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Abstract

West Nile virus (WNV) is a mosquito-borne flavivirus contributing yearly, to birds, horses and
human morbidity and mortality throughout the world. WNV is transmitted mainly by mosqui-
toes, predominantly by Culex species, to avian hosts and other vertebrates. Since the mid-1990s,
WNV outbreaks and severe human cases (i.e., West Nile neuroinvasive disease) have increased
throughout the North hemisphere. The absence of human vaccine and effective therapy needs
to understand the pathogenesis of WN severe disease as well as factors participating in WNV
transmission and mosquito exposure. The exploration of the host/vector interaction at the in-
dividual level using host antibody response against mosquito salivary proteins has open news
research opportunities aiming to increase the impact of surveillance and WNV vector control
strategies. This review describes Culex saliva specific biomarkers as a helpful tool to estimate
exposure to vector bites and risk for WNV infection, summarizes recent advances regarding
WNYV vector control strategies and highlights potential specific biomarkers of WN disease se-
verity.
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1. Introduction

West Nile Virus (WNV) is a positive-stranded RNA virus belonging to the Flaviviridae family (genus Flavivi-
rus), which is transmitted by mosquitoes mainly from the Culex genus [1]. WNV is maintained in an enzootic
cycle; birds are the primary natural vertebrate reservoir host for the virus or viral-amplifying hosts [2] [3] (Fig-
ure 1). Equines and humans are considered incidental hosts because they did not develop sufficient level of vi-
remia (i.e., concentration of virus in the blood) to infect mosquitoes [4].

Approximately 80% of WNV infections in humans are asymptomatic, whereas the remainder may manifest
West Nile Fever Syndrome (WNF) characterized by sudden fever. Symptoms in 1% of infected individuals can
range from WNF to neurological complications, including meningoencephalitis, and acute-flaccid paralysis
usually grouped together under the term West Nile neuroinvasive disease (WNND) [5]. Since its first isolation
in 1937, from patient suffering from a mild febrile illness in Omogo in the West Nile province of Uganda, WNV
has spread throughout the world and is considered as the most widely distributed of the encephalitic flaviviruses
[6]. The virus covers tropical parts of Africa, Middle East, Central Asia, Europe, Australia, and America [7].

Since the mid-1990s, the frequency of WNYV outbreaks and clinical severe human cases presenting WNND
has increased [8]. Indeed, WNV-outbreaks have become more frequent in Southern European regions [9], such
as Italy (200 WNND with 17% fatality rate) [10], Balkans countries and Greece (197 WNND, of whom 33 (17%)
died) [11]. In 1999, WNV was surprisingly detected during an outbreak of meningo-encephalitis in New York
City [12]. Since that time, WNV has spread the north into Canada, and south into Caribbean islands and Central
and south America [13] [14]; subsequently, it was considered endemic throughout the Americas [15]. Between
1999 and 2010, nearly 1.8 million people from North America were infected, with more than 15,000 reported
cases of severe encephalitis and meningitis, and more than 1500 deaths [16]. The emergence and spread of
WNV pose significant public health problem throughout the world, thus, there is a need to develop intervention
strategies [17]. To date, four licensed vaccines are available for equines which are effective in preventing mor-
bidity and mortality in horses in the USA and Canada [18]. However, until now, there is no human approved li-
censed-vaccine or specific treatments [18]. Due to the absence of an effective human vaccine or antiviral drugs,
mosquito control measures and personal protection against mosquito bites are crucial to reduce risk of WNV
disease transmission [19]. The objective of controlling mosquito populations is to reduce the potential for WNV
disease transmission and vector biting nuisances [20].

A critical event in WNV transmission is mosquito bite. Female mosquitoes require hematophagy (blood-
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Figure 1. WNV transmission cycle.
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meal) for nutrition, egg development, and survival. During blood-meal, mosquito saliva proteins are injected in-
to the host skin. The saliva contains a number of pharmacologically active proteins, which have effects on the
haemostatic responses of the host and modulate both cellular immunity and the production of specific antibodies
[21]. There is evidence that mosquito salivary proteins contribute to both susceptibility to WNV infection and
disease severity [22]. Moreover, recently a protective role of mosquito salivary gland extract against WNV in-
fection was demonstrated in mice [23]. This result suggests that development of a mosquito salivary protein
vaccine might be a strategy to WNV control. It also suggests that the mosquito salivary proteins have an active
role in the WNV transmission. Hence, there is a need to identify these proteins involved in the transmission and
which their inhibition could have a positive role in decreasing virus transmission or protection against WNV in-
fections (i.e., potential vaccine candidates).

