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Abstract

:

West Nile virus (WNV) is capable of causing severe neurologic disease in both humans and equines, making it a disease of importance in both human medicine and veterinary medicine. No targeted treatments exist for WNV infection in either humans or equines. Infection is treated symptomatically through management of symptoms like fever and seizures. As treatment for WNV is purely supportive, the response to WNV has focused primarily on methods of disease prevention. To this end, research efforts have yielded several effective vaccines for equine use as well as numerous conventional mosquito control techniques. Even with the implementation of these techniques, disease caused by WNV remains a concern since no human vaccine exists. Due to the lack of a human vaccine, novel preventative strategies are under active research and development. Of these strategies, some of the most conceptually promising are techniques using genetically modified mosquitoes, addressing the disease at the vector level with minimal ecological side effects. Taken together, the use of combined, synergistic methods, such as physical barriers, transgenic mosquitoes, and immunological targets, will be the best way to prevent WNV disease.
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1. Introduction


West Nile virus (WNV) is an arthropod-borne virus (arbovirus) of the Flaviviridae family transmitted primarily by mosquitoes of the genus Culex [1]. It is a disease of worldwide health concern, with WNV now being endemic to the contiguous United States as well as much of Africa, Europe, West Asia, and Australia [2]. In the United States, WNV is the most common mosquito-borne disease [3]. Despite the increasing exposure of populations to mosquito-borne flaviviruses, such as WNV, and the expanding ranges of vector mosquitoes [4], there are limited resources to prevent and treat WNV infections. Accordingly, there is a significant need for new control and treatment options. As a vector-borne disease of significance in both human and veterinary medicine, the response to WNV has necessitated interdisciplinary collaboration, as exemplified by the utility of the One Health concept, which combines the fields of ecology, human health, and animal health. In this narrative review directed towards a veterinary audience, we will discuss the impact of WNV infection in horses and humans, historical efforts and methods used to control WNV, and the potential of recently developed genetic techniques that target the immune system of the mosquito as a tool in reducing the transmission of WNV.



1.1. Transmission Cycle


The transmission cycle of WNV involves birds as a reservoir and amplifying host, mosquitoes as the transmitting vector of WNV, and mammals serving as dead-end hosts that exhibit disease. Many species of birds are capable of functioning as a reservoir, with the American robin considered the main host species [1]. Mosquitoes become infected with WNV when a blood meal is ingested from a viremic bird, and the virus then replicates within mosquito cells and accumulates in the salivary glands, which facilitates transmission of the virus via saliva when the mosquito next feeds [1].



Generally, humans and other mammals do not achieve a viremia significant enough to facilitate transmission of WNV to mosquitoes and are thus considered dead-end hosts [5]. A few exceptions to this rule have been found through experimental infection. Immunosuppressed mammals and some small mammals like rodents and rabbits can achieve a viremia significant enough to infect mosquitoes, although it is not known whether mammal-to-mosquito transmission contributes significantly to the transmission cycle of WNV [6]. Iatrogenic transmission via blood transfusion or organ transplantation as well as vertical transmission have been reported in humans, but both iatrogenic and vertical transmission are thought to be uncommon [1]. In the United States, donated blood products and some organs are routinely screened for WNV prior to use [3]. Recent systematic reviews have shown that environmental factors and climate change are important influencers of WNV distribution, transmission, and mosquito habitat [7,8].




1.2. Disease Manifestation


Disease caused by West Nile virus is most significant in humans and equids, and there are many commonalities when comparing epidemiology and manifestations of disease between these species. In both humans and equines, 80% of infected individuals are asymptomatic [9]. Humans who are clinical following WNV infection most commonly report symptoms of fever, fatigue, and muscle aches, while most horses clinical for the disease display signs of fever and lethargy [5,9]. In the United States, West Nile virus is a reportable disease in humans as well as equines, and clinicians who suspect WNV infection must contact public health authorities [9].



In both humans and horses, a small portion (less than 1% in humans) of clinically affected individuals will develop neurologic signs due to the virus causing meningoencephalitis, inflammation of the brain and meninges. Neurologic signs seen in both species due to WNV infection include ataxia, blindness, paralysis, and muscle fasciculation. In humans who display neurologic signs, fatality rates of up to 20% have been reported. In horses, up to 30% of individuals with neurologic signs die, with an additional 10–20% experiencing neurologic deficits following recovery [9]. A recent review compares the similarities between West Nile disease in humans and horses [10].




