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Abstract: The resurgence of West Nile virus (WNV) in North America and Europe in recent 

years has raised the concerns of local authorities and highlighted that mosquito-borne disease is 

not restricted to tropical regions of the world. WNV is maintained in enzootic cycles involving, 

primarily, Culex spp. mosquitoes and avian hosts, with epizootic spread to mammals, including 

horses and humans. Human infection results in symptomatic illness in approximately one-fifth 

of cases and neuroinvasive disease in less than 1% of infected persons. The most consistently 

recognized risk factor for neuroinvasive disease is older age, although diabetes mellitus, alco-

hol excess, and a history of cancer may also increase risk. Despite the increasing public health 

concern, the current WNV treatments are inadequate. Current evidence supporting the use of 

ribavirin, interferon α, and WNV-specific immunoglobulin are reviewed. Nucleic acid detection 

has been an important diagnostic development, which is particularly important for the protection 

of the donated blood supply. While effective WNV vaccines are widely available for horses, no 

human vaccine has been registered. Uncertainty surrounds the magnitude of future risk posed 

by WNV, and predictive models are limited by the heterogeneity of environmental, vector, and 

host factors, even in neighboring regions. However, recent history has demonstrated that for 

regions where suitable mosquito vectors and reservoir hosts are present, there will be a risk 

of major epidemics. Given the potential for these outbreaks to include severe neuroinvasive 

disease, strategies should be implemented to monitor for, and respond to, outbreak risk. While 

broadscale mosquito control programs will assist in reducing the abundance of mosquito popu-

lations and subsequently reduce the risks of disease, for many individuals, the use of topical 

insect repellents and other personal protective strategies will remain the first line of defense 

against infection.
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Introduction
West Nile virus (WNV) is a mosquito-borne pathogen of concern to health authorities 

internationally. The virus poses an emerging threat to public health in many parts of 

the world, and over the past decades, there has been substantial and rapid geographi-

cal spread. Although the clinical spectrum of disease is broad in humans, a small 

proportion of patients will develop neuroinvasive disease associated with significant 

morbidity and mortality. There is still much to be unraveled regarding the intrica-

cies of the environmental, entomological, zoological, and anthropological drivers 

of the outbreaks. Treatment is generally considered unsatisfactory, and an emphasis 

on surveillance and associated control measures as well as a focus on prevention in 

public health messages are critical. This review addresses the evolving epidemiology 
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of WNV and summarizes the recent changes in classification 

as well as updates the current understanding of WNV clinical 

syndromes and viral-specific treatments. It also addresses 

opportunities for prevention, with particular emphasis on 

personal protective strategies.

Virology
WNV is a mosquito-borne flavivirus within the family 

Flaviviridae. The genus Flavivirus is comprised of more 

than 70 recognized viruses, including some of the most 

significant arboviral pathogens of humans.1 WNV virions 

are spherical with a diameter of 50 nm, consisting of a dense 

core with an adherent lipid envelope.1,2 The ribonucleic 

acid (RNA) genome is linear, plus sense, single-stranded, 

and approximately 11 kb long, with a clustering of coding 

regions for structural proteins at the 5′ end and nonstructural 

proteins at the 3′ end. Replication takes place in host cell 

cytoplasm, with the entire genomic RNA translated into a 

large polyprotein, which is subsequently cleaved into the 

functional structural and nonstructural proteins by cellular 

and viral proteins.

WNV is a member of the Japanese encephalitis virus 

serocomplex, sharing cross-neutralization antibodies with 

other important viruses that cause encephalitis in humans, 

including Japanese encephalitis virus, St Louis encephalitis 

virus, and Murray Valley encephalitis virus. In addition, 

WNV shares cross-neutralization antibodies with viruses 

that are either rare or less well-established causes of disease 

in humans, including Usutu, Kokobera, Stratford, Alfuy, 

Koutango, Yaounde, and Cacipacore viruses.3,4

Changing epidemiology
WNV was first isolated in December 1937, from a 37-year-

old, febrile woman in the West Nile district in the Northern 

Province of Uganda, during an epidemiological study 

defining the endemic zone of yellow fever.5 Serum from 

the febrile case was inoculated intracerebrally in mice, with 

the subsequent viral particles shown to cause an encepha-

litic illness in selected vertebrate hosts, including mice and 

rhesus monkeys.