Estimation of individual exposure to hematophagous arthropod vector bites has been established by several
studies using antibodies against saliva protein extracts from mosquitoes, ticks, sand flies and Glossina [24]-[29].
Moreover, mosquito salivary gland extracts have been demonstrated to induce specific 1gG antibody response in
individuals exposed to distinct densities of mosquitoes [30]. This suggests that salivary proteins can potentially
be used as specific biomarkers to evaluate individual exposure to mosquito bites [30] [31].

Recent progress regarding WNV diagnosis using serological and molecular tools has been performed [32].
However, currently, human effective antiviral therapy and vaccines are not available [18]. In addition, initial
symptoms of WNF are not specific and surviving patients with WNND have a poor prognosis [33]. Therefore, a
better understanding of the WNV pathogenesis of severe disease and the prediction of clinical evolution from re-
covery to neurological symptoms are a major concern. Indeed, the identification of early WNV infection biomark-
ers and therapeutic targets become urgency in order to diagnose and to distinguish WNF from WNND clinical
evolution but also to develop novel and specific therapeutic strategies to prevent brain disorders, sequel or death.

This review highlights the current advances in the use of mosquito saliva specific biomarkers as a helpful tool to
estimate exposure to vector bites and risk for WNV infection. We present and summarize also recent advances re-
lated to WNV vector control strategies as well as potential specific biomarkers of WN disease severity.

2. Culex Vectors of WNV and Variability in Vector Competence

WNV have been detected in at least 75 mosquito species from more than 10 genera worldwide [34]. Culex genus
is considered as the most important vector of WNV, although these species vary in their vector competence
(Hayes et al., 2005a). These Culex species could serve as efficient enzootic or amplifying vectors for WNV [35].
Among them, mosquitoes of the Culex (Cx.) pipiens complex are major vectors of WNV and other arbovirus
diseases including St Louis encephalitis [36], Rift Valley fever [37], Japanese Encephalitis Viruses [38] and
Western Equine Encephalitis [39] can be transmitted by these mosquitoes. The Culex pipiens complex includes
five species: Cx. pipiens pipiens (with 2 forms pipiens and molestus), Cx. pipiens pallens, Cx. quinquefasciatus,
Cx. australicus, and Cx. globocoxitus [40]. The most efficient vectors of WNV in the United States are Cx
quinquefasciatus, Cx pipiens, Cx restuans, Cx salinarius, and Cx tarsalis [41]. Less competent vectors were de-
scribed such as Cx nigripalpus, Aedes albopictus, Aedes vexans, and Ochlerotatus triseriatus [41]. Interestingly,
Cx tarsalis and Cx. quinquefasciatus seem to be associated with a higher potential risk of human neuroinvasive
disease [42].

3. Surveillance and Control of WNV Vectors

The surveillance efforts aim to early detect the pathogen circulation in a region and focus on mosquitoes pool
surveillance, dead birds count, and analysis of sentinel animals.

Mosquito pool surveillance consisting in the sampling of WNV-infected mosquito pools was reported as the
most accurate indicator of possible human cases of WNV infection than monitoring dead and infected wild birds
[43]. However, this method cannot be used alone to predict an outbreak and need to be completed with other ap-
proaches such as avian surveillance (e.g., bird death as an early warning for WNV human risk) [44]. Culex mos-
quitoes feed predominantly during the hours from dusk to dawn. Thus, spending a lot of time outdoors overnight
or bad screens on windows and doors in this time, present likely a higher risk of exposure to mosquito bites and in
areas of WNV circulation their risk to be infected is raised (Campbell et al., 2002). However, public education
and instructions on the use of anti-vectorial measures to avoid mosquito exposure remain the primary means of
prevention in WNV endemic areas [45]. Thus, exposure to mosquito bites can be anticipated by covering the body
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with long sleeves, long pants, and using of repellents such as N, N-diethyl-methyl-toluamide (DEET).

