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Abstract: West Nile encephalitis emerged in 1999 in the United States, then rapidly spread 

through the North American continent causing severe disease in human and horses. Since 

then, outbreaks appeared in Europe, and in 2012, the United States experienced a new 

severe outbreak reporting a total of 5,387 cases of West Nile virus (WNV) disease in 

humans, including 243 deaths. So far, no human vaccine is available to control new WNV 

outbreaks and to avoid worldwide spreading. In this review, we discuss the state-of-the-art 

of West Nile vaccine development and the potential of a novel safe and effective approach 

based on recombinant live attenuated measles virus (MV) vaccine. MV vaccine is a live 

attenuated negative-stranded RNA virus proven as one of the safest, most stable and 

effective human vaccines. We previously described a vector derived from the Schwarz MV 

vaccine strain that stably expresses antigens from emerging arboviruses, such as dengue, 

West Nile or chikungunya viruses, and is strongly immunogenic in animal models, even in 

the presence of MV pre-existing immunity. A single administration of a recombinant MV 

vaccine expressing the secreted form of WNV envelope glycoprotein elicited protective 

immunity in mice and non-human primates as early as two weeks after immunization, 

indicating its potential as a human vaccine. 

Keywords: West Nile vaccine; West Nile virus; measles vaccine; recombinant live 

attenuated vaccine; flavivirus 
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1. Introduction: West Nile Virus Dissemination  

West Nile virus (WNV), originally identified in 1937 from a febrile woman in the West Nile district 

of Uganda [1], is a flavivirus belonging to the Japanese encephalitis serocomplex in the Flaviviridae 

family, together with St Louis encephalitis (SLE), Murray Valley encephalitis (MVE), Japanese 

encephalitis (JE) and Kunjin (KUN) viruses. Since its first description, sporadic outbreaks have been 

reported in Africa, Asia, in Europe and the Mediterranean Basin. Usually asymptomatic in humans, 

with some case, fatalities were caused by encephalitis reported in Israel in the 1950s. From 1996, 

severe outbreaks with a high incidence of neurological disease and death were reported in Morocco, 

Tunisia, Italy, Russia, Israel and France [2]. In 1998, a virulent WN strain from lineage 1 was isolated 

in Israel from a stork with clinical symptoms of encephalitis and paralysis [3], and in 1999, a closely 

related lineage 1 strain of WNV strain was introduced for the first time in the New York City area 

(NY99 strain). Since then, WNV distribution extended, and by 2003, WNV was endemic in all of 

North America [4]. Clinical manifestations range from uncomplicated fever to fatal  

meningo-encephalitis. Although 80% of infections are asymptomatic, patients may develop clinical 

signs, including fever, headache, fatigue, aches and, occasionally, skin rash. According to the Centers 

for Disease Control and Prevention (CDC), less than 1% of infected people develop severe 

neuroinvasive disease, such as encephalitis, meningitis or poliomyelitis-like syndrome, with about 

10% of cases being fatal [5]. The year 2003 was recorded as the worst WNV outbreak in the USA, 

with more than 9,000 cases and 265 fatalities. During the last 15 years, increasing numbers of WNV 

outbreaks have been associated with the appearance of more neuroinvasive strains and higher human 

fatalities. Nevertheless, until last year, most cases and fatalities reported were sporadic. In 2012, the 

US experienced the second worst WNV outbreak, with a total of 5,387 cases of WNV disease reported, 

with a higher proportion of neuroinvasive cases, including 243 deaths, one third of all cases being 

reported in Texas [5]. The same year, WNV cases were reported worldwide, with more than 50 cases 

reported in Italy, Israel, Russia, Serbia and Tunisia and Greece, with 167 cases [6].  

Birds, particularly corvids, are the main reservoir for WNV, and migratory birds play an important 

role in virus spreading. Ornithophilic Culex ssp. mosquitoes are responsible for the accidental infection 

of humans and horses, which are considered as dead-end hosts [4]. The peak season generally occurs 

during late summer, corresponding to the return of migratory birds. WNV transmission has been 

occasionally documented after blood transfusion or organ transplantation [7], via breastfeeding [8] or 

intra-uterine exposure [9]. Since 2003, blood banks have screened for WNV presence in donors’ blood, 

enabling an accurate follow-up of WNV activity in communities.  

WNV is an enveloped spherical virus of 50 nm diameter that encloses a positive sense,  

single-stranded genomic RNA of approximately 11,000 nucleotides-long. Phylogenetic analyses 

describe five distinct WNV lineages [10]. Strains of lineage 1, responsible for fatal neuroinvasive 

disease in humans and animals, include the NY-99 strain introduced in North America [11] and the 

closely-related Israel 1998 strain [12]. Lineage 1 strains are also found in Africa, Asia, the Middle 

East, Europe and Australia (Kunjin subtype). Lineage 2, considered as a zoonosis in sub-Saharan 

Africa and Madagascar, has recently been introduced in Greece, Hungary and Italy and is associated 

with severe neuroinvasive infections in birds, horses and humans [13,14]. Lineage 3 has been isolated 
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once in Czech Republic, lineage 4 strains, in Russia [15], and linage 5 strains have only been described 

so far in India [16].  

The most recent WNV outbreaks are characterized by an increased proportion of neurological 

disease in both humans and horses [17]. Although veterinary vaccines are commercialized to protect 

horses [18], no licensed vaccine is available to prevent WNV infection in humans. The main reason for 

that is that pharmaceutical companies claim that the market is limited for a human vaccine, and the 

seasonal and unpredictable nature of the infection makes the set-up of clinical trials difficult. 