The virus was not isolated again until the 1950s, when the 

first WNV epidemics were described in Israel and Egypt.6,7 

A large-scale epidemiological study in the 1950s identified 

seroprevalence rates as high as 61% in the Nile Delta of 

Egypt.8 This report was the first to describe the seasonal 

pattern of WNV transmission, with the peak in the mid-

summer, and to propose the natural enzootic cycle of WNV 

transmission between mosquitoes and birds.8 The potential 

for significant illness in equines was also recognized in early 

epidemiological studies.8–10 Despite the emerging understand-

ing of the epidemiology, the prevailing view in the latter half 

of the 20th century was that WNV was a self-limiting and 

nonserious illness, predominantly in children, which rarely 

manifested with definite signs of encephalitis. These views 

were reinforced by observations following the accidental 

laboratory acquisition of infections, as well as the experi-

mental infection of patients with advanced cancers, in whom 

the symptoms, when they were observed, were typically 

limited to fever and occasional headache.8,11 Prior to the 

1990s, the WNV threat to public health was not widely 

appreciated. This was despite the recognition of the increas-

ing geographical range as well as the ongoing and emerging 

sporadic cases of human disease reported in Egypt, Israel, 

France, South Africa, Russia, Spain, India, as well as in 

Australia, where Kunjin virus was subsequently reassigned 

to the WNV group.11–14

There seemed to be a shift in WNV epidemiology in 

the late 1990s, with more frequent descriptions of epidem-

ics in urban areas of Europe and the Middle East that were 

associated with a notable increase of human neuroinvasive 

disease.11,15 The preponderance of neuroinvasive disease 

in immunologically naïve populations was associated with 

high morbidity and mortality, particularly in the elderly. 

In 1999, WNV was first discovered in the Americas,16 and 

while there is strong phylogenetic evidence that the emergent 

New York (NY99) strain arose from a strain in circulation in 

Israel since 1998, it remains unclear how the virus came to 

be introduced.17 Subsequently, WNV has disseminated to all 

48 contiguous states of the USA as well as to South America, 

the Caribbean, and all provinces of Canada. In 2012, there 

was a resurgence in human cases in North America to levels 

not seen in a decade, with 5,674 patients reported with clinical 

illness in the USA (compared with a nadir of 712 cases in 

2011) and 428 clinical cases notified in Canada (with a nadir 

of five cases in 2010).18,19 North American WNV activity 

levels remained higher than historical averages in 2013, with 

2,318 human disease cases reported in the US and 108 cases 

in Canada at the end of the transmission season.20,21

In Europe, there is a history of recognized WNV out-

breaks, characterized by human neuroinvasive disease, dating 

back to the mid-1990s.22 However, since 2008, there has been 

an unprecedented increased WNV activity, including the 

sustained emergence of a lineage 2 WNV, with a rapid rise 

in the number of cases of neuroinvasive disease of animals 

and humans.23,24 In 2012, there was a peak of 937 WNV cases 

in Europe and surrounding countries, with ongoing activity 
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in 2013, with preliminary data reporting 783 WNV human 

cases, including 86 in Greece and 302 in Serbia.25

Molecular epidemiology
Phylogenetic classification of WNV remains dynamic, 

with the large increase in genome sequence and surveil-

lance data in recent years. Present analysis supports that 

WNV aligns into at least seven lineages on the basis of 

nucleic acid homology, with the major lineages diverging 

by 25%–30% nucleotide differences.4,17,26 Only lineage 1 

and 2 have been implicated in human disease. As outlined 

below, the phylogenetic classification does not consistently 

correlate with the geographical distribution of WNV, which 

may be attributed to the broad dissemination of the virus by 

migrating bird species.

Lineage 1
Lineage 1 WNV has a wide geographical distribution, 

including Africa, Europe, Australia, Asia, North and Central 

America, as well as the Middle East.17 Lineage 1 can be 

further divided into three sublineages, or clades (1a, 1b, 1c). 

