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Abstract

:

Arboviruses are a group of viruses that are transmitted by arthropods, such as mosquitoes, and cause significant morbidity and mortality worldwide. Currently, there are only a few options, with restricted use, for effective vaccines against these viruses. However, recent advances in arboviral vaccine development have shown promising innovations that have potential in preclinical and clinical studies. Insect-specific viruses have been explored as a novel vaccine platform that can induce cross-protective immunity against related arboviruses. Nanoparticle-based vaccines have also been developed to enhance the immunogenicity and stability of viral antigens. Additionally, vaccines against mosquito salivary proteins that can modulate the host immune response and interfere with arboviral transmission are being explored. Synonymous recoding, such as random codon shuffling, codon deoptimization, and codon-pair deoptimization, is being investigated as a strategy to attenuate the replication of arboviruses in vertebrate cells, reducing the risk of reverting to wild-type virulence. Finally, mRNA vaccines have been developed to rapidly generate and express viral antigens in the host cells, eliciting robust and durable immune responses. The challenges and opportunities for arboviral vaccine development are outlined, and future directions for research and innovation are discussed.
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1. Introduction


Vaccines have significantly reduced the burden of infectious and non-infectious diseases, improving public health and extending life expectancy. As emphasized by the World Health Organization (WHO), immunization played a pivotal role in eradicating smallpox, eliminating poliomyelitis from most regions, and reducing measles incidence by 83% in the past two decades [1,2]. Vaccines continue to combat diseases such as diphtheria, tetanus, pertussis, influenza, meningitis, and rotavirus gastroenteritis, and most recently, they were rapidly developed to combat the coronavirus disease 2019 (COVID-19) pandemic. As per the latest data, more than 12.7 billion doses of COVID-19 vaccines have been administered globally, protecting millions of lives and livelihoods [3,4,5].



Despite remarkable progress in vaccine technology, challenges persist, particularly in addressing vector-borne diseases that constitute nearly 20% of the global disease burden [6]. Mosquito-borne viral pathogens pose a major global health threat, with over 100 viral pathogens transmitted by mosquitoes affecting almost half of the world’s population and with an economic impact estimated at USD 12 billion annually [7]. These effects are particularly severe in low socioeconomic regions, where treatment and related costs can represent up to 25% of household income, exacerbating already dire financial circumstances [8]. Arthropod-borne viral (arboviral) infections commonly manifest as fevers, headaches, arthralgia, and rashes but can also lead to the development of more serious complications like Guillain–Barré syndrome [9,10,11,12]. Moreover, arboviral infections can also cause long-term neurological impairments and cognitive disabilities [13].



In 2018, despite the available vaccines, 109,000 cases of yellow fever and 51,000 fatalities were reported [14]. Similarly, in 2019, around 57,000 cases of Japanese encephalitis resulted in 21,000 deaths [15]. Dengue fever alone affects nearly 4 billion people in 129 countries, with close to 100 million symptomatic cases and 40,000 deaths every year [16]. Although a dengue fever vaccine recently became available, it is limited to individuals with confirmed prior infection due to the high risk of severe dengue in the unexposed population [17,18,19].



The persistent threat of arboviruses, most recently exemplified by the 2015–2016 zika outbreak, necessitates both innovative solutions and collaborative efforts to overcome these public health challenges [11,12,20]. By mimicking a natural infection, vaccines stimulate the immune system to generate antibodies and memory cells to combat viral, parasitic, and bacterial pathogens. Vaccine technologies span a broad range, from traditional whole-pathogen-inactivated and attenuated vaccines to novel designs based on nucleic acids, virus-like particles (VLPs), and conjugate vaccines. Each approach has advantages and disadvantages, reflecting the dynamic landscape of vaccine development. For instance, whole-pathogen vaccines that are either inactivated or attenuated can trigger strong immune responses but may pose safety issues. Conversely, engineered vaccines may have better safety profiles but might also induce less powerful immune reactions. In this article, we will explore the dynamic landscape of arboviral vaccines, focusing on the forefront of innovation. Notably, we will review the emerging platforms and promising advancements, including the utilization of insect-specific viruses as a vaccine platform, the development of nanoparticle-based vaccines, the exploration of mosquito salivary protein-based vaccines, and the groundbreaking field of mRNA vaccines (Figure 1).