Another surveillance system was developed from 1999 to 2004 in the Netherlands, which is the syndromic
surveillance for early detection of WNV epidemics. This program consisted in analyzing cases presenting neu-
rologic diseases in humans (based on records of unexplained meningitis or encephalitis) and horses. However,
this program did not reveal an endemic WNYV infection in either humans or horses in the Netherlands [46]. The
conclusion from these surveillance and vector control studies is that WNV transmission is hardly predictable and
difficult to control. Therefore, timely WNV surveillance (seasonable monitoring pathogen activity in animals
and people) on a national scale is required [47].

During the initial human epidemic in New York City in 1999, a striking feature was the high number of avian
deaths, particularly in American crows [48]. The occurrence of sudden deaths in birds could represent a sentinel
event of WNV spread that can be used as an indicator of WNV density in areas at risk of transmission and can act
as a predictive event of human cases [49] and WNV-induced equine mortality [50]. Unfortunately, this passive
surveillance becomes less effective due to the decreasing number of voluntary reporting of dead birds [51].

Sentinel animals are groups of animals sampled for WNV and used to detect and measure the spatial and
temporal distributions of specific arboviruses. Among sentinel animals studies, serological surveys of wild birds,
and horses, containing antibodies that react against WNV antigens, may serve as an early predicting system for
WNV outbreaks in humans [52]. During 2004-2010, serological surveys have been conducted to assess circula-
tion of WNV in Portugal, resulting to point horses as good sentinels for WNV infection surveillance compared
to birds [53].

In order to reduce mosquito populations, a combination of approaches is often used [44], consisting in mos-
quito source reduction which is evaluated by mosquito population monitoring. This can be achieved by different
means. Recently, it was suggested to use gravid traps, which predominantly attract blood fed females of Culex
pipiens complex (thereby aiding in WNYV surveillance) and subsequently might be ideal for sampling Cx. Pi-
piens populations compared to mass-trapping strategies that use mosquito traps with a combination of attractants
(heat, CO,, octenol, light). Because gravid traps predominantly attract previously blood fed female mosquitoes,
this method is logistically easier and cheaper to set up [54] [55] Other techniques have been tested like the use
of floating layers of polystyrene beads. These beads form a barrier over the surface of the water, leading to a
mosquito larvae and pupae suffocation and inhibiting egg laying [56].

Another strategy is the use of chemical treatments. To this end, Culex breeding sites must be identified,
mapped, and monitored. Subsequently, these sites should be sprayed with chemical growth regulators larvicide
such as methoprene to prevent development of the larvae. Chemical insecticides may be also used in outdoor
spraying, impregnated (insecticide-treated) nets (ITNs) or indoor residual spraying (IRS) [57]. Nevertheless,
these chemical treatments are expensive and have potential toxic effect on both public health and environment.
Furthermore, the development of mosquito resistance against insecticide reduces, in turn, effectiveness of these
interventions [58]. In this context, studies have monitored insecticide resistance in Culex pipiens complex popu-
lations to ensure the sustainability of vector control programs from Lebanon, France and USA [59]-[61] or more
particularly to identify salivary proteins altered in insecticide-resistant Cx. quinquefasciatus strain [62]. Among
these proteins, endoplasmins, triosephosphate isomerases and heat shock proteins (HSP), which are involved in
protein folding, glycolysis and stress response respectively, were significantly over-expressed in the salivary
glands of insecticide-resistant

Cx. quinquefasciatus strain. Conversely, the D7 long form salivary protein which is involved in blood feeding
success, was found to be underexpressed in the resistant strain compared to the susceptible strain [62]. Because
of the increased resistance of mosquito populations to conventional control agents (i.e., pyrethroids and permeth-
rin), biopesticides have been developed [44]. Mosquito biolarvicides based on toxins expressed in recombinant
bacteria strains, Bacillus thruingiensis israelensis and Bacillus sphaericus have significantly improved larvicidal
efficiency against Culex species [63].