Sublineage 1a is the most widely distributed, occurring in 

Africa, Europe, the Americas (including the NY99 strain), 

and the Middle East. In 2011, a sublineage 1a WNV was 

isolated from the serum of a febrile patient for the first time 

in India, during an epidemic of neuroinvasive disease.27 Until 

recently, sublineage 1a contained all isolates associated with 

outbreaks of human encephalitis, including the ongoing 

epidemic in North America.17 Sublineage 1b, also referred 

to as Kunjin virus, is an uncommon cause of human disease 

endemic to Australia and is probably also found in South East 

Asia and Papua New Guinea.28,29 While few human cases are 

reported, a major epidemic of illness in horses was reported in 

southeast Australia in 2011.30 Sublineage 1c is only found in 

India. It has been proposed that isolates previously classified 

as sublineage 1c be reassigned to a new lineage 5.31

Lineage 2
Until the mid-2000s, WNV lineage 2 was predominantly 

limited to Africa, where it has been a cause of mild febrile 

illness in humans, rarely progressing to severe disease and 

typically not associated with outbreaks.17 However, in 2004 

and 2005, WNV belonging to lineage 2 was first identified 

in wild birds in Hungary, with subsequent rapid spread to 

much of central Europe.32,33 These lineage 2 viruses have 

been implicated in avian, equine, and human cases of 

neuroinvasive disease with associated deaths, including 

cases reported in Russia, Hungary, Italy, and Greece.4,26,34,35 

A large and ongoing epidemic of neuroinvasive disease in 

Greece has been attributed to lineage 2 WNV, which on 

whole genome sequencing was found to be highly similar 

to the 2004 strain isolated in Hungary.34,36 Lineages 1 and 2 

WNV are now considered endemic in southeastern Europe, 

with an over 700% increase in cases reported in the region 

since 2009.24

Additional proposed lineages
WNV belonging to lineage 3 was first isolated near the 

Austrian and Czech Republic border in 1997. Lineage 3 

WNV has also been referred to as Rabensburg virus, named 

after the nearby Austrian town where the first infected 

Culex pipiens mosquitoes were isolated.33,37 On the basis 

of genomic and antigenic diversity, it has been suggested 

that Rabensburg virus be assigned a new species within the 

Japanese encephalitis virus group.33 Lineage 3 virus has not 

been isolated from humans, and the pathogenic potential 

remains uncertain, particularly as Rabensburg virus has been 

shown not to infect mammalian or avian cell cultures, nor 

infect experimentally exposed birds.38

Additional lineage subdivisions have been proposed 

for novel flavivirus isolates, including lineage 4 WNV, first 

isolated from a Dermacentor marginatus tick in the Caucasus 

Mountains in Russia.39 As outlined above, lineage 5 WNV has 

been proposed for a group of human and mosquito isolates 

circulating in India as early as the 1950s and cluster to form 

sublineage 1c.4,31 Lineage 6 WNV has been proposed for 

virus isolated from C. pipiens mosquitoes in southern Spain 

in 2006 and is most closely related to lineage 4.40 Koutango, 

first isolated in Senegal, is currently recognized as a separate 

species but may represent an additional WNV lineage 7.41 The 

human pathogenicity of lineages 4, 6, and 7 WNV is poorly 

understood, with human infection not reported.

Ecology
West Nile virus is maintained in the environment through 

transmission cycles involving birds and mosquitoes. While 

over 60 species of mosquito have been implicated in the trans-

mission of WNV, the key vector species are those belonging to 

the genus Culex.42 In particular, mosquitoes belonging to the 

C. pipiens complex (ie, C. pipiens pipiens, C. pipiens moles-

tus, and Culex quinquefasciatus), which are found extensively 

in North America and Europe, drive transmission of WNV, 

with variable behaviors and physiologies displayed by the 

individual species, influencing the local transmission risk.43 

These mosquitoes are predominantly ornithophilic (“bird 

feeding”) species and are considered efficient enzootic vec-
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tors (ie, bird-to-mosquito-to-bird transmission). However, as 