2. Arboviral Vaccine Platforms


2.1. Insect-Specific Viruses Platform


Insect-specific viruses (ISVs) are a novel and promising platform for advancing recombinant vaccine development against various arboviral pathogens, such as dengue, zika, and chikungunya, owing to their distinctive attributes [21]. ISVs infect arthropod vectors such as mosquitoes and sandflies, but as these cannot replicate in vertebrate cells, their safety profile is superior to that of other vaccine platforms. Over 60 ISVs have been characterized so far [21]. Unlike attenuated vaccines that inherently carry the risk of virulence recurrence, ISVs are more suitable for people who have a compromised immune system, such as those who have HIV, cancer, or immunosuppressive therapy [22,23,24]. Moreover, the production of ISV-based vaccine candidates does not require chemical or physical inactivation processes, which can impair the immunogenicity and antigenicity of the vaccine candidate. By using recombinant DNA technology to generate chimeric constructs, ISV-based vaccines provide a promising opportunity for developing safer and more efficacious vaccine candidates against arboviruses and related pathogens. In the following sections, we discuss Eilat virus (EILV) and Binjari virus (BINJV), which are ISVs from alphavirus and flavivirus families, respectively, and how these have been used as platforms for designing vaccines for human alphaviruses and flaviviruses.



2.1.1. Eilat Virus (EILV)


The development of a vaccine against the chikungunya virus (CHIKV), a member of the Togaviridae family’s alphavirus genus, entailed inserting the genetic sequence encoding all three CHIKV structural proteins (E1, E2, and C) into the cDNA clone of the insect-specific alphavirus, EILV. Notably, both EILV and CHIKV belong to the alphavirus genus and share a similar genomic organization. In vitro, the replication-deficient ELIV/CHIKV chimeric vaccine candidates was capable of attachment, entry, and viral protein expression in vertebrate cells, similar to CHIKV.



In vaccination and CHIKV challenge experiments in mouse and non-human primate (NHP) models, the EILV/CHIKV chimeric vaccine achieved fast, robust, and long-lasting immunogenicity and conferred protection with just a single dose. The production of neutralizing antibodies was fast and durable, completely protecting the mice and preventing the onset of fever and viremia in NHPs. In contrast, inactivated EILV/CHIKV chimeras achieved reduced efficacy but were still immunogenic, as evidenced by reduced animal mortality without entirely alleviating disease symptoms in specific mouse models. Moreover, the vaccination induced elevated levels of CHIKV-specific IgM and IgG antibodies, memory B cell responses, and CD8+ T cell responses, all of which contribute to strong innate and adaptive immunity. In addition, the vaccine stimulated the production of antiviral cytokines, including IFNα, IFNβ, IL-1β, IL-6, and IL-12; inflammatory cytokines, such as IL-1β and IL-17; and antigen-presenting cells (APCs) in vivo [25].



The EILV platform was further used to create chimeric vaccines targeting other pathogens, such as Eastern equine encephalitis virus (EEEV) and Venezuelan equine encephalitis virus (VEEV), demonstrating broad applicability. Animals (murine challenge model) that received single doses of monovalent or multivalent EILV/EEEV and EILV/VEEV live chimeras produced neutralizing antibodies and survived when exposed to wild-type viruses more than 8 weeks post-vaccination [26]. Notably, mice vaccinated with a single dose of the monovalent vaccine exhibited 50% protection within six days post-vaccination [24,26].




2.1.2. Binjari Virus (BINJV)


BINJV represents a recently identified insect-specific flavivirus that demonstrates the potential to serve as an expeditious vaccine platform, featuring a production timeline of two to three weeks [27]. This attribute positions BINJV as a highly promising tool for rapid responses to emerging pathogenic flaviviruses such as dengue virus (DENV), yellow fever virus (YFV), zika virus (ZIKV), West Nile virus (WNV), and Japanese encephalitis virus (JEV).



The prME gene-encoding structural proteins of BINJV are substituted with the corresponding genes from arboviruses using a refined circular polymerase extension reaction [18]. The resultant chimeric viruses exhibit preservation of both the structural and immunological characteristics inherent in the parental arboviruses. Furthermore, these chimeric viruses display efficient replication within mosquito cells while demonstrating an incapacity to replicate within vertebrate cells [18].