The reduction of mosquito population could also be obtained by infection of mosquitoes with viruses such as
Cx. nigripalpus nucleopolyhedrovirus (CuniNPV), a highly pathogenic baculovirus to Culex spp, ([64], or bac-
teria such as the intracellular bacteria Wolbachia which could be a possible means for pathogen blocking, life
shortening or cytoplasmic incompatibility (reproductive modifications leading to poor or no survival of the
mosquito offspring) [65]. Successful Wolbachia-based strategies have been used in Aedes populations to control
Dengue transmission [66] [67]. Moreover, recent studies have shown that Wolbachia endosymbionts could re-
duce the ability of WNV to replicate in Drosophila melanogaster and Cx. quinquefasciatus, and hence decrease
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WNV transmission by inducing resistance to virus [68]. Therefore, among alternative vector control strategies,
using biological control agent can increase resistance to arbovirus infection.

Significant recent progress has been made in developing alternative vector control strategies such as genetic
modification of wild mosquito populations. Genetic control strategies include Sterile Insect Technique (SIT),
Release of Insects with a Dominant Lethal (RIDL), RNAinterference, Homing Endonuclease Genes (HEG).
These methods which present numerous advantages but also some limitations have been recently reviewed by
Mc Graw and O’Neill [65].

A summary of the different vector control strategies used to control WNV transmission is presented in Table 1
underlining their advantages and disadvantages.

However, evaluation of the efficiency of vector control interventions is a crucial step to determine whether

Tablel. Effectiveness of mosquito vector control strategies.

Class of intervention Methods Advantages Disadvantages Reference
* Reduction of Encourage community to participate
human/mosquito contact in the planning of surveillance,
based on community evaluation, and management [44]
participation following programmes, reducing sources of
Physical or Environ- educational efforts standing water
mental Control Meas-
ures * breeding site removal Reducing aquatic habitats for The vast number of breeding sites [20]
(Source Reduction) larval development making the task difficult to achieve

Selection of appropriate sampling
* Sampling and collection methods depends on the surveillance
objecives

It takes time, extensive [20]
effort required
Development of resistance to

The most important component in pyrethroids, prohibitively

Chemical Treatment * Insecticides expensive, unsustainable, and [145] [146]
the vector-control effort environmentally undesirable, toxic
for public health
* Establishment of Powerful mechanism to invade Uninfected females are therefore at
Wolbachia in mosquito natural populations through a disadvantage, fitness disadvantage [66]
populations cytoplasmic incompatibility '

Biological Control
Reduced effectiveness, expense of
*Recombinant bacteria Alternative of insecticides use raising the organisms, difficulty in ~ [63][147]
their application

Strain instability, negative effects of
* Sterile Insect Technique Temporary persistence in the sterilization by irradiation, difficulties
(SIT) environment in sex-separation procedures, the
cost of the control program

[148]

Short-lived presence of the
genetically modified organism in the
# Release of Insects with a  population, focus on the release of
Dominant Lethal (RIDL) males that will not increase nuisance
biting, temporary persistence in the

More expensive than chemical
methods, political resistance to
releasing large numbers of [65] [149]
transgenic mosquitoes, in
development

Genetic Control environment
Strategies
The effectiveness of the transgene
is diminished by genetic changes
Improving the natural defense occurring outside the targeted [65] [150]

* .
RNA interference system of the mosquito region, Stability and loss of a virus [151]

resistance phenotype over time, in
development

Genes may not be
# Homing Endonuclease  Viability or fecundity, that are active  expressed in the correct tissue,
Genes (HEG) in one sex or hoth without long-term persistence,
in development

[149]

*Applicated to WNV control, # Not applicated to WNV control.
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anti-vectorial measures are well adapted for optimal control of WNV transmission. Currently, the efficiency of
anti-WNV-vectors measures is evaluated either by laboratory bioassays tests [69] [70], by clinical tests that
measure the burden of WNV disease (i.e., incidence, neurologic morbidity or mortality in clinical cases) [71] or
by entomological methods, such as biting behavior of vectors, trapping strategies and human bait catch using
adult volunteers are also proposed to assess vector bite exposure [72]. These laboratory, clinical and entomologi-
cal methods, despite that they have shown their interest in the evaluation of the protection, transmission and
vector density in a given area, present considerable limitations such as time consuming, costly, laborious, de-
pendent on the collector skills and present some ethical considerations [73]. Thus, complementary methods eva-
luating mosquito bites at the individual level and allowing an estimation of vector control strategies efficiency
have been proposed. These methods assess host-vector interactions by the detection and quantification of host
serological response against antigenic salivary proteins from hematophagous arthropods which could be used as
vector exposure biomarkers [73].