2. West Nile Virus Vaccine Requirements  

A WNV vaccine needs to protect against all WNV genotypes, particularly after the emergence of 

the neuroinvasive strains of lineage 2 in Europe. Recent evaluation of the Recombiteck
®

  

canarypox vaccine expressing WNV pre-membrane and envelope proteins (PrM/E) derived from 

lineage 1 indicates that cross protection can be achieved against pathogenic strains of lineage 2 [19], 

and on the reverse, that vaccines derived from lineage 2 strains protect against both homologous and 

heterologous WNV strains [20]. The most susceptible populations to WNV disease are the elderly and 

immuno-compromised individuals. Therefore, WNV vaccines need to be developed towards these 

target populations and will require safety and efficacy trials in these particular groups. The correlate of 

protection for flavivirus vaccines is the induction of neutralizing antibodies, as demonstrated by the 

vaccines against Yellow Fever, Japanese encephalitis and Tick-borne encephalitis viruses [21]. The 

viral envelope (E) protein is the major target of virus neutralizing antibodies and is, therefore, the 

choice antigen to elicit protective immunity against flavivirus [21]. The crystal structure of the E 

protein has revealed that it is organized in three distinct ectodomains: domain I (EDI), domain II 

(EDII) and domain III (EDIII) [22,23], as previously described for dengue virus [24–26] and tick-

borne encephalitis virus [27]. The central EDII contains immunodominant epitopes close to the fusion 

loop [28]. These epitopes elicit cross-reactive sub-neutralizing antibodies that can favor the risk of 

antibody-dependent enhancement (ADE) in Fc-receptor-bearing cells after flavivirus infection, 

potentially leading to severe disease [29]. On the opposite side, the C-terminal immunoglobulin-like 

EDIII, a 100 amino-acid sequence stabilized by a disulfide bridge, is involved in receptor binding and 

contains critical neutralizing epitopes able to block attachment and post-entry viral steps [30,31].  

Recent studies aiming to characterize the humoral immune response triggered by flavivirus 

infection and epitope mapping of human and non-human primate monoclonal antibodies indicate  

that other non-EDIII neutralizing epitopes are located in the inter-domain regions of the flavivirus 

envelope. Complex quaternary structured epitopes exposed on the flavivirus envelope have also been 

described [32]. These epitopes, present in the intact virions, but not in the soluble recombinant E 

protein, are composed of amino acid residues that interact with both monomers in the E dimer at the 

hinge region between EDI and EDII [33,34]. Antibodies directed at these epitopes neutralize the virus 

in a post-attachment step, likely by inhibiting trimer formation, which is required for the acidic  

pH-induced fusion with the endosomes [35]. Besides, strongly neutralizing epitopes buried in the E 

structure seem to become accessible in a temperature-dependent manner, indicating that the structure is 

less rigid than previously thought [36]. 
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3. West Nile Virus Veterinary Vaccines 

Several licensed veterinary vaccines are currently available (Table 1). Two are inactivated whole 

WNV vaccines: the West Nile Innovator, a whole formalin inactivated WNV-based vaccine, developed 

by Fort Dodge Animal Health, and commercialized by Pfizer [37], and Vetera vaccine (Boehringer 

Ingelheim). A West Nile-Innovator DNA vaccine (Fort Dodge Animal Health, commercialized by 

Pfizer,) approved in 2005 has now been discontinued. A recombinant canarypox-vectored vaccine 

expressing the pre-membrane (PrM) and the E protein of the NY99 strain (Recombiteck Equine West 

Nile Virus Vaccine, Merial-Sanofi Aventis) is also commercialized [38,39]. A chimeric vaccine based 

on the backbone of Yellow-Fever 17D human vaccine expressing the PrM and E genes of the NY99 

strain, ChimeriVax-WN01, was licensed in 2005 by the United States Department of 

Agriculture,USDA (Prevenile, Intervet), but in 2010, several marketed serials were recalled after an 

increased incidence in the number of adverse events following vaccination, including severe cases of 

anaphylactic reactions, respiratory disease and even death, were reported. All the vaccines currently 

commercialized require two to three injections and an annual immunization boost. 

Table 1. West Nile virus (WNV) veterinary vaccines. PrM, pre-membrane. 

Vaccine Antigen 

West Nile Innovator–Pfizer Whole inactivated WNV [37] 

Vetera vaccine–Boehringer Ingelheim Whole inactivated WNV 

West Nile-Innovator DNA Pfizer 

(discontinued) 
Plasmid DNA PrM/E 

Recombiteck–Merial Canarypox expressing PrM/E [38,39] 

Prevenile–Intervet (recalled) YF17D backbone expressing WNV PrM/E 

4. West Nile Virus Human Vaccines 

Although there is still no human WNV vaccine approved today, several vaccine candidates are in 

development (Table 2). However, despite the demonstration of strong efficacy in animal models for 

most of them, only a few candidates have been tested in humans so far and only in early phase I trials, 

leaving no hope of marketing before 5–6 years, in the best case. 