Among the notable chimeric vaccines is BINJV/ZIKV-prME, designed to counteract the zika virus. Experimental trials involving IFNAR-/- mice subjected to single doses of either 2 or 20 µg of the vial preparation yielded a substantial immune response [28]. This immune response was marked by the production of ZIKV-specific IgG1 and IgG2c and total IgG and the development of neutralizing antibodies. Although the 20 µg vaccine elicited higher responses, both dosage levels effectively reduced viremia to undetectable levels upon subsequent ZIKV challenge [23,24].



In summary, leveraging insect-specific viruses, particularly in developing chimeric vaccines, holds significant promise for addressing arboviruses and related pathogens. This approach presents a robust and effective vaccination strategy with enhanced reliability and potency.





2.2. DNA Vaccine Platform


DNA vaccine platforms represent a pioneering advancement in immunological prophylactics, utilizing recombinant plasmid DNA to elicit antigen-specific immune responses. These platforms circumvent traditional antigen purification processes by transfecting host cells with plasmids encoding pathogen-specific antigenic epitopes, facilitating endogenous antigen synthesis and presentation. This strategy offers expeditious adaptability and scalability, which are crucial for addressing emergent pathogenic challenges. Additionally, the ambient thermal stability of DNA vaccines obviates the need for stringent cold-chain logistics [29]. Despite their potential, DNA vaccines are subject to ongoing, rigorous research to ascertain their immunogenicity, safety profile, and long-term efficacy. Research has focused on enhancing the immunogenicity of genomic vaccines through various strategies, including adjuvant and delivery systems, promoter selection, administration methods, and antigen codon optimization [29].



The recent progress marks a significant step forward in the development of flavivirus DNA vaccines, with several candidates for DENV, ZIKV, and WNV currently undergoing clinical trials and more in preclinical stages. The tetravalent DENV vaccine TVDVVAX, which includes the adjuvant Vaxfectin, has been well received in Phase I trials, indicating its safety and ability to induce significant T-cell responses [30]. At the same time, VRC5283 for ZIKV has shown promising immunogenicity in a Phase II trial [31]. For WNV, the DNA vaccine candidates VRC302 and VRC303, differing in their promoter use, have undergone Phase I trials, with VRC303 demonstrating safety and immunogenicity, though further follow-up studies are pending [32,33].



Lately, DNA vaccine candidates have been developed and evaluated for the zika virus. The CHIKV-envelope construct (pMCE321) integrates E3, E2, and E1 genes linked via furin cleavage sites and optimized for envelope expression through codon and RNA optimization. This DNA vaccine shows efficacy in both mice and nonhuman primates, providing protection in mice and driving neutralizing titers in primates similar to human convalescent sera. A second vaccine construct incorporates CHIKV capsid and envelope-specific sequences, a Kozak sequence, and an immunoglobulin E leader sequence [34,35]. These vaccines, optimized for envelope expression and using innovative immunization techniques like adaptive constant-current electroporation, have elicited strong T-cell and humoral responses, underscoring the potential of DNA vaccines to provide comprehensive immune protection against challenging viral pathogens.



Additionally, it should be highlighted that viruses depend on the host’s translational machinery and tRNA pool for protein synthesis; viral genomes tend to reflect the codon usage patterns of their hosts. Thus, codon pair bias, reflected as a preferential or rare occurrence of certain codon pairs, can impact translation efficiency and kinetics, which may, in turn, influence protein folding and the co-expression of proteins with related functions.



Synonymous recoding, such as random codon shuffling, codon deoptimization, and codon-pair deoptimization, attenuates the replication of most viruses, including arboviral human pathogens in both vertebrate and invertebrate cells [36,37,38]. For instance, changing codons to one mutation away from a stop codon can decrease virus replication in vitro and in vivo in mice and mosquitoes [37]. Notably, CpG-rich sequences are naturally underrepresented in vertebrate RNA. However, when these sequences are present in viral RNA, they activate the zinc-finger antiviral protein (ZAP). This activation, in turn, initiates the interferon response, mediates RNA degradation, and inhibits translation [38,39]. As alphaviruses naturally have higher CpG dinucleotide frequencies, resembling unbiased mosquito RNA, avoiding CpG and UpA dinucleotides is a primary driver of viral genome codon distribution. Conversely, introducing CpG and/or UpA dinucleotides through synonymous recoding attenuates the replication of diverse vertebrate viruses, including ZIKV [40,41,42]. The deletion of the gene encoding ZAP recovers the replication of CpG-high virus mutants [38]. Notably, mosquito RNA lacks CpG dinucleotide bias, and CpG-high ZIKV mutants replicate more efficiently than wild-type ZIKV in mosquito cells and salivary glands, suggesting that deoptimizing arboviruses for vertebrate cell replication can paradoxically enhance mosquito cell replication [42].