4. Culex Salivary Proteins: Blood Feeding, Potential Antigenic Biomarkers of
Mosquito Bites and Involvement in Pathogen Transmission

Hematophagous arthropods such as female mosquitoes probe into the host with the proboscis to take blood
meals. The saliva of mosquitoes is composed secreted proteins, which affect vascular constriction, blood coagu-
lation, platelet aggregation, inflammation and have an antimicrobial function [74]. During blood feeding, the
pathogen could be transmitted into the host via saliva from infected mosquitoes [75].

The host homeostatic and immune system act readily to counteract the tissue injury and assault at the bite site.
Pharmacologically active molecules of blood feeding arthropods saliva must not only counteract host homeosta-
sis but also modulate the adaptive host immune response and inflammation [74] [76] [77]. Mosquito saliva con-
tains cytokine modulators, neutrophil chemotactic factor, inflammation inhibitors, inhibitors of the plasma con-
tact system activation and T and B lymphocytes activation [78].

The injection of salivary proteins during the mosquito bite can induce a specific host immune response. The
recent demonstration of the detection of vector-host contact at the individual level using this host antibody re-
sponse against vector salivary proteins, as immunological markers of exposure to mosquito bites, have open
news research opportunities [79] [80].

These immunological tools of mosquito immunogenic salivary proteins markers aiming the assessment of
human or animal antibodies responses to vector exposure could provide direct information about incidence and
prevalence of WNV vector and gives predicting tools of WNV human risk transmission in endemic areas.

For Culex mosquitoes, a specific human antibody response to Cx. quinquefasciatus saliva was found to be
correlated with vector prevalence in a Wurchereria bancrofti endemic region [81]. Several studies evaluating
immune response against saliva of Culex mosquito as potential biomarkers to evaluate vector exposure have
been carried out using salivary gland extracts (SGE) from Cx. quinquefasciatus [82]-[84], Cx. tarsalis [22], Cx.
pipiens [30], and Cx. pallens [85]. Indeed, concerning allergic reactions to mosquito bites, lymphoproliferative
responses to different mosquito SGE have been demonstrated in patients with hypersensitivity to mosquito bites
[86]. In addition, the major allergens profile patterns of SGE which induce specific IgE responses in the pooled
sera of subjects allergic to mosquito bites were identified with some consistent results [82] [84]. Moreover, de-
tection of anti-saliva IgG antibody immune responses against salivary antigens have been useful tool to assess
individual exposure to Culex mosquito bites according to seasonal mosquito densities in Southeast France [30].
However the use of SGE presents technical limits such as the number of female mosquitoes necessary for sali-
vary gland dissection, the collection of salivary gland which is laborious and time-consuming, the problem to
standardize salivary contents, and the mode of SGE conservation to avoid protein degradation [30] [87]. Al-
though, it has been reported that among mosquitoes, SGE contain specific salivary proteins allowing vector dis-
tinction at the species level [88], several salivary proteins are conserved among genera or species, which makes
these SGE not suitable for mosquito exposure assessment among both genus and species. Taken together these
data, the identification specific immunogenic salivary proteins from Culex mosquitoes, as potential candidates
for evaluating the real human-vector contact is need. The selected proteins could be produced in recombinant
form and further tested in immunological assays to accurately assess individual exposure to Culex mosquito bi-
tes [30]. This candidate selection strategy has been reported to define species-specific [89] or genus-specific
[90]-[97] exposure biomarkers to Anopheles bites.
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Orthologous salivary protein sequences are shared among different species and genera from Culicidae. These
sequences can be selected and identified to be specific antigenic protein candidates to develop anti-saliva based
immunological tools to assess individual exposure to different mosquito vectors.