1.3. Diagnosis and Treatment


Diagnosis of West Nile virus infection is made similarly in both humans and equines, through a combination of compatible clinical signs and laboratory testing. The clinical signs needed to diagnose a horse with WNV vary from country to country. In Canada, the compatible clinical signs must include ataxia plus two or more of the following: circling, hind limb weakness, inability to stand, multiple limb paralysis, muscle fasciculation, proprioceptive deficits, blindness, lip droop/paralysis, teeth grinding, fever, and acute death [11]. A horse that displays these signs and has a positive confirmatory laboratory test is diagnosed with WNV infection [9]. The most common confirmatory laboratory test is IgM ELISA of serum or cerebrospinal fluid (CSF), although molecular biology techniques such as polymerase chain reaction (PCR), which detects viral RNA, or immunohistochemistry (IHC), which uses antibodies that target virus-associated antigen, can also be used [9].



Treatment of WNV is purely symptomatic; no specific treatments exist in either humans or equines, so care of infected patients focuses on managing the symptoms caused by the virus [1]. Principles of treatment in both species include maintaining adequate hydration and managing inflammation-associated pain. In patients with severe neurologic symptoms, seizure control and ventilatory support are often required [3]. Antunes de Castro-Jorge et al. reviewed clinical presentation, diagnosis, treatment, and prophylaxis of WNV infections in horses and humans [12].





2. Vaccines against West Nile virus


2.1. Equine Vaccination


The lack of any specific treatment options heightens the importance of preventative measures in the management of West Nile virus. Two strategies of prevention currently exist: vaccination and mosquito control.



Vaccine development has been a major focus of the response to WNV since the emergence of the disease. In horses, efforts have resulted in four USDA licensed vaccines, with WNV considered a core vaccination by the American Association of Equine Practitioners (AAEP). Core vaccines protect from diseases with potential public health significance that are endemic to a region. Core vaccines protect against virulent or highly infectious pathogens, reducing the risk of severe disease. Core vaccines are efficacious and safe, thus exhibiting a high level of patient benefit and low level of risk, justifying their use in patients. Currently available WNV vaccines include two killed whole-virus vaccines, a modified live recombinant canary pox vaccine containing WNV pre-membrane and envelope genes and a chimera vaccine that combines WNV antigen with inactivated flavivirus [9,13] (Table 1). All of the available vaccines generate protective immunity and have been licensed on the basis of fulfilling one or more of the following criteria: (1) aiding in the prevention of viremia, (2) aiding in the reduction in viremia, encephalitis, and clinical disease, (3) aiding in the prevention of disease, viremia, and encephalitis, and (4) aiding in the prevention of viremia and mortality, while also aiding in the reduction in severity of clinical disease. All currently licensed WNV vaccines are administered via intramuscular injection. Following an initial primary series, these vaccines are administered annually, although they can be administered more frequently under special circumstances, such as in horses with reduced immune function like geriatrics or horses treated with corticosteroids long term [13]. Equine WNV vaccinations are an effective tool, but their existence and use do not preclude the need for other control measures.




2.2. Bird Vaccination


WNV transmission cycles through birds that act as an amplifying host [14]. The virus replicates to high titers in birds, and they have high WNV viremia compared to mammals [15]. Thus, mosquitoes can become infected when they take a blood meal from WNV-infected birds but not from mammals that display low viremia. However, mosquitoes can reinfect the bird population, continuing enzootic infection. Furthermore, bird migration allows for the distribution of WNV beyond the mosquito range [16]. Like mammals, WNV-infected birds generate neutralizing antibodies that provide long-lasting protection over the course of multiple WNV seasons [17,18]. Additionally, chicks inherit maternally derived WNV antibodies [19]. Considering the importance of birds in the WNV transmission cycle and their ability to generate neutralizing antibodies, there has been considerable effort to develop vaccination strategies in birds [20].