 

4.1. Vaccines under Clinical Trials 

 

The ChimeriVax-WNV based on Yellow Fever 17D (YF-17D) live attenuated human vaccine, from 

which the PrM and E genes of Yellow fever virus (YFV)  have been deleted and replaced by those of 

the WNV NY99 strain, was commercialized as a veterinary vaccine (ChimeriVax-WN01). To further 

attenuate this vaccine for human use, three mutations in the E protein (E107 Leu > Phe, E316 Ala > 

Val, E440 Lys > Arg) responsible for the attenuation of the SA14-14-2 Japanese encephalitis vaccine 

in equivalent positions were introduced, leading to the ChimeriVax-WN02 vaccine. Phase I clinical 

trials in a population aged 18–40 years old demonstrated the safety of this vaccine. All vaccinated 

individual developed neutralizing antibodies after a single immunization with 10
3
 or 10

5
 plaque 

forming units, and most of them mounted a specific memory T-cells response directed against an 
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immunodominant epitope of the WNV E protein [40,41]. For phase II trial, the vaccine has been 

further plaque-purified to select a small plaque (SP) variant of ChimeriVax-WN02 encoding a 

mutation in the membrane protein (Leu > Pro) with a limited viremia profile. The safety and 

immunogenicity of this vaccine was recently demonstrated in adults aged 41–64 years and >65 years, 

with a small increase in viremia in the latter group [42,43]. Another Chimeric vaccine based on dengue 

4 virus backbone (WN/DEN4-3’delta30) has been shown to be strongly immunogenic in mice, geese 

and monkeys [44] and is currently being tested in clinical trials [45]. While the ChimeriVax-WN02 has 

been shown to be unable to replicate in mosquitoes, the Chimeric WN/DEN4-3’delta30 virus can be 

transmitted by one of both WNV and dengue virus (DENV) vectors, Aedes albopictus [46], raising 

safety concerns.  

A DNA vaccine encoding the pre-membrane and E glycoproteins of the NY99 strain of WNV under 

the transcriptional control of the CMV/R promoter (cytomegalovirus enhancer/promoter with the 

human T-cell leukemia virus type 1 R region) was evaluated in phase I on 30 healthy adults, half aged 

18–50 years and half aged 51–65 years. The three-dose vaccine regimen given at 21-day intervals was 

safe and induced CD4/CD8 T-cells and neutralizing antibodies in the majority of subjects [47,48].  

Another vaccine candidate (WN-80E) based on the expression in Drosophila melanogaster of the 

soluble form of the E protein lacking the transmembrane domain was also tested in a phase I trial. This 

recombinant protein was previously shown to induce protective neutralizing antibodies in several 

animal models, including non-human primates [49–52]. In phase I clinical trial, three injections of low  

(5 µg), medium (15 µg) or high doses (50 µg) of the protein formulated with 3.5 mg of Alhydrogel’85 

were tested [53]. The safety study indicated that the vaccine was well tolerated regardless of the dose. 

All the volunteers developed neutralizing antibodies two weeks after the third dose. Several subjects 

that received medium (15 µg) or high (50 µg) doses had neutralizing antibodies after the  

second dose [54].  

Until now, the few vaccines that have entered in clinical trials either require three doses to provide a 

strong protective immunity or are based on strategies that may face difficulties in terms of safety 

before licensing. There is, therefore, a need to pursue the development of safe and strongly 

immunogenic strategies that may only require one or two immunizations to confer rapid protection in 

the case of an epidemic. 

Table 2. West Nile virus vaccines in clinical trials.  

Vaccine name Antigen Clinical trial 

ChimeriVax-WN02 Chimeric YF17D backbone expressing WNV PrM/E Phase II [40–43]. 

Chimeric WN/DEN4-3’delta30 Chimeric DV4 backbone expressing WNV PrM/E Phase I [45]. 

Clinical trial VRC303 Plasmid DNA expressing PrM/E Phase I [47,48]. 

WN-80E Soluble E lacking the trans membrane domain Phase I [49–52]. 
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4.2. Vaccines in Preclinical Development (Table 3) 

4.2.1. Subunit Vaccines 

A recombinant subunit vaccine candidate based on the soluble truncated form of WNV E protein 

produced in E. coli [55] induced neutralizing antibodies in mice and horses and protected mice from 

WNV challenge when combined with aluminum hydroxide [56]. Another recombinant truncated 

WNV-E protein produced in a baculovirus expression system also induced WNV neutralizing 

antibodies that protected mice and hamsters from WNV challenge [57]. Recombinant baculovirus 

expressing the premembrane and E proteins of WNV induced also a strong immune response in mice 

after two doses administered intramuscularly [58]. The truncated E protein delivered with  

poly-DL-lactide-coglycolide (PLGA), an inflammasome-activating nanoparticle covered with LPS 

[59] or in combination with CpG oligodeoxynucleotides to target Toll-like receptor TLR9 [60] raised a 

robust Th1-biased humoral response, as compared to Th2 responses induced when aluminum 

hydroxide was used as the adjuvant, and better protection from WNV encephalitis in mice [60]. The 

EDIII of flaviviruses, which contains the receptor binding epitope and is a major target of virus-

neutralizing antibodies, has been identified as a promising candidate antigen for the development of 

recombinant subunit vaccines [30,31]. Several studies indicate that recombinant EDIII protein can 

induce immune responses that protect mice from WNV infection when adjuvanted with CpG 

oligodeoxynucleotides [19,61] or in fusion with bacterial flagellin, a toll-like receptor-5 ligand [20]. A 

continuous B-cell epitope derived from EDIII (aa 355–369) of WNV envelope protein (named Ep15) 

has been fused to HSP60 p458 peptide as the carrier. Mice immunized with this chimeric peptide were 

resistant to lethal challenges with three different WNV strains [62]. However, this vaccine candidate, 

limited to a single epitope, might easily lead to the selection of escape mutants if used as a single 

antigen. A conjugate vaccine based on recombinant EDIII covalently linked to virus-like particles 