The protein structure of attenuated viruses is identical to their wild-type counterparts, ensuring a specific and robust immune response. Attenuation through recoding introduces numerous nucleotide substitutions, significantly reducing the risk of reverting to wild-type virulence. Several arboviral vaccine candidates are currently under evaluation [37,38,43,44,45,46]. However, investigations to assess the attenuation extent, potential tissue infections, virus transmission potential, and persistent mosquito infections will be critical components of vaccine development.




2.3. Nanoparticle-Based Platform


Nanoparticles (NPs) are organic or inorganic versatile immunization platforms that potently stimulate the immune system and achieve durable antigen presentation. NPs effectively function as adjuvants by encapsulating therapeutic agents in a biocompatible matrix, preventing their degradation and enhancing both uptake and overall immunogenicity [47,48,49]. Furthermore, they facilitate regulated antigen release, forming reservoirs at the administration site. NPs, with dimensions ranging from 10 to 1000 nm, have gained significance in bioscience due to their distinctive properties and potential for drug and antigen delivery systems, and they are promising vaccine candidates because they can encapsulate, adsorb, or disperse antigens [49].



The choice of materials for nanoparticle matrices will determine the kinetics of antigen release at the injection site and upon distribution. Biodegradable nanoparticle matrices can be made of either natural (e.g., proteins, carbohydrates) or synthetic biopolymers. While natural biomaterials offer benefits such as biocompatibility, biodegradability, and low immunogenicity, synthetic versions are typically easier to optimize [50,51,52]. To enhance nanoparticle functionality, a range of physical–chemical parameters such as size, charge, and morphology need to be carefully adjusted. Particle size determines in vivo distribution, toxicity, and cellular targeting, with smaller nanoparticles (<25 nm) demonstrating rapid transport through the lymphatic system and potential accumulation in dendritic cells [53]. Lymphatic drainage is also a mechanism that influences lipid nanoparticles (LNPs)’ interaction with B cells to promote immune responses, with particles in the 20–200 nm range being especially effective at stimulating immune cells [54]. Understanding how particle shape and size influence immune responses will be important to advance the development of next-generation vaccines.



Experimental arbovirus vaccines often employ LNPs because of their high mono-dispersion, long-term stability, and relatively good thermal stability. LNPs typically comprise four components: an ionizable cationic lipid for self-assembly and antigen release, PEG–lipid conjugates for prolonged formulation half-life, cholesterol for stabilization, and natural phospholipids for lipid bilayer structure support [55,56]. LNPs enhance protein stability, protect against proteolytic degradation, and exhibit low toxicity by avoiding potentially harmful organic solvents [57]. While dengue vaccines have used different organic (e.g., bovine serum albumin, lipids) and inorganic materials (e.g., calcium chloride, carbon, calcium phosphate), zika virus vaccines have predominantly used lipid and poly(amidoamine) nanoparticles, and Japanese encephalitis virus vaccines have included protein-VLPs, chitosan, and poly(gamma-glutamic acid) nanoparticles [58,59,60]. Conversely, West Nile virus vaccines have applied gold, CpG oligodeoxynucleotide, polyethyleneimine, lipoprotein, and lipid-based nanoparticle, whereas zika virus vaccines have used lipid and amyloid-based nanoparticles [61,62,63]. In addition, Hepatitis B virus protein-derived VLPs have been assessed for dengue and Japanese Encephalitis vaccines [64,65,66].



The use of nanoparticle-based vaccines to combat arbovirus infections is supported by strong reasoning; however, a notable weakness in this area lies in the lack of standardized methodologies across studies. Critical data related to nanoparticle formulation, physical–chemical characteristics (size, morphology, zeta potential, encapsulation or adsorption rates), and comprehensive in vitro and in vivo analyses were frequently omitted. Some studies overlooked investigations into the cytotoxicity of nanoparticle-based vaccines and their interactions with antigen-processing cells and other immune cells. While generally considered safe, it is crucial to explore the potential activation of key players in innate and adaptive immune responses, such as dendritic cells and T cells. Furthermore, a significant number of studies did not conduct challenge assays on nanoparticle-immunized mice, an essential step in assessing the protective efficacy of these vaccine formulations.