Genomic, sialotransciptomic or proteomic data of Culex mosquitoes are required in order to select potential
specific immunological candidates. However, only few mosquito genome sequences are available. Until now,
only Cx. quinquefasciatus genome sequencing [100] and Cx. tarsalis and Cx. quinquefasciatus sialotranscrip-
tome have been described [99] [101] Thus, the limited number of sequenced mosquitoes from the Culex genus
available makes difficult the determination species-specific markers. Sialotranscriptome studies of female Culi-
cine (Ae. aegypti, Ae. albopictus and Cx. quinquefasciatus) revealed about 150 different secreted proteins asso-
ciated with the salivary function grouped, for some of them, into functional families such as D7 salivary proteins,
5" nucleotidase family, and 29/30-kDa protein family. These proteins are salivary specific proteins (i.e., protein
families expressed uniquely in salivary glands) [74] [101] [102]. Among these proteins, Reagan et al. identified
the Cx. tarsalis D7 salivary protein (have significant similarity with long form D7clul2 salivary protein fro, Cx.
quinquefasciatus, gi16225986) belonging to D7 protein family, which is one of the most abundant and immu-
nogenic proteins common to all female mosquitoes [103]. In particular, salivary transcriptome analysis revealed
a large protein family unique to the Culex genus, named the 16.7 kD family [104], including 28 genes, with un-
known protein functions for the majority. Most of these genes are uniexonic, suggesting an expansion by retro-
transposition [98] In addition to the 16.7 kDa family, Calvo et al. listed the characteristics of other salivary
glands transcripts families found uniquely in Culex genus, such as GQP repeat family, 9.7 kDa family, 4.2 kDa
family, HHI repeat family, Cysteine and Tryptophan rich protein family (CWRP), and 7.8 kDa family [110].
These data indicated that these genus-specific salivary proteins seem to be interesting potential candidates for
the evaluation of host serological responses against Culex genus bites. In addition, among these proteins, their
orthologs belonging to D7 family have already been tested in other species and showed that it could be antigenic
[82] [84] [103], making them interesting Culex genus-specific biomarkers candidates of mosquito exposure.

Previous studies reported that mosquito saliva proteins induce infection compared to syringe injection of pa-
thogen without saliva proteins [105]-[108]. Several studies have shown the protective role of saliva in the trans-
mission of the parasite or arborvirus. Indeed, a prior exposure of mice to uninfected mosquito bites reduced pa-
rasite or arbovirus transmission [109] [110]. These data suggest that mosquito saliva participates in pathogen
transmission and confer protection against infection with pathogen.

Potentialisation of mosquito saliva in the WNV transmission has been demonstrated in Cx. tarsalis [110] and
Ae. aegypti-exposed mice [111] [112] and in Cx. pipiens-exposed chicken [113]. All of these data have demon-
strated that in a mouse model, mosquito feeding leading to the injection of saliva proteins potentiates WNV in-
fection including enhancement of disease progression and mortality, increasing viremia and accelerating neu-
roinvasion [111] [114] [115]. Moreover, mice immunized with the D7 recombinant salivary proteins from Cx.
tarsalis mosquitoes prior exposure to WNV-infected mosquitoes bites have been shown to enhances WNV in-
fection [103]. In contrast, mortality caused by WNV was significantly reduced in the Cx. tarsalis SGE-immu-
nized mice [23]. Collectively, mosquito saliva could have a protective role (potential vaccine) limiting WNV
infection. Therefore, identification of salivary proteins with potentiating infection role or production of specific
antibodies against these proteins aiming to investigate the protective effect could open new strategies for pro-
tecting against WNV transmission (vaccination). Nonetheless, various parameters need to be further investigated,
such as differences in mosquito species, mouse strains, and method of exposure to mosquito bite and dose of
mosquito salivary proteins [116].

The determination of salivary proteins from Culex mosquitoes involvement in WNV infection could be im-
portant in understanding virus transmission and pathogenesis. They could be used as possible new therapeutic
agents [117] and potential targets for vaccine strategies against pathogen transmission [78], thereby preventing
immune-modulation caused by mosquito saliva or promoting the induction of host immune response against the
pathogen [118]. Although D7 recombinant protein vaccine induces host WNV-specific immune response, it en-
hanced the mortality in the mouse model of WNV infection via mosquito bite [22]. This study illustrates the
complexity of the immune response to salivary proteins and requires further complementary studies [22]. How-
ever some of these mosquito salivary proteins have the advantage to be conserved in a mosquito genus, although
the mosquito vectors can transmit different strains of different arboviruses. Thus, the use of these proteins in
vaccine strategies is better than viral surface proteins, because of, viral proteins have antigenic domains which
are more variable [119], making them difficult in developing a global vaccine against WNV and other arbovirus

(=)
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infections.