(VLP) derived from bacteriophage AP205 was also recently proposed. A single injection of this 

vaccine with alum was sufficient to induce virus-neutralizing antibodies and provide significant 

protection from WNV challenge. Three injections of the vaccine completely protected mice when 

given either in the presence or absence of alum [63]. VLPs of WNV generated in insect cells by the 

expression of pre-membrane and envelope proteins (PrM/E) or capsid, pre-membrane and envelope 

proteins (C-prM/E) have also been shown to induce protective immunity in mice [64]. The last strategy 

was recently proposed based on retrovirus VLPs consisting in a retroviral Gag polyprotein forming the 

VLP scaffold and the CD16 ectodomain fused to the gamma chain of the high affinity IgE receptor as 

the pseudotyping platform. Substitution of the CD16 ectodomain by the EDIII of WNV or DENV E 

glycoproteins allowed the exposure of EDIII at the surface of the VLPs and the induction of a 

neutralizing antibody response in mice [65].  
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4.2.2. DNA Vaccines 

The DNA vaccine strategy is particularly suitable for WNV immunization. Indeed, the first DNA 

vaccine commercialized in 2005 was the veterinary West Nile Innovator DNA vaccine that expresses 

the WNV PrM-E protein able to assemble into VLPs in vivo. A human DNA vaccine derived from  

this platform was proven immunogenic in phase I clinical trials [40,41]. After an initial study 

demonstrating that intramuscular administration of a DNA expressing WNV PrM and E was able to 

protect mice and horses from lethal challenge [66], several other WNV DNA vaccine strategies have 

been proposed. They include the co-administration of a DNA vaccine expressing prM-E with an 

inactivated vaccine [67], a DNA vaccine expressing a consensus WNV EDIII co-delivered with an 

optimized IL15 adjuvant plasmid to enhance T-cell memory [68] or the co-expression in DNA  

of WNV antigens with lysosome-associated membrane protein (LAMP) to target the MHC-II 

compartment [69]. DNA vaccine candidates expressing a WNV complete genome mutant lacking the 

C protein to disable the formation of infectious particles [70] or expressing the full genome of the 

naturally attenuated Kunjin virus have also been described [71]. The same group developed a novel 

DNA vaccine platform based on capsid-deleted Kunjin DNA vaccine and the co-expression of the 

capsid protein from a separate promoter, enabling in vivo expression of single round infectious 

particles (SRIPs), similar to the RepliVax technology described below [72]. This strategy improves the 

immunogenicity of the vaccine candidate in mice and horses and the protective efficacy in mice 

compared with an otherwise identical construct that does not encode capsid [72]. Even though DNA 

vaccines are convenient for manufacturing purposes, their efficacy in humans remains a key issue. 

Strategies, such as the split-genome vaccine [72] that closely mimics live viral infection without 

producing infectious virus, may be particularly useful to trigger an efficient immune response by  

DNA-based vaccines against flaviviruses. 

4.2.3. Non-Replicating Single-Cycle Vaccines 

Non-replicating single-cycle vaccines, such as RepliVAX WN, are based on the expression of 

WNV complete genome deleted from the capsid protein gene that can therefore initiate the viral 

infection cycle and produce PrM/E-containing sub-viral particles (SVPs) in packaging cells expressing 

the C protein in trans without production of infectious progeny [73–78]. RepliVAX WN has been 

modified to avoid the risk of recombination with wild-type WNV [75]. A single immunization with 

RepliVAX WNV in mice and hamsters provided protection from lethal WNV challenge [77,78], and 

RepliVAX WN elicited a protective immune response in non-human primates [74]. Another 

replication-incompetent vaccine based on an adenovirus vector expressing the C, PrM, E and NS1 

genes from WNV has been shown capable of inducing both neutralizing and cellular immune 

responses against the E and the conserved C and NS1 antigens [79]. 

4.2.4. Inactivated Virus Vaccines 

The WNV-Innovator veterinary vaccine administered to horses is prepared by chemical inactivation 

of the highly virulent WNV-NY99 strain. In Japan, a formalin-inactivated WNV vaccine (WN-VAX) 

also derived from the WNV-NY99 strain grown in Vero cells, induced complete protection in mice 
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lethally challenged with the WNV NY99 strain [80]. Another formaldehyde-inactivated vaccine based 

on the ISR98 WNV strain propagated on retina-derived PER.C6 cells (a cell line derived from human 

embryonic retinal cells transformed with the Adenovirus Type 5 (Ad5) E1A and E1B genes ) was 

shown to be protective in geese, with protection levels correlating with neutralizing antibody titers 

[81]. Even though this strategy elicits protective immune responses, its development may face 

important manufacturing costs, due to the need of biosafety level 3 facilities required for virus 

production, added to the requirement of complete inactivation [37]. To avoid these constraints, it was 

proposed to use the Kunjin virus (KUN), a naturally attenuated strain of WNV isolated in the 1960s in 

Northern Queensland, Australia, which shares 98% amino-acid of sequences with the virulent NY99 

strains, including all the neutralizing epitopes [82,83]. No human fatal case has been documented after 

WN-KUN infection, albeit 2.5% of northern Queensland’s population is seropositive for this virus. 