2.4. Mosquito Salivary Protein Vaccine


The mosquito salivary protein vaccine represents a novel approach, aiming to induce immunity to mosquito saliva rather than specific viral antigens. This innovative strategy targets the diverse molecules present in mosquito saliva that play a role in viral transmission and modulate the host’s immune response. The vaccine is rooted in the observation that mosquito saliva contains various molecules that facilitate viral transmission and infection by modulating the host’s immune response [67]. For instance, mosquito saliva can suppress the production of type I interferons, inhibit the activation of NK cells and macrophages, impair the function of dendritic cells and T cells, induce the production of anti-inflammatory cytokines, and increase vascular permeability, enhancing viral dissemination [68,69,70,71].



The pivotal role of CD4 and CD8 T cells, activated macrophages, and pDCs in the mosquito salivary protein vaccine is to mediate the adaptive immune response to mosquito saliva and enhance antiviral immunity [72]. CD4 T cells recognize mosquito salivary antigens presented by APCs via MHC class II molecules, assisting B cells in antibody production and CD8 T cells in cytotoxicity [73,74]. CD8 T cells, on the other hand, directly eliminate infected cells and release IL-10, IL-4, IL-13, and IFN-γ by recognizing mosquito salivary antigens presented by MHC class I molecules. pDCs produce type I interferons and other cytokines, activating NK cells and macrophages, inducing MHC class I expression on infected cells, and regulating the cytokine balance. Activated macrophages phagocytose and destroy pathogens while also presenting antigens to T cells and secreting inflammatory mediators [74,75,76].



Together, these immune cells collaborate to mount a robust and protective immune response against arboviruses upon a mosquito bite [73]. Immunizing with mosquito salivary proteins enables the host to generate antibodies that neutralize and prevent the immunosuppressive effects of these factors [77]. This approach could potentially result in a stronger and faster immune response upon a mosquito bite, ultimately reducing the viral load, disease severity, and transmission potential [67,76].



A single vaccine that is effective against multiple mosquito-borne diseases could have a profound impact on public health. The An. gambiae saliva (AGS-v) PLUS vaccine, a mosquito saliva vaccine, and an enhanced version of the first-generation AGS-v have demonstrated robust and specific immune responses across various formulations. AGS-v PLUS comprises five synthetic mosquito salivary peptides—four salivary peptides derived from An. gambiae salivary glands but common amongst Anopheles spp., Aedes spp., and Culex spp. ASG-v—and a fifth peptide. This fifth peptide is found in the saliva of many mosquito species, including An. gambiae, An. darling, Culex quinquefasciatus, A. aegypti, and A. albopictus, and aims to provoke an immune response that impedes the transmission of mosquito-borne pathogens [77]. Notably, the absence of adverse reactions such as redness or swelling post-mosquito bite indicates its favorable safety profile. The vaccine aims to provoke an immune response at mosquito bite sites to impede the transmission of mosquito-borne pathogens, such as the zika virus. Preclinical data in mice showed strong antibody responses induced by a fifth synthetic peptide, expanding the potential range of protection. More importantly, data from the phase-1 clinical trial are encouraging [77,78]. This vaccine candidate engages CD4 and CD8 T cells and activates macrophages and pDCs to counter the immunomodulatory effects of mosquito saliva, ultimately reducing the disease severity and transmission potential. These vaccines, administered with adjuvants (ISA-51), have shown safety, efficacy, and the potential to elicit a protective Th1 response at mosquito bite sites, which is crucial in preventing pathogen transmission [77].



The vaccine is being further developed for other mosquito-borne parasitic and viral pathogens and is undergoing Phase II clinical trials for zika by Imutex, a joint venture between PepTcell (trading as SEEK) and hVIVO. Moreover, while challenges persist, the AGS-v approach offers a promising avenue for addressing mosquito-borne diseases, providing a comprehensive and innovative solution to combat these pervasive health threats.