Bird vaccination would be especially important during WNV outbreaks. During this time, vaccines could be administered in captive birds, breeding centers, and birds released into the wild for restocking purposes and surveillance programs [21]. Vaccine design for birds has been based on successful vaccination programs used in horses. A chimeric virus using yellow fever virus expressing WNV surface proteins was tested in crows [22]. Vaccination with WNV subviral particles provided increased survival rates in magpies challenged with WNV [21,23]. DNA-based vaccines expressing prM/E were tested in condors and falcons and provided protective immunity [24,25]. These vaccination regimens, among many others, were tested in both wild and domestic birds [20]. While the vaccination regimens tested provided protection, sterilizing immunity was not achieved since virus replication was still observed in vaccinated birds. Nevertheless, the levels of viremia were sufficiently decreased to a point that would not allow mosquitoes to become infected after taking a blood meal from these vaccinated and challenged birds [14,21,24]. Taken together, efforts to develop and implement bird vaccination should continue.




2.3. Human Vaccination


Currently, no West Nile virus vaccine has been approved for human use (Table 1). Numerous candidates of various types have entered clinical trials, although none has advanced past phase II of the FDA’s four-phase licensure process [26]. The WNV vaccine developed by the Vaccine Research Center (VRC) expressing pre-membrane (prM) and envelope (E) glycoprotein reached stage I clinical trials and showed the presence of neutralizing antibodies in over 90% of young and old human subjects after receiving three doses [27]. Also expressing prM and E is a recombinant yellow fever vaccine that generated neutralizing antibodies in 90% of young and old human subjects after only one dose [28]. This vaccine moved into phase II clinical trials. Expressing prM and E using attenuated DENV provided neutralizing antibodies in 89% of subjects after two doses but only reached phase I clinical trials [29]. A recombinant subunit vaccine expressing truncated E (HBV-002) provided neutralizing antibodies in all subjects following three doses but also only reached phase I clinical trials [30]. Two vaccines utilize inactivated/killed virus. Hydrogen peroxide-inactivated WNV provided neutralizing antibodies in half of the human subjects after two doses [31], and formaldehyde inactivation also generated neutralizing antibodies [32]. These vaccines progressed to phase I/II clinical trials. Together, these data from phase I and II trials of WNV vaccine candidates show promising efficacy and no safety concerns [26,33]. However, the obstacles that have thus far impeded development of a human WNV vaccine lie outside the realms of vaccine efficacy and safety. One such challenge involves the logistics of the FDA’s licensure process and the epidemiology of WNV. Phase III clinical trials require several thousand trial participants, a significant increase in sample size from phases I (between 10 and 100 participants) and II (several hundred participants) [34]. West Nile virus causes sporadic disease outbreaks with high regional variability, making it logistically challenging to coordinate a clinical trial on the scale required for phase III of the FDA process [26].



For a human WNV vaccine to reach FDA licensure, an alternate pathway to licensure would likely be required [26]. There is precedence for vaccinations utilizing alternate pathways, such as via animal models. However, the use of animal models highlights another challenge. A hypothetical alternative phase III trial utilizing non-human primates as a model for humans would need to establish a threshold for neutralizing antibodies that would function as a correlate for protection, which is an indicator of protective immunity. Such an approach was utilized in research with yellow fever virus, another member of the flavivirus genus. In contrast to yellow fever virus, non-human primates are not very susceptible to WNV, meaning the establishment of a neutralizing antibody threshold is difficult. An additional challenge related to the establishment of a correlate for protection is the fact that most individuals infected with WNV are asymptomatic and, thus, a prospective study might require an even larger sample size to obtain enough individuals with symptoms for the determination of the antibody threshold [26].



Additionally, an alternative pathway to FDA licensure requires that a manufacturer demonstrates the socioeconomic benefit of their vaccine, along with the clinical benefit [26]. Published studies focusing on the cost-effectiveness of WNV vaccination in the United States concluded that universal vaccination would not result in reduced cost to society at-large as compared to the cost of not developing a vaccine and treating the larger number of affected individuals resulting from an unvaccinated population [35,36]. An immunization strategy that targets only those groups most at-risk would be more cost-effective but does not compare favorably with other currently licensed vaccines [36]. Currently, a human WNV vaccination is not cost-effective; a drop in research and manufacturing costs, an increase in WNV case numbers, or the emergence of a new genetic variant that is more likely to cause severe neurologic disease would need to occur for human WNV vaccination to be economically advantageous on a societal level [35].