Even though rare cases of encephalitis have been described after WN-KUN infection, WN-KUNV 

gives far less severe infections than the NY99 strain in both humans and animals [84]. A recently 

developed hydrogen peroxide (H2O2)-inactivated virus based on the WN-KUN strain has been reported 

to generate a robust adaptive B- and T-cell immune responses in both young and aged vaccinated mice 

that were subsequently protected against lethal intracranial challenge with a heterologous virulent NY-

99 WNV strain [85]. Another strategy has been proposed that combines six contiguous cDNA 

fragments encoding the genome of the NY99 strain to construct a bipartite infectious clone. This 

system is designed to reduce the emergence of sequence variants during the production process. The 

virus, rescued by reverse genetics and inactivated by formalin, was shown to induce a dose-dependent 

protection correlating with neutralizing antibodies titers in Balb/c mice [86]. 

4.2.5. Recombinant Viral Vector Vaccines 

A recombinant canarypox viral vector expressing WNV PrM/E is approved for veterinary usage, 

requiring a two-dose regimen and an annual booster dose [39]. A live-attenuated recombinant equine 

herpes virus type 1 expressing WNV PrM/E was also proposed, but failed to induce strong immunity  

in horses [87]. A vesicular stomatitis virus (VSV) vector expressing WNV E glycoprotein has also 

been generated with either the Indiana (prime) or Chandipura (boost) surface G glycoprotein. This 

vector elicited strong humoral and cellular immune responses and protected mice from lethal challenge 

with the virulent Louisiana WNV strain LSU-AR01 [88]. A lentiviral HIV1-TRIP vector expressing 

the soluble form of the E glycoprotein from the ISR98 WNV strain elicited a long-lasting, protective 

and sterilizing humoral immunity, as early as one week after priming [89]. For safety reasons, a 

similar, but non-integrative, lentiviral vector was further generated that induced a robust B-cell 

response that fully protected mice from challenge with a lethal dose of WNV [90].  

4.2.6. Chimeric Vaccines 

Two of the WNV vaccine candidates tested in clinical trials and described above are chimeric 

viruses (ChimeriVax-WN02 and Chimeric WN/DEN4). Another strategy used the attenuated DEN2 

vaccine candidate (DEN2 PDK-53) as a backbone to generate chimeric DEN-WNV vaccines 

expressing the PrM/E of WNV NY99. Optimized constructs, including mutations that enhance  
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cell-culture virus production, were shown to be highly attenuated and able to induce a protective 

immune response in mice [91]. 

4.2.7. Live-Attenuated Vaccines Derived from Infectious Clones 

A live attenuated WNV lineage 2 virus rescued from an infectious clone (WN1415) that contains a 

set of non-conservative mutations mostly in non-structural proteins genes has been shown to be highly 

attenuated and to induce a vigorous immune response at low doses that protected mice from the 

virulent NY99 strain [92]. Other live attenuated vaccines based on mutations of glycosylation sites on 

the E and NS1 proteins [93] or on selected mutations in the E protein known for attenuating other 

flaviviruses, such as the Japanese encephalitis virus (JEV) SA-14142 strain and the ChimeriVax-

WN02 vaccines, combined to mutations in the 3’-non-coding stem-loop structure, have also been 

proposed [94]. Single amino-acid substitutions in the central portion of NS4B [95] and NS2A [96] 

proteins have been described to confer a highly attenuated phenotype in mice and could be introduced 

in WNV vaccine candidates.  

 

Table 3. West Nile virus vaccines in pre-clinical development. EDIII, ectodomain III; 

VLP, virus-like particles; KUN, Kunjin; SRIP, single round infectious particles. 

 

Vaccine Strategy Animal model 

Truncated E (Drosophila) - 
Mice and horses 

[55,56] 

Truncated E (Baculovirus) - 
Mice and Hamsters 

[52,53] 

Truncated E -Nanoparticles LPS covered 
Inflammasome-activating 

nanoparticle + LPS 
Mice [60] 

Truncated E –Nanoparticles 

CpG 

Inflammasome-activating 

nanoparticle + TLR9 Ligand 
Mice [60] 

EDIII - bacterial flagellin TLR5 Ligand Mice [20] 

Continuous B-cell epitope from EDIII + HSP60 

p458 peptide as carrier 
- Mice [62] 

VLP (bacteriophage AP205)-EDIII - Mice [63] 

WNV VLP (insect cells) 

Retroviral VLP (gag)-EDIII 

- 

VLPs expressing EDIII 

Mice [64] 

Mice [65] 
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Table 3. Cont. 

Vaccine Strategy Animal model 

Plasmid DNA-PrM/E - 
Mice and Horses 

[61] 

Plasmid DNA PrM/E+ Inactivated vaccine Synergetic effect Mice [67] 

Plasmid DNA EDIII + IL15 adjuvant plasmid Enhance T-cell memory Mice [68] 

Plasmid DNA PrM/E + LAMP Target MHC-II compartment Mice [69] 

WNV DNA lacking the capsid protein 
Disable the formation of 

infectious particles 
Mice [65] 

Kunjin DNA vaccine infectious clone (RepliVax) 
Non-replicating  

single-cycle vaccine 

Mice, Hamsters and 

Monkeys [77,78] 

Capsid-deleted Kunjin DNA vaccine +  

co-expression of C protein (SRIP) 

In vivo expression of single 

round infectious particles 

Mice and Horses 

[72] 

Adenovirus vector expressing WNV C, PrM, E  

and NS1 

Replication-incompetent 

vaccine 
Mice [79] 

Formalin-inactivated WNV vaccine (WN-VAX) - Mice [80] 

Formaldehyde-inactivated vaccine Israel 98 

(ISR98)  strain 
- Geese [81] 

H2O2-inactivated WN-KUN strain 
Kunjin is naturally 

attenuated 
Mice [80] 