2.5. mRNA Vaccine


mRNA vaccines represent a powerful tool for developing diverse immunization methods. In this innovative approach, mRNA encoding a viral antigen is synthesized in vitro and administered into the host, leading to the expression of exogenous proteins and the induction of robust immune responses. The lab-made mRNA mimics the host mRNA, enhancing its stability and efficiency. Key features such as the 5′ cap-1, 5′, and 3′ untranslated elements and a poly(A)n tail protect the mRNA from exonucleases and facilitate antigen translation [79,80]. A short signal peptide at the N-terminus ensures the host cell secretes the proteins. Unmodified mRNA is susceptible to degradation by RNases, resulting in low expression. Adding nucleoside analogs (e.g., pseudouridine [Ψ]), purifying the lab-made mRNA, and encapsulating it in a lipid nanoparticle enhance cell uptake, leading to longer and higher expression [81,82]. These modifications increase mRNA stability and reduce immune detectability, preventing translation inhibition [83]. mRNA vaccine platforms enable the rapid development of vaccines, a critical capability in the face of emerging pandemics. Furthermore, the adaptable nature of the mRNA coding region allows for easy manipulation, facilitating the exploration of novel hypotheses in the pursuit of combating viral infections resistant to conventional vaccine strategies.



BioNTech, in collaboration with Pfizer and Fosun, developed and distributed the mRNA vaccine against COVID-19 [84]. The vaccine received regulatory approval from the UK in December 2020, followed by emergency use authorization from the FDA. Notably, the FDA granted full approval on 23 August 2021 [85].



The landscape of mRNA vaccine research is expanding, with several other candidates targeting diseases such as rabies, human cytomegalovirus, and influenza currently progressing through clinical trials [86,87,88,89]. Multiple mRNA vaccine candidates for arboviral pathogens transmitted by mosquitoes, leading to diseases like dengue, zika, chikungunya, and others, are at different stages of development and undergoing clinical trials, representing a spectrum of promising solutions [90,91,92,93,94,95,96]. These mRNA vaccines employ diverse strategies and various antigen targets, demonstrating the adaptability of this innovative approach. Table 1 provides an overview of the current progress in arboviral mRNA vaccine candidates and potential future breakthroughs in combating some of the important arboviral diseases.





3. Host Immune Response and Arboviral Vaccine Designing


The intricate immune mechanism in arboviral infections introduces an additional layer of complexity and challenges. Beyond directly neutralizing the virus, virus-specific antibodies play a protective role by engaging the Fc portion and binding to Fcγ receptors (FcγR) on immune cells [97]. This engagement triggers Antibody-Dependent Cellular Phagocytosis (ADCP), Antibody-Dependent Cellular Cytotoxicity (ADCC), and Complement-Dependent Cytotoxicity (CDC) [98]. While these processes are crucial for eliminating viruses and virus-infected cells, they also bring challenges, notably the potential for Antibody-Dependent Enhancement (ADE). ADE, observed in flaviviruses like dengue virus, involves non-neutralizing antibodies that could potentially facilitate the virus entry process, exacerbating the situation [99].



The four distinct serotypes of dengue virus (DENV1-4) give rise to serotype-specific neutralizing antibodies as well as cross-reacting non-neutralizing antibodies. This dual response facilitates ADCP, enables viruses to enter, and potentially exacerbates the disease pathology [99]. Both neutralizing and non-neutralizing antibodies exhibit cross-reactivity against a wide range of arboviral pathogens. For instance, dengue antibodies can cross-react with yellow fever and zika viruses. Also, antibodies from tick-borne encephalitis virus (TBEV) vaccine recipients may cross-react with the zika virus, posing challenges like difficulty engaging with virus-infected cells [100].



Moreover, in the context of ZIKV, the cellular expression of the envelope protein differs from that of the NS1 protein [101]. Unlike the NS1 protein, the ZIKV envelope protein, along with other flaviviruses, is not expressed at the cell surface [102]. Flaviviral particles emerge internally from the Golgi apparatus, and the structural proteins, including the envelope protein, are not readily accessible on the surfaces of infected cells [103]. Consequently, envelope-specific antibodies can bind to intact virions and trigger ADE, and these antibodies face limitations in binding to infected cells, preventing them from engaging protective Fc-mediated effector functions [104]. Though envelope-specific antibodies may provide sterilizing immunity against ZIKV, their protective efficacy may be limited due to the potential for ADE. In contrast, NS1-specific antibodies are emphasized for their efficacy in clearing virus-infected cells. This underscores the importance of identifying a suitable vaccine candidate.



