagnosis of WNV disease, as it identifies 
the presence of the virus itself rather than relying on the host immune response. Real-time polymerase 
chain reaction (RT-PCR) is the mainstay of direct viral detection: commercial and in-house assays are 
available, with limits of detection as low as 10 copies/ml [74]. Sensitivity of WNV detection varies across 
sample types and has been reported to be higher for whole blood (86.8%) with respect to other body 
fluids such as serum (26%), cerebrospinal fluid (16.6%), plasma (20%) and urine (58.3%) during the acute 
phase of infection [75]. The diagnostic yield of molecular testing is limited by the virological character-
istics of WNV disease: viremia is usually short-lived, often occurs at low levels and it is detectable in 
plasma until five days post symptoms-onset, although longer intervals have been reported, especially in 
immunocompromised patients [76], while viral shedding is longer in whole blood and urine, providing 
higher chances to detect the virus during the course of disease [77]. Pan-flavivurs RT-PCR assays have 
been developed and are particularly beneficial for surveillance purposes [78] but require multiple PCR 
test steps.

Indirect viral detection (serology)

Given the limitations and challenges of direct viral detection, antibody testing is currently the main 
strategy for WNV disease diagnosis: multiple commercial and in-house assays exist and are mainly based 
on enzyme-linked immunosorbent assay (ELISA) or indirect immunofluorescence. The most common 
antigens used for IgM and IgG ELISA testing are recombinant envelope proteins (i.e. Anti-West Nile Virus 
ELISA [IgG], Euroimmun AG, Lübeck, Germany), which however are prone to cross-reactivity due to 
infections by other flaviviruses or prior vaccination (envelope proteins are included in most available 
vaccines) [79]. A promising approach is the use of the non-structural protein NS1, using available com-
mercial kits (i.e. Anti-West Nile Virus NS1 ELISA [IgG], Euroimmun AG, Lübeck, Germany) or in-house 
assays. In a recent paper by Girl P. et  al. the authors compared five serological methods (one ELISA NS-1 
based, one ELISE envelope-based, one immunofluorence kit and one in-house NS-1 ELISA kit) and found 
that the in-house NS-1 ELISA had the best sensitivity and specificity compared to the reference stan-
dard [80].

WNV-specific IgM usually appears 3–8 days after symptom onset and persists for 1–3 months, though 
longer persistence (up to 3 years) has been documented [81]. Detection of IgM in CSF, especially with an 
intact blood–brain barrier, strongly suggests neuroinvasive disease, typically becoming detectable 
1–8 days after neurological symptoms [81]. IgGs generally appear from day 8 onwards and can persist for 
years, making paired acute and convalescent sera necessary to demonstrate seroconversion [82].

Discrimination among flaviviruses in the presence of positive serology can be achieved by neutraliza-
tion assays, which require trained personnel and are affected by lab-to-lab variability [83].
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Figure 4. S chematic diagnostic algorithm for WNV disease.
Proposed diagnostic algorithm for West Nile Virus infection. Figure based on information accessed through CDC diagnostic algorithms (https://
www.cdc.gov/west-nile-virus/hcp/diagnosis-testing/diagnostic testing-algorithm.html; last accessed 28 September 2025) and ECDC case defini-
tions (https://www.ecdc.europa.eu/en/west-nile-fever/facts; last accessed 28 September 2025). WNV, West Nile virus; CSF, cerebrospinal fluid; 
IgM, immunoglobulin M; IgG, immunoglobulin G; RT-PCR, real-time polymerase chain reaction.

https://www.cdc.gov/west-nile-virus/hcp/diagnosis-testing/diagnostic
https://www.cdc.gov/west-nile-virus/hcp/diagnosis-testing/diagnostic
https://www.ecdc.europa.eu/en/west-nile-fever/facts
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Other techniques

Antigen testing is currently available as a point-of-care testing for the dengue virus, based on the detec-
tion of non-structural protein 1 (NS1); however this protein is mostly retained in WNV-infected cells, 
making it an unsuitable candidate for WNV antigen testing [84]. Antigen testing has proved to be sen-
sitive for WNV disease diagnosis in birds, but a similar option is currently lacking for human WNV disease 
[85]. The nearly-point-of-care, species-independent, NS1-based lateral flow microarray immunoassay has 
proved sensitive and specific in a proof-of-concept study for diagnosing WNV and distinguish it from 
usutu virus using sera from horses, birds and humans, and representing a future promising tool [86].