the mosquitoes are often abundant and closely associated with 

urban environments, and with the immature stages of many 

species found in aquatic habitats within man-made structures, 

their proximity to humans results in an increased risk to act 

as epizootic vectors (ie, bird-to-mosquito-to-human transmis-

sion). A shift to improved water conservation strategies in 

urban areas (ie, the construction of wastewater and wildlife 

conservation wetlands) may further influence WNV risk, with 

changes to vector and reservoir host populations.44,45

While Culex spp. mosquitoes are the primary vectors, 

in some regions, a range of mosquito species belonging 

to other genera may play secondary roles in transmission 

cycles. Some other species may bite birds but generally prefer 

mammalian hosts. This shifting or, at least, highly variable, 

host-feeding preference makes the prediction of outbreaks 

difficult. It is important to note that while laboratory stud-

ies may demonstrate that Aedes spp. mosquitoes may be 

efficient WNV vectors,46 when host-seeking preferences 

are considered under field conditions, there are likely to be 

ecological barriers to their importance in local outbreaks. 

When assessing local risk factors, it is important that a 

range of biological and ecological risk factors are taken into 

account.

In North America, laboratory studies consistently dem-

onstrate that Culex spp. mosquitoes are efficient enzootic 

or amplifying vectors.46,47 Similarly, in Europe, Culex spp. 

mosquitoes have been identified as the primary vectors of 

WNV.13 However, it is important to note that while members 

of the C. pipiens complex occur in both North American and 

Europe, there are differences in other Culex spp. between 

and within the two regions that must be considered when 

assessing local risks. For example, in North America, Culex 

tarsalis is considered one of the major vectors of WNV, 

while in some regions of Europe, Culex modestus has been 

implicated as a locally important vector.42,48 However, a range 

of endemic mosquitoes within North America and Europe 

may play a locally significant role in enzootic and/or epidemic 

transmission of WNV. These variations in risk may be driven 

by differences in the availability of suitable mosquito habitats, 

relative abundance of Culex spp. mosquitoes, and their host 

feeding preferences, with some species more likely to act as 

enzootic rather than epizootic vectors.49

Various migratory and indigenous avian species act to 

disseminate and amplify WNV, with the degree and duration 

of viremia varying by species.50 The high level of WNV vire-

mia in susceptible avian hosts is sufficient to infect feeding 

mosquitoes and in experimental conditions, has been shown 

to be sufficient for bird-to-bird transmission.51 Death of avian 

hosts may be an early sign of WNV outbreaks, as was demon-

strated in the 1999 North American outbreak.52 In contrast, as 

seen with the more recent introduction of lineage 2 virus into 

southeastern Europe and the spread of lineage 1 virus to South 

America, reports of sick or dead birds may be scarce. As a 

consequence, seroconversion of asymptomatic sentinel bird 

populations may be a useful component of local surveillance 

programs assisting the early detection of WNV activity.

Clinical syndromes
Although the vast majority of patients acquire WNV 

following the bite of an infected mosquito, other routes of 

transmission are described, including via blood transfu-

sion, solid organ transplant, congenital infection, as well as 

laboratory accidents.53–56

Understanding of the clinical epidemiology of WNV 

infection is complicated by the high number of cases that are 

either asymptomatic or that fail to present to medical attention 

due to mild symptoms. Moreover, it is well established that 

genetic variation of the WNV is an important determinant 

of pathogenicity, including the propensity to invade the 

meninges.57,58 This variation in pathogenicity is seen in animal 

models57,59 but has also been demonstrated by the extent of 

human neuroinvasive disease seen with the epidemic strains 

in northern America and the Mediterranean Basin, versus 

the endemic strains of Africa and Australia.28–30,59 During 

the North American and European epidemics, serological 

surveys have estimated that approximately 20% of infected 

patients developed a febrile illness with flu-like symptoms, 

which characterizes West Nile fever.60–62 More recently, the 

symptomology of WNV infection has been better defined 

by a study of 576 patients identified with incidental WNV 

viremia on screening tests at the time of blood donation.63 

It was found that only 26% of viremic patients developed 

West Nile Fever, defined as the presence of at least three of 

the indicator symptoms, comprised of headache, general-

ized weakness, fever, severe muscle pain, joint pain, chills, 

painful eyes, or new rash. Just over 50% of viremic blood 

donors reported at least one symptom, with the most com-

mon complaints being headache and generalized weakness, 

with approximately half of symptomatic patients reporting 

fever. Of the 44% of viremic patients who sought medical 

care due to their symptoms, only 5% were diagnosed with 

West Nile fever.63

Overall, less than 1% of individuals infected with epi-

demic WNV will develop neuroinvasive disease, although the 

proportion increases with age.64,65 Neuroinvasive disease can 
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be broadly classified into three groups comprising meningi-