3. Mosquito Control


3.1. Conventional Mosquito Control Methods


Since the first outbreak of West Nile virus in the United States, which occurred in New York City in 1999, mosquito population control has been a mainstay of the response to West Nile virus [37]. Initial mosquito control programs were reactive in response to the high case numbers of illness seen in mammals. Reactive measures, while effective, are expensive. The response to the New York state 1999 outbreak was estimated to cost over $14 million, but this does not account for the initial morbidity caused by the virus, which allowed time for significant spread. The development of robust surveillance and data sharing systems has facilitated the implementation of proactive control strategies that attempt to prevent outbreaks rather than abate them. Surveillance strategies like monitoring case numbers in birds (i.e., using them as a sentinel species) and directly monitoring trends in mosquito populations allow for targeted control measures prior to the occurrence of outbreaks in mammals [37]. Modern integrated vector management (IVM) programs combine proactive and reactive approaches with public education programs to maximize efficiency, along with increasingly complex surveillance programs that account for ecological factors, weather, vector dynamics, and mammalian demographic factors [38].



Specific techniques used in IVM programs are divided into three categories: source control, larvae control, and adult control [38]. Source control techniques reduce the habitable environment for both larvae and adults while larvae control and adult control target their respective life stages through measures like pesticide application, introduction of predatory species, and trapping. For example, there are increased mosquito populations after winter flooding of farmland [39], when sewage outflow is increased [40] in urban areas [41], and in wetlands enriched with ammonium nitrogen. The use of small crustaceans provides biological control of larval populations of Culex quinquefasciatus in natural water-containing ditches, and pollution is detrimental to these natural copepod predators of mosquito larvae [42]. Each of these techniques varies in scale, from population-level measures that aim to affect a broad geographic area (e.g., a municipal government applying pesticides to public lands) to personal protective measures (e.g., an individual remaining indoors during times of day when mosquitoes are most active). High variability in the techniques employed across localities exists, influenced by factors such as cost, public perception, practical viability, ecological impact, and legality [38]. Measuring the effectiveness of proactive control programs is currently challenging and an area of active research. Reactive control programs are generally regarded as effective. For example, one study undertaken in Sacramento County, California, during a WNV outbreak reported a decrease in the mosquito infection rate from 8.2/1000 to 4.3/1000 in areas treated with the adulticide pyrethrin while the infection rate climbed from 2.0/1000 to 8.7/1000 in untreated areas over the same period [37].




3.2. Genetic Mosquito Control Methods


In considering what an ideal new tool against WNV infection might look like, several criteria stand out. Chiefly, a technique that can address WNV in humans and horses, is broadly deployable, can be utilized proactively, and avoids the ecological pitfalls present with some conventional mosquito control measures (i.e., development of pesticide resistance, environmental disruption caused by water management techniques) would be especially desirable. It is for these reasons that genetic mosquito control methods have gained attention. These methods directly address the vector of WNV, do not require an existing disease outbreak to be effective, and have minimal impact on other species [43].



Enabled by research that has increased human understanding of the mosquito immune system, and specifically the mosquito immune response to WNV, several techniques that modify the mosquito immune response to WNV are under active research and investigation [5,43,44]. Broadly, these techniques fall into one of two categories: (1) transgenic techniques, which directly modify the mosquito immune response, and (2) paratransgenic techniques, which utilize a symbiotic organism, such as a bacteria, to affect the mosquito immune response [44].



Transgenic techniques can be further subcategorized into refractory mosquito techniques and lethal gene techniques [43]. Refractory mosquito techniques involve the introduction of a target gene and a gene drive into a mosquito. The target gene is a gene involved in the mosquito immune response to WNV, and this target gene is either upregulated or downregulated to enhance the immune response. The goal is to result in a lower viral load and reduced transmission of WNV. The gene drive facilitates the spread of the target gene to progeny of the mosquito, which means a refractory mosquito system is self-sustaining. In an ideal outcome, a low number of releases of genetically modified mosquitoes would be sufficient to increase the frequency of the target gene, eventually driving it to fixation within a population [43].



While the refractory mosquito technique is conceptually promising, the challenges to its development and implementation lie in its complexity. It requires the identification of a target gene, development of a technique able to modify the target gene, identification of a gene drive system compatible with the target gene, and use of a system that can insert both the target gene and the gene drive into the mosquito genome. The resulting transgenic mosquito must also have comparable genetic fitness to wild-type mosquitoes for the target gene to fix in the population. In addition, transgenic strains are species-specific, meaning each mosquito species would require its own transgenic refractory system [43].