Furthermore, recent research on potential monoclonal antibody treatment for the zika virus (CHIKV) emphasizes the crucial role of antibody-FcγR engagement in optimal infection clearance, mediating enhanced antibody effector mechanisms like ADCP [105]. The study, focused on CHIKV, underscores the significance of understanding antibody effector functions beyond direct virus neutralization. Virus-specific antibodies, particularly those engaging in Fc-mediated effector functions, are pivotal for protection. A comparative analysis of intact anti-CHIKV monoclonal antibodies with variants lacking significant binding to Fcγ receptors (FcγRs) and complement component 1q (C1q) reveals the importance of Fcγ receptor engagement in CHIKV clearance, highlighting enhanced antibody effector mechanisms such as ADCP. Antibodies from individuals with a natural CHIKV infection can inhibit viral egress and initiate ADCC through immune effector cells, emphasizing the necessity for protective FcγR-mediated antibody effector functions induced by CHIKV vaccination [106,107,108].



The research also evaluates the impact of Fc effector functions in a mouse model of CHIKV-induced arthritis, emphasizing the indispensable role of intact antibodies for therapeutic efficacy. Fc effector functions contribute to alleviating foot swelling, expediting viral RNA clearance, and curtailing immune cell infiltration, with monocytes identified as a key player in clinical protection and viral RNA clearance [108].



Hence, the formulation of tactics that target a balanced immune response to all serotypes to reduce Antibody-Dependent Enhancement (ADE) is a crucial element. This underscores the need for continuous research in the pursuit of designing effective vaccines.




4. Non-Vaccine Methods to Control Arboviruses


Over the years, arbovirus vector control using insecticide-based methods has been the most common way of preventing arboviral diseases. However, the alarming rates of insecticide resistance among mosquito populations stimulated new approaches through increasing understanding of insect biology and insect-pathogen interactions [109,110]. Vector control strategies are now focusing on the interference of arbovirus development in vectors and impacting insect survival, such as enhancing vector immune system, manipulating vector microbiome, or editing vector genomes using clustered regularly interspaced short palindromic repeats-Cas systems. These approaches are primarily based on either population suppression or modification strategies [111,112,113]. Suppression strategies include the sterile insect technique, incompatible insect technique, and transgene-based technologies. In population modification strategies, pathogen-resistant mosquitoes are designed to be released into wild populations, where they can spread their heritable modifications to prevent pathogen transmission. Wolbachia, a heritable insect endosymbiont, when introduced into the mosquito, can crash a mosquito population by cytoplasmic incompatibility or reduced likelihood of pathogen transmission by infected mosquitoes through competitive interaction with viruses such as dengue, zika, and other arboviruses [114,115].



The World Mosquito Program has initiated trials involving the release of Wolbachia-infected mosquitoes in various countries [116]. Remarkably, city-wide deployment of these modified mosquitoes in Colombia resulted in a substantial reduction in dengue incidence by 94–97% in areas where the insects were well established [117]. Several other countries, including Australia, Malaysia, Indonesia, Vietnam, and Brazil, have also released Wolbachia-infected mosquitoes to curb the transmission of local mosquito-borne disease [116]. During early mosquito breeding season, California releases Wolbachia-infected male mosquitoes to suppress the Aedes mosquito population [113,118]. The UK-based company Oxitec (Oxford, UK) involves the release of antibiotic-dependent OX5034 male mosquitoes in the UK and Florida, USA [119]. These genetically modified mosquitoes have self-limiting genes preventing female mosquito offspring from reaching adulthood. These multifaceted interventions showcase the evolving landscape of vector control methodologies in the pursuit of mitigating arboviral diseases. Despite the success of traditional strategies and the promise of recent developments, the persistence of vector control failures in several countries emphasizes the continued significance of vaccination as the most effective means of preventing arboviral pathogens.




5. Conclusions and Future Perspectives


The current landscape of mosquito-borne arboviral vaccines emphasizes the need for the continued development of vaccines with broader protective capabilities. Advanced technologies, such as the ones mentioned earlier, provide potential solutions for creating next-generation vaccines with better vaccine efficacy and safety parameters. Table 2 in the article specifically highlights these considerations, detailing the potential limitations of current vaccine technologies that require attention.