6 contiguous cDNA fragments encoding  

NY99 genome 
Bipartite infectious clone Mice [86] 

VSV vector expressing WNV E Live attenuated vaccine Mice [88] 

Lentiviral HIV1-vector sE ISR98 WNV - Mice [89] 

Non-integrative lentiviral HIV1 vector sE ISR98 

WNV 

Increased safety compared 

to HIV1-TRIP 
Mice [85] 

Chimeric DEN2 backbone expressing WNV 

PrM/E 
LAV, highly attenuated Mice [90,91] 

Infectious clone (WN1415) LAV, highly attenuated Mice [92] 

Live attenuated virus (LAV) mutations in the E 

and NS1 glycosylation sites 
LAV, highly attenuated Mice [93] 

Recombinant measles vaccine expressing sE  

ISR98 WNV 
LAV, highly attenuated 

Mice[100],  

Monkeys [102] 

 

5. A WNV Vaccine Candidate Based on Recombinant Measles Vaccine 

MV vaccine is a live-attenuated negative-stranded RNA virus. Produced on a large scale in many 

countries and easily distributed at low cost, this vaccine induces life-long immunity after a single 

injection. However, in spite of this excellent vaccine, measles appears very difficult to eliminate and 

still causes 160,000 deaths annually worldwide, mostly in poorly developed countries, but even Europe 

recently experienced severe measles outbreaks. Improving and maintaining measles vaccination for 

decades is essential to contain this most contagious disease. In this context, the use of recombinant live 

measles vaccines designed to immunize the pediatric or adult populations seems desirable. We have 

previously derived a vector from the live-attenuated Schwarz strain of MV [97] that very stably 

expresses large amounts of heterologous genetic material [98] and induces strong and long-term 
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specific humoral and cellular immune responses in mice and macaques, even in presence of pre-

existing immunity to measles [99–104]. This vector was adapted to several applications, including 

HIV, dengue and other emerging arboviral diseases. Depending on the target population and the 

epidemic situation, a recombinant MV vaccine might either replace the existing MV vaccine in the 

MMR  vaccine (measles, mumps, and rubella) formulation for pediatric use or would only be used to 

boost the MV immunity and simultaneously vaccinate against the heterologous disease during 

adulthood. In the case of dengue or HIV, the recombinant vaccine could replace the existing MV 

vaccine in the MMR formulation. In the case of chikungunya or WNV, the vaccine is intended for 

adults, so it would not impact the use of MMR and could be given after the vaccinated individuals 

have completed their MV immunization schedule. A measles-HIV vaccine candidate currently under 

clinical development [105,106] has been evaluated in phase I clinical trial, demonstrating the 

preclinical and clinical safety and immunogenicity of this vector. 

5.1. MVSchw-sEWNV Vaccine 

The infectious cDNA of the widely used Schwarz/Moraten vaccine strain (MVSchw) allows the 

production of the Schwarz/Moraten vaccine without having to depend on the availability of seed  

stocks [97]. Additional transcription units (ATU) were introduced in the viral genome to turn it into a 

vector expressing foreign proteins (Figure 1). The expression of additional open-reading frames 

(ORFs) inserted in an ATU is controlled by cis-acting elements modeled after those present in the 

nucleocapsid /phosphoprotein boundary region (allowing for the necessary transient transcription stop 

upstream of the transgene, autonomous transcription, capping and polyadenylation of the transgene). 

Three vectors allow insertion of foreign genes in three different positions of the MV genome: one 

upstream the N gene, one between the P and M genes, and one between the H and L genes. Single 

vectors can be produced that express single antigens, and recombination of these vectors generates 

multiple vectors that express two or three different foreign genes.  

To generate MVSchw-sEWNV recombinant vaccine, a cDNA encoding the truncated E glycoprotein 

lacking the transmembrane domain (sE) from the virulent IS98-ST1 strain of WNV was introduced 

into the ATU1 of the MV vector (Figure 1). The recombinant virus was produced by reverse genetics. 

After amplification in Vero cells, the progeny virus expressed large amounts of WNV E protein that 

was secreted from infected cells, and expression remained stable after 10 passages. 
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Figure 1. Schwarz/Moraten vaccine strain (MVSchw)-sEWNV vector. The MV genes are 

indicated: N (nucleoprotein), PVC (phosphoprotein and V/C proteins), M (matrix), F 

(fusion), H (hemagglutinin), L (polymerase). T7 = T7 RNA polymerase promoter;  

hh = hammerhead ribozyme; T7t = T7 RNA polymerase terminator; ∂ = hepatitis delta 

virus (HDV) ribozyme; in red, the additional transcription units (ATU1) with the WNV 

sequence inserted. Total nucleotides in measles virus (MV) genome: 15,894. 

 

 

5.2. Immunogenicity in Mice 

Genetically modified mice expressing the human CD46 MV receptor and lacking the IFN-α/β 

receptor (IFNAR) are needed to evaluate MV immunogenicity. We previously demonstrated that the 

molecularly cloned Schwarz MV induced strong immune responses in CD46/IFNAR mice that 

correlated to immune responses elicited in non-human primates [97]. We also showed the 

immunogenicity and protective efficacy of the recombinant MV vector in non-human primates 

[102,105,106], demonstrating the predictivity of CD46/IFNAR mice. Besides, IFNAR mice are highly 

susceptible to encephalitic flaviviruses, and we have shown that they survive only three days after 

intraperitoneal injection of 100 focus forming units of IS98-ST1 WNV virus [107]. We thus evaluated 

the efficacy of MVSchw-sEWNV to protect from WNV encephalitis in this model. Immunization with a 

low dose protected mice from WNV challenge as early as eight days post-immunization. Six months 

after immunization, mice had still high levels of protective neutralizing antibodies, and the protection 

was maintained life-long after a single immunization. Protection was conferred by neutralizing 

antibodies as demonstrated by the passive transfer of only 2 µL of immune sera that protected naive 

mice from doses ranging from 100 to 100,000 focus-forming units of IS98-ST1 virus [100].  