tis, encephalitis, and a rarer syndrome of flaccid paralysis.65 

Patients may present with overlapping syndromes, including 

meningoencephalitis. WNV meningitis is characterized by 

fever and signs of meningeal irritation, including headache, 

neck stiffness, and photophobia. Encephalitis presents with 

a wide clinical range, from a mild, self-limited confusion 

state to altered level of consciousness with associated focal 

neurological signs, including ataxia, tremor, and occa-

sionally seizures, coma, and death.65 Mortality associated 

with epidemic WNV encephalitis, in both North America 

and Greece, is approximately 20%,23,66,67 and in one large 

community-based study, only one-fifth of patients diagnosed 

with WNV encephalitis returned to their prehospital level 

of function.66 Acute flaccid paralysis occurs in as many as 

17.5% of patients with neuroinvasive disease secondary to 

anterior myelitis caused by direct viral invasion of the anterior 

horn cells.68,69 Advancing age is strongly associated with an 

increased risk of neuroinvasive disease, with rates as high as 

one in 50 for patients over 65 years.23,64,70 Other risk factors for 

neuroinvasive disease include a history of cancer, diabetes, 

and alcohol abuse.66

Although patients rarely describe visual symptoms, 

chorioretinitis and other ocular manifestations of WNV are 

particularly common.71,72 Uncommon manifestations of WNV 

infection may include fulminant hepatitis,73 pancreatitis,74 

rhabdomyolysis,75 myocarditis,76 myositis, and orchitis.77 

Congenital infection is described in late pregnancy; however, 

on the available evidence, there does not appear to be a sig-

nificantly increased rate of fetal anomalies following WNV 

infection during pregnancy.55,78

Laboratory diagnosis
Serology
The mainstay of WNV diagnosis is the detection of immu-

noglobulin (Ig)M in serum or cerebral spinal fluid (CSF). 

Although IgM may be negative at the time of presentation, 

greater than 98% of symptomatic patients will have a 

positive serum IgM after the first week of illness.79 WNV 

IgM may persist in the serum for years in some patients, 

which may hinder the diagnosis and surveillance of acute 

infections, particularly in the setting of annual seasonal 

outbreaks.80,81 The commercial IgM antibody capture 

enzyme-linked immunosorbent assay is the most widely 

used assay and can be applied to both serum and CSF. 

Occasional false positives may be seen in patients with 

previous Flavivirus infection or immunization. The highly 

specific plaque-reduction neutralizing antibody assay can be 

utilized in this setting but requires the referral of specimens 

to reference laboratories.

Viral detection and isolation
The use of nucleic acid detection techniques has provided 

an opportunity to diagnose WNV in patients prior to the 

production of specific IgM antibody, with the circulation of 

detectible levels of WNV RNA in blood, on average, 4 days 

prior to the first detection of IgM antibodies.82 WNV nucleic 

acid detection has become a routine test for screening blood 

products in endemic areas, and the introduction of such mea-

sures in these areas has essentially eliminated WNV acquisi-

tion through the donated blood or organ supply.83 Isolation of 

WNV by culture of blood or CSF is possible; however, it is 

not routinely performed because of poor sensitivity secondary 

to low levels of viremia in humans and the early production 

of neutralizing antibodies.