Lethal gene techniques introduce a dominant lethal gene into the mosquito genome. A female-specific gene promoter is paired with the lethal gene, which causes the gene to only be expressed in females but carried in males. The genetically modified males, upon mating with wild-type females, will produce nonviable female progeny and viable male progeny [15]. Over time, this results in a decline in the mosquito population. Unlike the refractory mosquito technique, the lethal gene technique is not self-sustaining and requires a greater number of releases of genetically modified mosquitoes to produce the desired result. The lethal gene techniques share some of the same challenges to implementation as the refractory system, namely, the potential effect on mosquito fitness and the need for species-specific transgenic strains [45]. Lethal gene techniques have been used in several countries to combat dengue viruses via transgenic strains of Aedes aegypti, so there is precedence for their real-world use, although further research into the development of transgenic Culex is necessary in order to produce a transgenic strain suitable for use [43].



With a paratransgenic approach, a symbiotic organism that survives within the mosquito, usually bacteria, is identified [44]. Simultaneously, an effector molecule that modifies the mosquito immune response in the desired way is identified. Finally, the symbiotic organism is genetically modified to produce the effector molecule. Depending on the effector molecule selected, a paratransgenic system can either be population suppressing, like the transgenic lethal gene system, or refractory, like the transgenic refractory mosquito system. The organism is then fed to mosquitoes in a lab setting, and the lab-reared mosquitoes are released into the environment to spread the symbiotic organism. Since the mosquito itself is not transgenic, there is no effect on fitness, and the paratransgenic mosquitoes have identical reproductive fitness to wild-type mosquitoes. A second advantage over transgenic systems is the ability of a paratransgenic system to be utilized in multiple mosquito species, making it particularly well suited to areas where multiple species of mosquito transmit WNV. Additionally, the genetic engineering of bacteria is simpler and more well understood than the production of transgenic mosquitoes, making paratransgenesis a more realistic approach [44].



Challenges inherent to paratransgenic techniques include the cultivation of symbiotic organisms for study since the conditions these organisms thrive under are difficult to recreate in a laboratory, although ribosomal RNA sequencing is a potential alternative to laboratory cultivation that would allow for the necessary studies [44]. Thorough study of potential symbiotic organisms is critical as the presence of a wild-type symbiotic organism can affect the mosquito immune response to WNV. One study found the presence of the symbiotic bacteria Wolbachia increased WNV titer in Culex tarsalis while other studies correlated the presence of Wolbachia with inhibition of WNV in other Culex species [5]. Interactions between the symbiotic organism and the species of interest must be understood prior to use in a paratransgenic system as the symbiotic organism itself may have undesirable effects. However, new approaches for WNV are imperative since current strategies that use Wolbachia to reduce viral infection in mosquitoes [46,47,48] have been shown to enhance WNV infection [49].





4. The Complexity of Responding to WNV and the Swiss Cheese Model


Conventional mosquito control techniques and the equine WNV vaccine are effective tools in the response to WNV, but disease outbreaks remain a continued problem. From a One Health perspective, the challenge of West Nile virus is complex, involving numerous animal species and many environmental factors. The response has been equally complex, and it has become apparent that many effective tools and techniques, used in combination, are needed to address the challenge.