Therapy

No specific therapies have been currently approved for WNV disease, and supportive care remains the 
mainstay of management of symptomatic cases [52].

Antiviral agents

Several antiviral agents with in vitro activity against WNV have been reported; for example, ribavirin. 
Whether this in vitro activity translates to clinical benefit remains to be established, with no apparent 
benefits, and possibly also a detrimental effect (association between ribavirin and death), being reported 
in an outbreak setting [87].

Regarding other antiviral agents showing in vitro activity against WNV, the use of acyclovir has been 
reported in case series only, with any possible related evidence on its efficacy remaining preliminary due 
to small sample size [88].

Remdesivir also exhibits in vitro activity against WNV [89], nonetheless with only a recent case report 
[90] and a small case series [91] describing its use. Other antivirals have also shown in vitro activity, but 
no supporting clinical data currently exist (Table 2).

Immunotherapy

Passive antibody transfer
Intravenous immunoglobulin (IVIG) has been proposed as a potential therapeutic option for WNV neuro-
invasive disease. Preclinical studies in animal models suggested possible efficacy [97]. However, a multi-
center, randomized, placebo-controlled phase 2 trial involving 62 patients treated with IVIG enriched 
with anti-WNV antibodies reported no significant differences between 3 treatment groups [98].

In 2010, MGAWN1, a recombinant humanized monoclonal antibody targeting the envelope (E) protein 
of WNV, was well tolerated in a phase 1 trial with limited drug-related adverse events, but phase 2 devel-
opment was discontinued due to insufficient enrollment [99] in United States.

Corticosteroids
Corticosteroid therapy has been reported to modulate proinflammatory mediators implicated in WNV 
disease neuropathogenesis [100]. Case reports have reported clinical improvement following high-dose 

Table 2.  Antivirals with in vitro activity against WNV.
Antiviral Target Result Ref

Remdesivir  RdRp(a) inhibition Inhibits the WNV(b) RdRp  89
Favipiravir Mechanism of action still not well 

understood
Decreases virus-specific infectivity 

and drives the virus to 
extinction. 

92

Rilpivirine RdRp(a) inhibition Inhibits the WNV(b) RdRp 93
Sofosbuvir RdRp(a) inhibition Inhibits the WNV(b) RdRp 94
2′-C-methylcytidine (2′-CMC) RdRp(a) inhibition Inhibits the WNV(b) RdRp 95
7-deaza-2′-C-methyladenosine RdRp(a) inhibition Inhibits the WNV(b) RdRp 96

RdRp: RNA-dependent RNA polymerases; WNV: West Nile virus.
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corticosteroids in case of complications such as acute flaccid paralysis and opsoclonus–myoclonus–ataxia 
[101–104]. On the other hand, two case series did not report apparent clinical improvement with corti-
costeroid use. In one of them, no relevant difference in hospital stay was reported between 18 patients 
treated with steroids and 154 untreated controls [88]. In a similar way, in a study of 65 patients with 
neuroinvasive WNV disease no differences in mortality (odds ratio [OR], 1.70; 95% CI, 0.3–13.8; p = .89) 
or neurological outcomes (OR, 0.53; 95% CI, 0.16–1.76; p = .47) were reported between patients treated 
with corticosteroids and untreated patients [105].

Interferon-Alpha
Two patients with confirmed WNV disease and coma received interferon alpha-2b within 72 h, with neuro-
logical improvement observed within 48 h, though association between treatment and favorable outcome 
remains uncertain [106]. Off-label use of interferon alpha in other case reports has also been reported 
without an apparent favorable course of the disease, though again the association of outcomes with treat-
ment remains largely uncertain due to the very low certainty of evidence of isolated reports [107,108].

Supportive care

Supportive management may include analgesics for headache, antiemetics and rehydration for nausea 
and vomiting, and intensive monitoring for patients with encephalitis. These individuals required fre-
quent monitoring, possibly in the intensive care unit, for early detection of elevated intracranial pressure, 
seizures, or impaired airway protection [109]. Patients with acute flaccid myelitis also require close mon-
itoring for neuromuscular respiratory failure [60].

Vaccines

Several candidate vaccines have been successfully developed, some of which have been licensed for use 
in horses but none have been authorized for humans [110].