Treatment
Despite the recent surge in research as well as growing 

public health concerns, no effective drug for the treat-

ment of WNV has been developed. There is a clear need to 

develop therapies. Clinical trials for WNV-specific therapies 

have been problematic, particularly because of difficult 

trial logistics associated with the sporadic presentation of 

cases and the difficulties of predicting outbreaks from year 

to year. In addition, patients typically present late, may 

have delayed diagnosis, and are often elderly with medical 

comorbidities.70,84 Currently, guidelines recommend patients 

with WNV encephalitis receive supportive therapies fol-

lowed by intensive rehabilitation.85 Once neuroinvasive 

disease is established, the focus shifts to the prevention of 

secondary brain injury by managing hypotension, hypox-

emia, intracranial hypertension, hyperglycemia, anemia, 

as well as seizures.86 The role of corticosteroids in neuro-

invasive disease remains controversial because of a lack of 

supporting evidence and concerns that immunosuppression 

may worsen outcomes. Three antiviral candidate therapies, 

including ribavirin, interferon α (IFN-α), and WNV-specific 

immunoglobulin are discussed below. Emerging therapies 

that lack human data, including nucleic acid inhibition, 

peptides, and small molecules targeting viral translocation, 

replication, or protease activity, have been reviewed recently 

and are not discussed here.87,88

Ribavirin
Ribavirin is a broad-spectrum nucleoside analog with in vitro 

activity against a number of RNA and deoxyribonucleic acid 
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(DNA) viruses and is most widely used in the treatment of 

hepatitis C and in immunosuppressed patients with respira-

tory syncytial virus (RSV).89–91 In vitro activity of high-dose 

ribavirin has been demonstrated for WNV in a number of 

studies.92–94 However, there is limited and inconsistent animal 

data, which has not clearly demonstrated ribavirin efficacy. In 

a mouse model, there was a protective effect seen when high-

dose ribavirin was used as prophylaxis or immediately fol-

lowing viral inoculation; however, an increased mortality was 

demonstrated in hamsters treated with ribavirin 2 days after 

inoculation.92,95,96 There are no clinical trials assessing the 

role of ribavirin in humans with WNV infection. Following a 

large WNV outbreak in Israel in 2000, a retrospective review 

of 37 patients treated with ribavirin reported an increased 

mortality in the treated group; however, this may have been 

due to a bias of treating patients with more severe disease.97 

The observed discordance between ribavirin in vitro and 

in vivo efficacy may be attributed to poor bioavailability and 

limited central nervous system (CNS) penetration. With an 

oral ribavirin dose of 2,400 mg per day, the achieved serum 

concentration was 12–40 times below the concentration 

required for an in vitro WNV inhibitory effect.92,93 Further 

animal and human data needs to be accumulated before 

ribavirin can be recommended for the treatment of WNV. 