The response to WNV lends itself well to the Swiss cheese model, in which the various effective prevention strategies each have varied areas of strength and weakness, like individual slices of Swiss cheese have solid areas and holes, and the combination of these strategies creates a more effective response than any strategy used individually (Figure 1). Originally developed by James Reason to explain systems’ failures, the Swiss cheese model gained popularity in the field of epidemiology when applied to the COVID-19 pandemic [50]. When applied to WNV, novel techniques, such as a hypothetical human vaccine or new mosquito control methods, can be thought of as an additional slice added to the already existing set of slices that decrease transmission of WNV to mammals. For example, clothing, netting, and mosquito repellent act as physical barriers to mosquito bites and potential WNV infection. Insecticides containing plant-derived pyrethrins can specifically target adult mosquitoes and be used to reduce WNV infection [51]. Best practices at the individual and community levels can also reduce mosquito populations. Emptying standing water and reducing light pollution can reduce the risk of infection [52]. Combining these approaches with the genetic and vaccination strategies described above will reduce overall infection rates. Further progress towards human vaccination will add another barrier. Finally, recent work shows that levels of virus can be reduced within the mosquito by targeting insulin/insulin-like growth factor signaling (IIS). Provisioning Culex mosquitoes with bovine insulin in their blood meal reduced WNV levels via an Akt-mediated, JAK/STAT-dependent, RNAi-independent mechanism [53]. However, the simultaneous activation of JAK/STAT- and RNAi-mediated immunity in Aedes mosquitoes using small molecules reduced the prevalence and levels of Zika virus in these mosquitoes [54]. A similar approach could be used in Culex mosquitoes to combat WNV infection. Bait-delivered small molecules that activate these antiviral pathways in mosquitoes could form the basis of future strategies to reduce virus transmission. Taken together, an IIS-targeted approach could be combined with physical, behavioral, and ecological barriers already in use for arbovirus transmission control as well as transgenic and paratransgenic techniques. Several combined layers of protection against arbovirus transmission will significantly reduce overall infection risk.




5. Conclusions and Future Directions


West Nile virus continues to be a disease of concern to both human and veterinary health. Additionally, there are occupational risks associated with WNV infections [55,56]. Odigie et al. found that military workers, veterinarians, agricultural workers, farmers, and laboratory workers were at higher risk for WNV infections due to increased contact with infected fluids and aerosols. They concluded that the identification of these workers could increase surveillance of them by physicians and improve preventative measures [57]. Major advances in preventative strategies, to include equine vaccinations and increasingly sophisticated monitoring and mosquito control methods, have been developed since the disease first appeared in the United States in 1999. However, a need still exists for novel solutions, especially targeted strategies that impact the vector mosquito without damaging the environment or other species. Genetic methods of mosquito control are an attractive option as they simultaneously address WNV in both humans and equines. However, there are a number of practical, ethical, and regulatory challenges to genetic methods of controlling mosquito-borne infections [58,59]. For example, biosafety approval is needed, and these regulations may vary for different countries. Policies regarding the transport of genetically modified mosquitoes both intentionally or by natural migration need to be considered [59]. For example, in the United States, the Food and Drug Administration assessed the risk to public health and the ecosystem before a field trial of genetically modified Aedes aegypti in Key Haven, Florida, was allowed [58]. Nevertheless, methods to genetically engineer mosquitoes and conduct field trials are an area of active research and development, although conceptually very promising. Both transgenic and paratransgenic approaches have features that make them desirable and particularly well suited to WNV management in certain areas as well as challenges to their development and implementation.
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Figure 1. The Swiss cheese model as applied to West Nile virus prevention. Solid “slices” represent currently used techniques, dotted “slices” represent emerging or hypothetical techniques. Figure created using Biorender, (https://www.biorender.com (accessed on 27 April 2024)) adapted from Ian M. Mackay. 
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Table 1. West Nile virus vaccination types and licensure.
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	Vaccine Name
	Type
	Animal
	Licensed?





	West Nile-Innovator
	Killed virus vaccine
	Horse
	Yes



	Prestige WNV
	Killed virus vaccine
	Horse
	Yes



	Recombitek WNV
	Recombinant canary pox vaccine
	Horse
	Yes



	PreveNile
	Inactivated flavivirus chimera vaccine
	Horse
	Yes



	WNV RSP
	Recombinant subviral particles (RSP) purified from Hela cells
	Bird
	No



	ChimeriVax-WN
	Yellow fever vaccine strain 17D expressing pre-membrane and E glycoprotein (prM/E)
	Bird
	No



	WNV-DNA-1/2
	Recombinant vaccine expressing E
	Bird
	No



	pVWN
	DNA vaccine expressing prM/E
	Bird
	No



	VRC WNV
	DNA vaccine expressing prM/E
	Human
	No



	ChimeraVax-WN02
	Recombinant yellow fever vaccine expressing prM/E
	Human
	No



	HBV-002
	Recombinant subunit vaccine expressing truncated E
	Human
	No



	rWN/DEN4 30
	Recombinant DENV expressing prM/E
	Human
	No



	Hydrovax-001
	H2O2-killed virus vaccine
	Human
	No



	