Vaccines for four mosquito-borne arboviral infections are available: yellow fever, zika, dengue, and Japanese encephalitis, but their use is restricted. The yellow fever (YF) vaccine is a live attenuated vaccine that has been in use since the 1930s, especially in YF endemic areas [120]. YF-Vax is available in the USA and is recommended for international travelers traveling to YF-endemic areas, as well as for laboratory personnel at risk of exposure to the virulent yellow fever virus or concentrated vaccine strains. Japanese encephalitis (JE) vaccines, including inactivated options like MB-JEV and ENCEVAC, as well as live-attenuated vaccines such as SA-14-14-2 and the YFV-JEV chimeric vaccine, play a crucial role in safeguarding individuals in endemic regions [121,122,123]. IXIARO, an inactivated JE vaccine available in the United States, is recommended for international travelers [124]. The dengue vaccine (Dengvaxia) is a tetravalent live attenuated vaccine derived from a yellow fever 17D viral strain. It is approved for individuals under 45 years of age (under 16 in the USA) with a history of dengue exposure [125]. Recently, the chikungunya vaccine (Ixchiq) achieved FDA approval through the accelerated approval pathway, marking a significant advance in chikungunya prevention [126]. However, concerns persist. While the YF vaccine, though rare, is associated with neurotropic and viscerotropic diseases, live attenuated JEV vaccines show rare but severe vaccine-related adverse events [127,128]. Dengvaxia’s efficacy is limited, particularly against DENV2, and it increases the risk of severe infection in seronegatively vaccinated individuals [125]. Addressing these concerns is crucial for ensuring the safety and effectiveness of these vaccines in combating arboviral infections.



With the surge in cases and potential virus emergence in new areas, the imperative for new and enhanced arboviral vaccines is evident. Further studies on ISV-based vaccines, including the characterization of human immune responses, are essential for advancing these promising tools into clinical development. The emergence and re-emergence of mosquito-borne diseases necessitate rapid preventive strategies, focusing on understanding vector saliva components to inform the development of salivary-based vaccines. Despite challenges, ongoing experiments and clinical trials showcase the potential of these vaccines, especially when complemented with viral antigens. Additionally, nucleic acid vaccines for DENV and ZIKV exhibit promising results, showcasing the adaptability of this platform, particularly in the context of the COVID-19 pandemic. An ideal vaccine targeting multiple flaviviruses through humoral and cellular immunity is a challenging but crucial goal, with mRNA vaccines emerging as a leading candidate in this endeavor.



The future of arboviral vaccine development holds exciting prospects and challenges. Advances in ISV-,DNA, mRNA-, and nanoparticle-based platforms pave the way for more effective and versatile vaccines against mosquito-borne diseases. Further research on conserved epitopes and the development of pan-flaviviral immunity are critical. The proposed Solidarity Vaccine Trial by the WHO reflects global efforts to address these challenges collectively. However, responsible research practices must be upheld, avoiding extreme measures for determining vaccine efficacy [129]. As compared to vector control, vaccines and medications remain powerful tools for halting the spread of infectious diseases. Continued collaboration, innovation, and ethical considerations will shape the future landscape of arboviral vaccine development, contributing to the global fight against mosquito-borne illnesses.
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Figure 1. Overview of the vaccine platforms targeting arboviruses, as explored in the article. 
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Table 1. mRNA vaccines for some of the important arboviral pathogens in different stages of development.






Table 1. mRNA vaccines for some of the important arboviral pathogens in different stages of development.





	Vaccine Name
	Target

Virus
	Encoded

Proteins
	Nucleoside Modification
	Delivery Method
	Animal Model
	Outcome
	Reference





	mRNA-1325
	ZIKV
	prM/E
	No
	LNP
	Mice
	Complete protection, reduction in viral titers and fetal resorption
	[94]



	Nucleoside-modified RNA vaccine
	ZIKV
	prM/ENV
	Yes
	LNP
	Macaques
	Potent neutralizing antibodies, protection, prevention of congenital transmission and fetal abnormalities
	[93]



	mRNA-LNP
	ZIKV
	prM/E
	No
	LNP
	Mice, Macaques
	Host-protective antibodies, sterilizing immunity, prevention of vertical transmission
	[92]



	DENV1-NS
	DENV
	NS3, NS4B, NS5
	No
	LNP
	Mice
	Potent T cell response, reduction in DENV1 infection
	[90]



	prM/E mRNA-LNP
	DENV
	prM/E
	Yes
	LNP
	Mice
	Neutralizing antibodies, CD4+ and CD8+ T cells, increased ADE levels
	[95]



	mRNA-1944
	CHIKV
	CHKV-24 monoclonal antibody
	Yes
	LNP
	Mice
	Potent neutralizing antibody, prevention of viremia
	[96]



	mRNA-1388
	CHIKV
	prM/E
	Yes
	LNP
	Mice, Macaques
	Potent neutralizing antibody, protection against chal