5. WNV Infection Biomarkers of Neuroinvasive Disease

The progression to WN severe infection may induce acute flaccid paralysis after meningitis or encephalitis [120].
The severe form of WNV disease has been estimated to occur at a frequency about 1 in 150 infections [17]. In-
dividuals at highest risk of developing WNV-induced encephalitis are the elderly (>70 years) and immu-
no-compromised individuals [42]. In the elderly, the case-fatality rate could reach 20% [121]. Thus, as the
number of WN severe cases have increased this last decade in the united States and Europe [9], it become ur-
gency to ameliorate early clinical diagnosis, to develop new indicator for disease evolution and to better under-
stand pathophysiological mechanisms for the development of new therapeutic strategies.

5.1. Diagnosis and Treatment of WNV

Clinical diagnosis of WNV is based on the detection of antibodies IgM or IgG, viral nucleic acids by RT-PCR
(standard and real-time) in the blood or cerebrospinal fluid (CSF), or the isolation of infectious virus in cell cul-
tures [4]. Nevertheless, diagnosis of WNV infection is predominantly serological [122], because of the low sen-
sivity of molecular methods for new emerging WNV strains [18]. However, serologic methods can be proble-
matic because of cross-reactivity among different serotypes of WNV and other flaviviruses [4]. Currently, all
these diagnosis tests detect WNV directly (RT-PCR or culture) or indirectly (serological tests). However, there
are no laboratory biomarkers associated to WNYV disease severity or allowing predicting clinical evolution.

In addition, nowadays, there is no specific curative treatment for WN disease, only recommended treatment is
supportive care [123]. Interferon-alpha (IFN-«) have been used in treatment of patients with WN encephalitis
[124] [125], Ribavirin (antiviral agent) also used in therapy of experimental WN fever [126], and a transfer of
immunoglobulins anti-WN (antibody therapy) [127]. Experimental studies evaluating specific therapies for
WNV infections have not been completed. However, case report studies suggesting treatment efficacy should be
cautiously interpreted, since the clinical course and outcomes with WNND are highly variable [128].

5.2. Pathophysiological Processes of WNV Infection, Global Analysis Approaches

Genomic, transcriptomic and proteomic analysis studies have greatly improved our knowledge of the pathophy-
siological processes following WNV infections [129]-[133]. Genomic study aiming to determine genetic factors
predisposing to neurological complications following WNYV infection, did not identified Single Nucleotide Po-
lymorphism (SNP) of genes associated with neuroinvasive disease in patients infected with WNV [131].

Among DNA microarray studies, for example, DNA microarray analyses have been used to define transcrip-
tomic profiles of genes involved in host response to WNV in infected mouse embryo fibroblasts [130] and used
also to compare gene expressions in mice infected with WNV strains of different neurovirulence [133]. These
global transcriptional studies demonstrated differentially expressed of: 1) genes involved in antiviral responses
such as interferon-stimulated genes (ISGs), and 2) genes involved in neurovirulence such as expression of cen-
tral nervous system specific genes.

At the protein level, proteomic profiling permited the identification of proteins whose expression levels were
altered due to WNV infection in rat neurons [129] and Vero cells [132]. In addition, recently, proteomic study
investigated the pathophysiological processes in severe WNV infection in mice, using kinetic analysis of protein
expression profiles in the brain of WNV-infected mice prior and after the onset of clinical symptoms [134].
These proteomic studies in infected host cells revealed several host cellular functions that were altered following
WNV infections: apoptotic pathway, cell cycle regulation or cytoskeleton maintenance associated with virus
circulation, protein ubiquitination pathway, inflammatory response, and neurological development and neuronal
cell death. The proteomic changes were attributed to either proviral or antiviral phenomena and allowed identi-
fication of potential biomarkers of clinical course of WNV disease. The potential biological markers associated
either to WNV infection or to disease evolution are detailed below.

5.3. Clinical Evolution Biomarkers

Clinical evolution biomarkers can aid in the diagnosis as well as prognosis and monitoring of patients with en-
cephalitis [135]. In addition, protein biomarkers are an attractive tool for assessing the severity of brain dam-

(=)
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age and outcome in various CNS diseases [136]. Indeed, following axonal and neuronal damage within the CNS,
some proteins were released and can be quantified from CSF. The protein biomarkers, S100B, glial fibrillary
acidic protein (GFAP) and neurofilament protein (NFL) may reflect neuronal damage, but they are not specific
biomarkers of severity of WN disease [137].