5.3. Immunogenicity in Non-Human Primates 

5.3.1. Squirrel Monkey: A New Primate Model for West Nile Virus Infection 

A serosurvey performed in 2002 following an epidemic of WNV meningoencephalitis in southern 

Louisiana indicated that 36% of 1,692 captive rhesus monkeys (Macaca mulatta), pigtail macaques  

(M. nemestrina) and baboons (Papio spp.) from an outdoor breeding colony in the Tulane National 

Primate Center had WNV antibodies [108]. Comparison of these samples with previous sera collected 

before the epidemic indicated that the animals were naturally infected with WNV during the 2002 

transmission season, although none of the infected animals developed clinical signs. This shows  

that non-human primates (NHP) can be naturally infected by WNV and may serve as a virus reservoir. 

Several non-human primates are susceptible to WNV infection, including rhesus macaques and 

baboons [109–113]. Intracranial or intranasal infection of rhesus and cynomolgus (Macaca 
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fasciacularis) monkeys may result in encephalitis or death [114,115], whereas intravenous or 

subcutaneous infection is asymptomatic [109–113]. (please provide a clearer fig.) 

Figure 2. West Nile virus (WNV) replication in Saimiri sciureus squirrel monkeys. Six 

animals were inoculated intravenously with WNV (IV1 to IV6), and serum was collected 

to assess infection. (A) The presence of viral RNA was determined by quantitative real-time 

polymerase chain reaction. (B) Infectious virus was determined by the plaque formation 

assay. (C) WNV antibody levels were measured by enzyme-linked immunosorbent assay. 

Blood samples were collected on days 0, 2 and 5 for animals IV1 and IV2; on days 0, 3, 6 

and 11 for animals IV3 and IV4; and on days 0, 4, 9 and 12 for animals IV5 and IV6. 

Monkeys were euthanized on day 7 for IV1 and IV2; on day 14 for IV3 and IV4; and on 

day 15 for IV5 and IV6. The black line represents the mean value for each time point. The 

dashed line in panel C represents the baseline determined from naive animal sera. 

Abbreviations: OD, optical density; pfu, plaque-forming units. 
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To be in compliance with the specific French recommendation for manipulating WNV in vivo in  

highly confined facilities, we developed a new NHP model based on a small animal that can be housed 

in small cages confined in biosafety level 4 (BSL4)  facilities. We choose the New World squirrel 

monkey (Saimiri sciureus), weighing less than a kilo. After intravenous injection of 10
5
 pfu of IS98-

ST1 WNV, a peak viremia was detected by qRT-PCR and infectivity plaque assay in all squirrel 

monkeys from day 2 to day 5 post-infection (Figure 2A,B), corresponding to a slight increase in body 

temperature [102].  

No clinical symptoms or changes in body weight were observed. Viremia levels and duration were 

similar to those observed in other NHP models of WNV infection [109–113]. At sacrifice, viral RNA 

was found in the spleen, lymph nodes, liver, kidney and lungs of infected animals. The brain, spinal 

cord and meninges remained negative, indicating no productive infection in the central nervous 

system, as previously reported for other NHP intravenously infected. Histopathological analysis 

indicated some foci of infection in the liver, immune cell infiltration and endothelial inflammation. 

Half of the animals shed WNV in the urine. Serology analysis indicated a very rapid response to 

WNV, with specific antibodies detectable as early as five days post-inoculation and neutralizing 

antibodies by day 7 (Figure 2C). Squirrel monkeys can therefore be used as a new NHP model for 

WNV infection and assessment of vaccines candidates.  

5.3.2. MV-WNV Induces Protective Immunity in Squirrel Monkeys 

We used this model to evaluate the immunogenicity and protective efficacy of MVSchw-sEWNV 

vaccine candidate. Squirrel monkeys were immunized intramuscularly with a single dose of 3.0 × 10
6
 

tissue culture infective dose (TCID50) of vaccine and then challenged intravenously 15 or 30 days 

later with 10
5
 pfu of WNV IS98-ST1. No vaccine-associated adverse effects were observed, and as 

early as 15 days after immunization, WNV-specific IgG were detectable in six of eight animals. 

Additionally, ELISA titers increased sharply by day 30 post-immunization (Figure 3A,B). Neutralizing 

antibodies were also detected at day 15 and 30. At challenge, a slight increase in body temperature was 

recorded in control animals that received either or phosphate-buffered saline (PBS) or empty MV 

virus, but not in MVSchw-sEWNV vaccinated animals. IgG antibodies titers in animals challenged 30 

days post-immunization remained high and unchanged, while they were boosted in animals challenged 

15 days post-immunization. In all vaccinated animals, the post-challenge neutralizing titers was one 

log higher than in control animals, indicating a boost of vaccine memory during WNV infection. A 

strong reduction of viremia was observed in both groups challenged 30 or 15 days after immunization 

(Figure 3C,D). In animals challenged 30 days after immunization, a three log reduction (99.8%) of 

WNV RNA copy number in plasma was observed, with no infectious titer detectable, whereas in the 

animals challenged only 15 days after immunization, a significant 10-fold reduction (85%) was still 

observed. Due to BSL4 constraints, long-term studies were not performed, but our previous studies 

demonstrate that the recombinant MV vector induces a long-term immune response.  