The American Society for Infectious Diseases encephalitis 

guidelines recommend against the use of ribavirin in patients 

with WNV encephalitis.85

Interferon α
IFNs are naturally occurring immunoregulatory glyco-

peptides central in the innate host response to viral infec-

tion. IFN-α is a type 1 IFN which targets a broad range of 

human cells. The end result on these target cells includes 

immunoregulatory, antiviral, and antitumor effects. There 

are expanding therapeutic uses of IFN-α, particularly in 

the management of hepatitis C.98,99 The inhibitory effect of 

IFN-α for WNV infection has been demonstrated in primate 

cell culture at a concentration that is readily achievable in 

human serum.92 The protective role of IFNs following WNV 

infection may also be inferred by the marked increase in 

mortality in experimentally infected IFN-α/β receptor–

deficient mice.100 Further evidence of protection in animals 

can be extrapolated from a mouse model of the related 

St Louis encephalitis virus, where the early administration 

of IFN led to a significant reduction in mortality.101 More 

recently, it has been demonstrated that potent IFN-inducing 

RNA transcripts were protective for suckling and adult mice 

exposed to a lethal WNV challenge.102 The human evidence 

for the use of IFN-α is limited to case reports of meningo-

encephalitis, where the outcomes have been mixed.84,103–105 

The highly variable and dynamic clinical course of WNV 

neuroinvasive disease warrants that these case reports be 

interpreted with caution. In addition, IFN does not penetrate 

into the CSF, so the biological mechanism for the reported 

response in established meningoencephalitis cases remains 

unexplained. Nevertheless, because of the superior effect 

of IFN-α over ribavirin in cell culture, the available safety 

data for human use, as well as the fact that supratherapeutic 

concentrations are readily achievable in human serum, IFN-α 

warrants further clinical trials in WNV-infected patients. The 

commencement of a randomized clinical trial of IFN-α-2b in 

patients with WNV infection was reported in 2002, although 

to date, no results have been published.106

Immunoglobulin
Passive immunity, in the form of pooled immunoglobulin or 

specific monoclonal antibodies, has proven efficacy in the 

treatment of several flaviviruses, including in animal models 

of WNV.107–109 In theory, neurotropic viruses, including WNV, 

may be more susceptible to antibody-mediated immunity 

than to cell-mediated immune responses because the neuron 

lacks the major histocompatibility complex-class I molecules, 

thereby evading the immune surveillance component of 

the cell response. In the 1970s, the relative importance of 

humoral immunity compared with cellular immune response 

to WNV infection was assessed in a study where the mouse 

immune system was ablated with cyclophosphamide 1 day 

after experimental infection with WNV. It was possible to 

rescue 94% of mice if immune serum was given on day 1 or 

2, 82% with treatment on day 5 or 6, but only 22% if treated 

on day 8 or 10 (compared with 3% survival in controls) and 

no significant survival benefit when immune-synergistic 

spleen cells were given after day 2.110 A consistent finding in 

WNV animal studies is that the timing of immunoglobulin 

intervention is key, if the clinical course is to be modified. 

Early treatment (day 1–2 post infection), typically prior to 

the development of clinically apparent disease, is associated 

with a near 100% survival in both mice and hamsters, but the 

therapeutic benefit is markedly reduce when delayed beyond 

2–5 days.107,108 The published human data is limited to case 

reports of patients, often treated late in the course of illness, 

with mixed clinical outcomes.111–113 A Phase I/II clinical trial 

(ClinicalTrials.gov identifier NCT00068055) assessing the 

safety and effectiveness of immunoglobulin containing WNV 

antibodies in patients with or at high risk of neuroinvasive 

disease was terminated in 2006, and study data are yet to be 
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reported.114 At present, with the possible exception of rare 

clinical scenarios, such as the use of immunoglobulin as 

early prophylaxis following defined exposures in blood or 

organ recipients,115 the published data remains insufficient 

to recommend routine immunoglobulin for the treatment of 

WNV infection.

Opportunities for prevention
Reducing the risks of WNV to the community requires an 

integrated approach incorporating mosquito control, modifi-

cation of human and environmental factors, as well as active 

surveillance programs. While vaccination of horses has been 

widely implemented in some endemic regions, no vaccine 

for humans has been registered.

Vector control and personal protection
A wide range of mosquito-control strategies are available that 

target immature and adult mosquito populations. However, 

the most appropriate strategy will vary between regions 

and should be determined based on a site-specific under-

standing of vectors, including their habitat associations and 

reservoir–host dynamics. Beyond the use of insecticides by 

local authorities, households and individuals can substantially 

reduce WNV risk by ensuring that opportunities for mosquito 

production from local urban habitats are reduced and that 

personal protective measures are employed.

Individual responsibility is likely to provide the 

first line of defense against WNV. A range of personal 

protective measures are available, including the use of bed 

nets, insect repellents, as well as mosquito traps and other 

devices. The effectiveness of personal protective measures 

to prevent mosquito bites has been reviewed.116,117 Insect 

repellents containing N, N-diethyl-3-methylbenzamide 

(DEET), 2-(2-hydroxyethyl)-1-piperidinecarboxylic acid 

1-methylpropyl ester (icaridin), and p-methane 3, 8-diol 

(PMD) have all been demonstrated, in laboratory and field 

testing, to prevent bites from a range of mosquito species. 

These products have been shown to have minimal adverse 

health effects on humans.118 Even though these products 

can prevent mosquito bites, a recent study from North 

America indicated that repellent use was not a significant 

factor influencing WNV risk.119 This result contrasts with 

earlier studies that indicated a positive relationship between 

insect repellent use and lower WNV seroprevalence.60 Even 

in the absence of quantitative studies supporting a link 

between insect repellent use and low WNV infection risk, 

the strong evidence that repellents do prevent mosquito 

bites provides sufficient support that personal protective 

measures should be encouraged, to assist in reducing the 

risks of WNV.