Indeed, a measure CSF levels of neuronal (neurofilaments, NfH-SMI35) and glial (glial fibrillary acidic pro-
tein, GFAP, S100B) protein biomarkers revealed that these biomarkers were found significatly more elevated in
WNV encephalitis patients compared to non-inflammatory controls [137]. However, these biomarkers of WN disease
severity (§100B, NfH-SMI35, and GFAP) of CSF were also present in sera from WNF patients [138]-[140].

In order to better understand the pathophysiological processes in severe WNV infection and research early
biomarkers of clinical course of WN disease, a recent proteomic study used animal model to this purpose. Po-
tential protein biomarker candidates associated with the severity of WN disease clinical evolution are suggested
such as High Mobility Group Box 1 (HMGB1) and Peroxiredoxin (PRDX6) [134]. This study has shown the
kinetic modulation (the increased expression of HMGB1 and PRDX6 at the early and late time-points, respec-
tively) of the inflammatory response leading to brain injuries following WNV infection [134]. HMGB1 belongs
to danger-associated molecular patterns (DAMPs) which are alarm molecules that alert immune cells to the
presence of brain tissue injury. PRDX6 is also shown to be involved in ischemic brain injury [141]. It has been
reported the potential of the HMGBL1 protein as an auxiliary biomarker for early dengue disease diagnosis [142].
Although, these proteins could be predictive biomarkers of traumatic brain injury, they are not specific to WN
disease. Interestingly, comparable kinetic of production of HMGB1 and PRDX have been demonstrated in re-
sponse to brain ischemic stroke [143]. Thus, the release of these proteins could evaluate the degree of brain in-
jury following WNV infection [134]. Taken together, these proteins could be clinical evolution biomarkers of
WN disease, HMGBL1 predicts (predictive biomarker) before the onset of clinical signs and PRDX6 reflects of
the CNS pathology following WNV infection. Moreover, these biomarkers could be potential targets in thera-
peutic strategies, because PRDX6 and HMGBJ1 neutralizing antibodies have been shown to suppress inflamma-
tory cytokine expression in the ischemic brain and to protect the blood-brain barrier from ischemia-induced dis-
ruption, respectively [143] [144].

Collectively, these studies have proposed some potential candidates which could be used either to predict risk
of severe case or to confirm brain damage. Nevertheless, additional studies are need on large population to
comfort the potential of these proteins to predict and/or distinct WNF from WNND.

6. Conclusions and Prospects

West Nile Virus disease is an importance for public health, and in the absence of treatment and available human
vaccine, the current best way to fight this disease is to prevent vector bites, and use of vector surveillance pro-
gram. At the individual scale, personal protective measures aim to reduce host exposure during outdoor activi-
ties by using mosquito repellents and wearing long sleeved clothes. In the last decade, significant progress has
been made in developing vector control strategies fighting WNV transmission. These strategies are in develop-
ment and could be combined together to fight the expending distribution of WN disease. In addition, the use of
host antibody response against vector salivary proteins has repeatedly shown to be a promising method to assess
host/vector contact at the qualitative and quantitative levels. The future evaluation of some Culex genus salivary
candidtes presented in the present review could be helpful in the development of original tools for the estimation
of the host/Culex contact. Interestingly, the recent description of the potentialisation of salivary protein in WNV
transmission and inversely their potential protective role in sensitization of hosts underlined the increasing in-
terest of these proteins for vaccinal strategies.

Concerning the pathophysiological processes of WNV neuroinvasive disease, although some analyses of
transcriptomic and proteomic profiles in the brain of susceptible animals after infection with WNV were per-
formed, only one of them considered clinical onset evolution. A better description of the mechanisms of WNV
infection during the course of clinical symptoms appears indispensable to propose new potential therapeutic tar-
get or biomarkers associated to severe forms. Such candidates could be helpful in the prevention of unfavorable
clinical evolution, but also in the diagnosis and monitoring of severe neurological cases aiming to reduce mor-
tality and neurological sequelae in humans and the development of new treatments.

The combination of WNV vector exposure biomarkers with WNV infection biomarkers associated to clinical
evolution can provide reliable tools to help public health authorities in planning key strategies to reduce the
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burden of WNV transmission and the rate of fatality cases.
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