A combined MV-WNV vaccine might be administered to the pediatric naive population, but also  

to adolescent and adult populations with pre-existing MV immunity acquired after previous 

vaccination, which might prevent or reduce the efficacy of recombinant MV vaccine. However, we 

previously demonstrated that mice or macaques immunized with recombinant MV in the presence of 
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MV pre-immunity are still efficiently immunized [99,103]. Yet, this point needs to be further evaluated 

in clinical trials. (please provide a clearer fig.) 

Figure 3. West Nile virus (WNV) challenge of squirrel monkeys immunized with 

MVSchw-sEWNV. Twelve monkeys immunized with MVSchw-sEWNV and four monkeys 

mock immunized (with empty MV vaccine) or phosphate-buffered saline (PBS)) were 

challenged with WNV IS-98-ST1, either 15 or 30 days after immunization. (A) and (B): 

WNV-specific antibody levels were determined by enzyme-linked immunosorbent assay 

on the day of immunization, 15 days after immunization, the day of challenge, seven days 

after challenge and on the day of euthanasia. (C) The presence of WNV genomic RNA was 

determined by quantitative real-time polymerase chain reaction on day 2 after challenge in 

the serum of challenged animals. Animals 3, 4, 5 and 6 received one vaccination on day 30 

before challenge; animals 9, 10, 11 and 12 received one vaccination on day 15 before 

challenge; and animals 1 and 2 (PBS) and 7 and 8 (MV) were mock infected. (D) The 

mean WNV titer in the serum of vaccinated animals, determined by the plaque formation 

assay at day 2 after challenge. Abbreviations: OD, optical density; pfu, plaque-forming 

units. 

 
  



Viruses 2013, 5 2399 

 

 

5.4. Other Recombinant Measles-Arbovirus Vaccines  

Despite decades of effort, no vaccine against dengue is available, although dengue disease is an 

increasing global health problem, threatening a third of the world’s population. This vaccine needs to 

confer protection against the four serotypes of dengue virus (DV), to provide long-lasting immunity, to 

be pediatric and produced at low cost on a large scale for global immunization. The strategies tested so 

far in humans are based on mixtures of four live attenuated viruses or four chimeric viruses 

(ChimeriVax
®
). These strategies are facing interference and formulation issues, leading to an 

unbalanced immune response against the four DV serotypes. To avoid such problems while still 

benefiting from the advantages of live vaccines, we designed a single MV vector expressing a 

tetravalent dengue antigen composed of the four DV serotypes. A tetravalent construct composed of 

the four EDIII of each of the four DV serotypes fused to the ectodomain of the membrane protein was 

inserted into the MV vector, and this vaccine candidate was proven immunogenic in mice [101,104]. 

Recently, an improved version of this vaccine was tested in cynomolgus macaques. Immunization with 

two doses of recombinant virus elicited neutralizing antibodies against the four DV serotypes in all 

vaccinated animals. After challenge with DV1 or DV4, a ten-fold boost in neutralizing titers was 

observed, associated with a strong reduction of DV viral load in the sera of vaccinated animals. The 

further development of this promising vaccine candidate is pursued now with an Austrian company 

(Themis). A combined measles-dengue vaccine might provide a one-shot approach to immunize 

children against both diseases where they co-exist. 

Similarly, we recently described a recombinant MV vaccine expressing chikungunya virus (CHIKV) 

proteins [103]. CHIKV is a mosquito-transmitted alphavirus that recently reemerged in the Indian 

Ocean, India and Southeast-Asia, causing millions of cases of severe polyarthralgia. We generated a 

MV vector expressing CHIKV structural proteins, i.e., capsid, envelope E1 and E2 glycoproteins and 

two small peptides, E3 and 6K, allowing the formation of self-assembling virus-like particles (VLP) 

that mimic the alphavirus external structure. A single immunization with this vaccine induced high 

levels of neutralizing antibodies and protected CD46/IFNAR mice from lethal challenge with CHIKV 

homologous or heterologous circulating strains [103]. Supporting previous studies, passive transfer of 

immune sera conferred protection. Remarkably, pre-existing immunity to MV did not affect vaccine 

efficacy in this model. This vaccine was recently proven immunogenic in non-human primates and will 

be further developed into phase I study. This program revealed the capacity of MV vector to generate 

VLPs from a positive-stranded RNA virus.  

6. Concluding Remarks 

After WNV introduction in the US in 1999 and an unprecedented peak epidemic in 2003, the 

number of cases dropped between 2008 and 2011. It was thus believed at that time that the virus would 

remain present at low-level transmission. However, in 2012, the US faced a new large WNV epidemic 

with a high rate of neurologic disease, indicating that the country may expect periodic WNV outbreaks 

in the next decades associated with human morbidity and mortality. Besides, the recent cases reported 

in Europe indicate that WNV appears to be expanding its geographical range. The development of an 

effective WNV vaccine is therefore more than ever urgent to stop WNV spread to new areas and to 
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protect the populations at risk from neurologic complications. A number of approaches are currently 

being tested that seem promising. We believe that further large clinical development of WNV vaccine 

candidates must be encouraged and supported by big pharmaceutical companies. In this context, 

recombinant MV presents a number of advantages, such as the rapidity of immune response induction 

after a single immunization, long-term memory, safety and the possibility to produce large amounts of 

vaccine at low cost.  
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