Equids are sporadically infected by WNV and around 20% can develop clinical signs that have recently 
been equally severe also in humans [111]. Four of the six licensed vaccines are currently on the market 
for use in horses. The WN-Innovator, by Zoetis, US, inactivated virus, showed 94% protection against 
viremia, with a classic inactivated whole virion-based approach, was the first to be developed and was 
licensed by the USDA in 2003 [112]. Live attenuated recombinant viruses have also been used (either 
based on canary poxvirus - RECOMBITEK® by MERIAL Ltd., US, induced cell-mediated immunity and neu-
tralizing antibodies- or yellow fever virus), as well as a plasmid DNA vaccine [113]. However, despite their 
proven efficacy, these vaccines require repeated administrations to get a solid initial immunization, and 
due to a short duration of the induced immunity, annual boosters are required, increasing the cost for 
horse owners [114].

Several commercial and experimental vaccine candidates have been assayed in wild birds, exotic zoo 
birds and domestic birds, although no one has yet been authorized for use on them. However, the 
implementation of bird vaccines faces several drawbacks, such as the feasibility of access to the target 
host, mainly for wild species, and the administration route [115,116].

At least 7 different WNV vaccine candidates have been studied in phase 1 or 2 human clinical trials 
[117,118]. Development of phase 3 efficacy trials has been limited by the unpredictable nature of WNV 
outbreaks, which makes it challenging to select geographic areas and prepare for trials before WNV 
activity is detected.

Human clinical studies have been conducted with several vaccine candidates, including two live atten-
uated chimeric, one DNA (first and second generation), one recombinant subunit, and two inactivated 
whole-virus vaccines. ChimeriVax-WN02 (Sanofi Pasteur; NCT00442169, NCT00746798), a live attenuated 
chimeric vaccine yellow fever strain expressing the premembrane and envelope (prM–E) genes of WNV, 
demonstrated seroconversion rates above 90% after a single dose in phase 2 clinical trials even in older 
age groups.
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Several phase 1 clinical trials have evaluated alternative vaccine approaches, each with distinct immu-
nogenic profiles. WN/DEN4-3′D30, 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). DNA-based candidates, such as VRC-WNVDNA017-00-VP (NCT00106769) 
and VRC-WNVDNA020-00-VP (NCT00300417), have demonstrated strong neutralising antibody responses, 
with seroconversion rates exceeding 96% after a three-dose regimen. 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. Inactivated whole-virus formula-
tions, including HydroVax-001 (NCT02337868), have shown moderate seroconversion rates (31–50%) fol-
lowing two doses [119].

All were associated with minimal adverse events, and most were shown to have favorable immuno-
genicity, although the inactivated virus vaccine elicited only moderate immune responses [114].

Concerns have also been raised over vaccine safety, particularly with live attenuated virus vaccine 
candidates. The risk of prolonged viremia and adverse events from live vaccines is highest in the same 
populations for which vaccination would be recommended. Although early clinical trials with WNV chi-
meric vaccines did not find that older participants had serious vaccine-associated adverse events [120].

The benefits of live vaccines, including durability of immunity and need for only one dose, will need 
to be weighed against potential safety concerns, particularly for the principal age group that would be 
targeted. Although inactivated vaccines might have a better safety profile, the likely need for multiple 
doses and the limited sustainability of immunity could affect vaccine uptake [121].

The development of a vaccine against WNV faces several significant obstacles, for example viral 
genetic diversity, lack of suitable animal model for all disease features and target population challenges. 
A key limitation is the perceived lack of profitability, which discourages pharmaceutical companies from 
investing substantial resources into research and development. In 2017 the CDC published a paper 
describing the cost-effectiveness of an age-based WN vaccination program [122]. The studies by Snyder 
et  al. [123] provide strong support for such a vaccination program in the US and suggest that policy-
makers may wish to reevaluate the public health and cost-effectiveness of a targeted WN vaccine pro-
gram [124].

Prevention and public health control

Vector control represents the cornerstone of WNV infection prevention. Strategies can be broadly cate-
gorized into chemical, biological, and environmental interventions, each with distinct advantages and 
limitations [125]. Chemical control, primarily through ultra-low volume adulticides and larvicides, has 
demonstrated rapid suppression of mosquito populations and reduced infection rates when applied 
with precise timing [126]. However, the emergence of insecticide resistance, as well as environmental 
contamination, limit its long-term sustainability. Biological control methods, particularly the use of 
microbial larvicides such as Bacillus thuringiensis israelensis and Lysinibacillus sphaericus, offer environ-
mentally safe alternatives with minimal resistance development [127]. Environmental control, focusing 
on habitat modification and source reduction, remains a sustainable approach, reducing breeding sites 
and interrupting transmission cycles, though it requires coordinated multi-sectoral effort and community 
participation [128]. Integrated vector management programs that combine these approaches are recog-
nized as the most effective and adaptable strategy, enhancing operational feasibility, mitigating resis-
tance development, and aligning with ecological sustainability principles to reduce WNV transmission 
risk. When operationally feasible, mosquito monitoring through the trapping and testing of vector pop-
ulations provides an additional early indicator of WNV circulation, complementing veterinary surveillance 
efforts [129].