Surveillance
To reduce the risks of WNV, adequate surveillance programs 

must be in place. Whether it is mosquito control activities or 

the promotion of personal protective measures, operational 

and communication elements of all approaches must be 

informed by appropriate surveillance of the vectors, virus, 

and animal hosts, including humans. Surveillance of vector 

populations can be done in a number of ways but should be 

focused on the collection of primarily Culex spp. mosquitoes. 

A combination of adult host-seeking and oviposition traps 

are likely to collect sufficient data to assist local management 

of WNV risk.120 The first evidence of WNV activity may be 

identified through serosurveillance of sentinel animals, as 

part of arboviral surveillance programs, by the death of wild 

bird populations or by identification of symptomatic disease 

in other mammalian species, particularly horses.17,30,121 

Screening of donated blood products in endemic areas has 

also emerged as an important surveillance tool for human 

WNV activity. Preparedness and awareness amongst local 

authorities is critical, but there are often substantial differ-

ences in practice between regional jurisdictions.122

Predicting outbreaks
It can be a complex task determining predictive mod-

els for WNV outbreaks. Notwithstanding differences in 

mosquito abundance and diversity between and within 

regions, climatic conditions that drive extrinsic incubation 

periods within mosquitoes may vary with the relation-

ship between environmental temperature and dissemina-

tion rates of infection.123 With recent epidemics of WNV 

in Europe and North America, studies have identified 

environmental conditions as potentially important drivers 

of virus activity, including case-controlled studies in North 

America that have identified a high risk associated with urban 

environments.119,124,125 Changing environmental conditions 

may also influence reservoir host populations, including 

the migration of bird populations into new regions or other 

changes that bring avian host, mosquito vectors, and suscep-

tible human populations into close proximity.

While much effort has been placed on developing pre-

dictive models of WNV activity in North America,120,126 

outbreaks have remained unpredictable.127 Broad models 

that allow for the prediction of outbreaks across countries 

or continents are unlikely to be developed as the impact 

of urbanization and environmental change will not be 
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homogenous, even in neighboring regions.128 However, 

there remains scope for the development of location-specific 

statistical and mathematic models to assist in the prediction 

of outbreaks.129

Vaccines
Despite the widespread use of effective equine vaccines and 

expanding experience with avian vaccination for pets and 

exotic species, no human vaccine is currently available.130 

Nevertheless, a number of candidate vaccines have under-

gone initial safety and dosing trials in humans.131–133 An 

important barrier to the further development of WNV vac-

cines is the cost–benefit of such an intervention. It has been 

suggested that universal vaccination programs are unlikely 

to be cost-effective.134 The vaccine cost–benefit may be 

more favorable if the elderly population was targeted, given 

the propensity of neuroinvasive disease in this population. 

For this reason, the development of a vaccine for human 

use will have to include safety and efficacy studies in the 

elderly population. In addition, the recent emergence of 

new lineage 2 viruses causing human and animal disease 

in Europe requires that vaccines must be efficacious against 

multiple WNV variants.130

Conclusion
Over the last two decades WNV has demonstrated its capac-

ity to evolve and to exploit new and changing environments. 

Accompanying the expansion of WNV into new regions, has 

been a resurgence in endemic areas, with strains harboring 

increased virulence, as demonstrated by significant morbidity 

and mortality in mammalian hosts, including humans. The 

complex epidemiology as well as limitations in serological 

diagnosis provides significant challenges to the establish-

ment of effective surveillance for WNV. There is an urgent 

need to develop effective antiviral therapy for WNV. New 

agents need to be assessed for efficacy but also their capacity 

to enter the CNS.

It is unlikely that regionally specific outbreaks can be 

confidently predicted; therefore, in response to the threat that 

substantial outbreaks will continue to occur, health authori-

ties must remain vigilant in their surveillance, treatment, and 

provision of personal-protection advice. Current surveillance 

efforts should focus on the early detection of WNV activity 

in mosquito, avian, and horse populations. Cooperation 

between entomologists, veterinarians, physicians, and public 

health practitioners, with rapid sharing of information, will 

form the cornerstone of effective and timely population 

intervention.
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