Following vector monitoring, veterinary surveillance provides an essential component of early warning 
for WNV circulation. In the European Union, outbreaks of WNV infection in equids and birds are notifiable 
and systematically reported to the Animal Disease Information System, highlighting their institutional 
role as indicators [130]. Data on equids and birds frequently serve as the first signal of seasonal WNV 
activity, sometimes weeks before human cases, and in several countries such signals have triggered 
blood safety measures for substances of human origin [131]. When veterinary data are integrated with 
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entomological and public health information under One Health principles, predictive capacity and out-
break preparedness are significantly enhanced [132].

Because many WNV infections are asymptomatic, screening of blood and organ donors plays a crucial 
role in preventing transmission via transfusion or transplantation. Several European countries have 
adopted nucleic acid amplification testing (NAT) of donor blood in areas where WNV is known to circu-
late, improving safety by detecting viral RNA even before clinical symptoms appear [133]. In addition, 
European Union legislation requires blood establishments to defer donors of allogeneic blood donations 
for 28 days after leaving an area with locally acquired WNV, unless an individual NAT yields a negative 
result (Directive 2014/110/EU) [134]. Surveillance data published weekly during the WNV transmission 
season assist in defining which regions are high risk. These data enable blood services to dynamically 
adjust screening or deferral criteria [135]. Organ and tissue donation also present a public health risk, 
and regulatory frameworks now often require testing or donor deferral depending on epidemiologic risk 
and recent exposure [136]. Despite the effectiveness of donor screening, there are challenges: cost and 
logistics of NAT, identifying high‐risk donors, harmonizing guidelines across countries, and ensuring that 
organ donation safety measures keep pace with expanding viral geography.

Conclusions and future perspectives

WNV disease has emerged as a growing global health threat affecting both humans and animals. Since 
the early 2000s, its geographic range has expanded considerably, with increasing outbreaks across mul-
tiple continents. However, its geographic epidemiology pattern remains complex and likely underesti-
mated, as many infections are asymptomatic or paucisymptomatic and thus go undetected. The typically 
low viral load and transient viremia further complicate diagnosis and can delay clinical recognition. 
Strengthening preparedness is therefore essential both in endemic regions, and also in currently 
non-endemic areas, where ecological and climatic changes may favor future emergence. Indeed, WNV 
disease, together with other arboviral diseases has been listed among climate-sensitive priority diseases 
[137]. Effective preparedness relies on timely detection, which requires combining direct and indirect 
diagnostic methods, integrating sensitive molecular techniques capable of detecting very low viral loads, 
and developing rapid point-of-care tests for specific viral antigens (e.g. NS5) or antibodies (e.g. IgM) [84]. 
Moreover, identifying and validating biological markers that predict progression to neuroinvasive disease 
could help stratify patient risk, enabling prompt therapeutic intervention and closer follow-up.

At present, there is no specific antiviral therapy for WNV disease, and treatment remains largely 
supportive, particularly for neuroinvasive disease. Closing this therapeutic gap will require robust trans-
lational research efforts. Alongside in vitro studies testing the efficacy and safety of candidate com-
pounds, molecular docking approaches should be employed to evaluate their theoretical binding 
affinity to key viral targets [138],. Integrating computational strategies with high-throughput screening 
and medicinal chemistry could accelerate the identification of promising antiviral molecules to advance 
into preclinical and clinical studies. These advancements must be embedded within integrated One 
Health surveillance frameworks, supported by sustained multidisciplinary collaboration among virolo-
gists, epidemiologists, clinicians, veterinarians, entomologists, ecologists, and public health experts. 
This cross-sectoral approach is essential to early detect viral circulation, monitor environmental drivers 
of transmission, and coordinate targeted prevention and control strategies before human cases, and 
outbreaks, occur [29,139].

Ultimately, understanding how climate, ecological dynamics, viral evolution, and demographic shifts 
interact will be crucial to anticipate the future trajectory of WNV disease. More broadly, WNV serves as 
a sentinel example of how zoonotic pathogens may respond to accelerating global change, challenging 
both our scientific understanding and our ability to act proactively.
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