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Abstract

:

Zika virus (ZIKV), a re-emerging mosquito-borne flavivirus, has caused outbreaks in Africa, Asia, the Pacific, and, more recently, in the Americas. ZIKV has been associated with the neurological autoimmune disorder Guillain–Barre syndrome in adults and congenital Zika syndrome in fetuses and infants, including microcephaly, spontaneous abortion, and intrauterine growth restriction. It is considered to be a major threat to global public health due to its unprecedented clinical impact on humans. Currently, there are no specific prophylactics or therapeutics available to prevent or treat ZIKV infection. The development of a safe and efficacious ZIKV vaccine remains a global health priority. Since the recent outbreak, multiple platforms have been used in the development of candidate ZIKV vaccines. The candidate vaccines have been shown to elicit strong T cell and neutralization antibody responses and protect against ZIKV infection in animal models. Some candidates have progressed successfully to clinical trials. Live-attenuated vaccines, which induce rapid and durable protective immunity, are one of the most important strategies for controlling flavivirus diseases. In this review, we discuss recent progress in the development of candidate live-attenuated ZIKV vaccines.
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1. Introduction


Zika virus (ZIKV) is a re-emerging mosquito-borne positive sense RNA virus. It belongs to the flavivirus genus and the family of Flaviviridae, which includes several other known human pathogens such as West Nile (WNV), dengue (DENV), yellow fever (YFV), and Japanese encephalitis viruses (JEV) [1]. The virus was initially isolated from the blood of a rhesus monkey in the Zika forest in Uganda in 1947 [2]. It later caused outbreaks in the Island of Yap of the Federated States of Micronesia in 2007 [3] and in Pacific islands in 2013 [4]. In 2015, a large outbreak of ZIKV in Brazil was reported to be associated with Guillain–Barré syndrome and microcephaly in infants born to pregnant women [5,6]. The virus subsequently spread to the Americas and the Caribbean and caused more than one million human cases of infection [7]. ZIKV infection in humans results primarily from mosquito bites [8,9], sexual contact, and transmission via transplacental, blood transfusion, or organ transplantation [5,10,11]. Although the majority of human infection with ZIKV is asymptomatic and self-limiting, the virus is associated with severe neurological manifestations, such as Guillain–Barre syndrome in adults and congenital Zika syndrome (CZS) in fetuses and infants, including microcephaly, spontaneous abortion, and intrauterine growth restriction (IUGR) [12,13,14,15]. Currently, neither antiviral treatments nor vaccines are available for humans.



In recent years, multiple platforms have been pursued for ZIKV vaccine development, including the purified inactivated virus, DNA plasmid, mRNA, viral vector, and various types of live-attenuated vaccines (LAV). These candidate vaccines are reported to elicit high neutralizing antibodies and protect the host against subsequent ZIKV infection in preclinical studies, and some have progressed to clinical trials [16]. LAVs induce rapid and durable protective immunity. The LAV approach is one of the most effective strategies to control flavivirus diseases, as exemplified by the very successful YFV 17D and JEV SA14-14-2 vaccines. In this review, we discuss various approaches used to generate ZIKV LAV candidates in the recent preclinical studies with a focus on their effectiveness, immunogenicity, and safety and overview the progress made in the development of other platforms of ZIKV vaccines.




2. ZIKV Biology


The ZIKV genome is a single-stranded, positive-sense RNA molecule, approximately 11,000 nucleotides in length, with two untranslated regions and one open reading frame. The genome is translated and processed into ten proteins–three structural proteins [envelope (E), membrane (M), nucleocapsid), and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5] [17] (Figure 1). Among the three structural proteins, the capsid protein is responsible for encapsulating the viral genomic RNA to form the nucleocapsid of ZIKV. The envelope (E) protein is primarily responsible for the host cell entry of the virus. Domain III within the E protein contains the epitopes for B and T cells, making it an important target for neutralizing antibodies to block virus infection [18,19]. The pre-M protein (prM), the precursor of the M protein, forms a heterodimer with the E protein to encapsulate the nucleocapsid within the endoplasmic reticulum. As the immature virion is transported to the Golgi and trans-Golgi Network, the prM protein protects the E protein from premature pH-mediated fusion. During maturation of the virus, proteolytic cleavage of the prM protein produces a mature M protein through furin protease cleavage [20,21]. The NS proteins are involved in replicating and translating the viral genome and antagonism of host immunity [17]. For example, NS1 is a 48 kDa protein that participates in the viral replication complex as well as modulates host immune responses. The NS3 protein engages in helicase and NTPase activities via its C-terminal domain, which is responsible for unwinding the genome RNA for transcription. The NS5 protein, another member of the viral replication complex, contains domains with RNA methyltransferase and RNA-dependent RNA polymerase activities [22].




3. Animal Models of ZIKV Infection


Animal models have been used to study ZIKV pathogenesis and to test vaccine efficacy. Mice are economical, readily available, and thus are commonly used. Systemic ZIKV infection in adult wild-type immunocompetent mice induces mild clinical symptoms with transient viremia and weight loss. Mice deficient in interferon (IFN)α/β receptor (Ifnar1−/−) alone or together with IFN-γ receptors with either C57BL/6 (AB6, or AGB6) or 129 genetic backgrounds (A129, or AG129) are much more susceptible to systemic ZIKV infection. Infected IFN-deficient mice exhibited weight loss and neurological symptoms and succumbed to infection within a two-week period [23,24,25]. In addition, several groups demonstrated that ZIKV infection at embryonic day 6.5 (E6.5) of the Ifnar1−/− pregnant dams or wild-type pregnant dams treated with a blocking anti-Ifnar monoclonal antibody one day before infection recapitulate CZS in humans [26,27]. Non-human primates (NHP) are the natural host of ZIKV infection. Rhesus macaques (RMs), cynomolgus macaques (CMs), and pigtail macaques (PMs) are all susceptible to ZIKV infection [28,29,30,31,32]. The duration of viremia and tissue distribution of ZIKV RNA in infected macaques is similar to human infection. Compared to the murine model, the biology of macaque pregnancy and neural development are also closer to humans. ZIKV-induced fetal brain lesions and placental dysfunction and immunopathology were observed in pregnant PMs infected at either the second trimester or early third trimester [28,33] and in RMs infected at different stages of gestation, respectively [34].




4. Adaptive Immunity to ZIKV Infection and Vaccination


Animal models and clinical studies of ZIKV infection have provided important insights into host protective immunity. Humoral immune responses contribute to the control of ZIKV infection, viral dissemination, and ZIKV-induced diseases. Increased B cell activity has been reported in ZIKV-infected macaques [29,32,35,36]. A high titer of neutralization antibody developed within a week and continued for weeks following virus clearance in blood. Upon re-exposure to ZIKV, neutralization antibody titers were boosted [29,32,35]. T cells play a central role in adaptive immunity and are directly involved in viral clearance and/or provide help for B cells and antibody maturation during several other flaviviruses infections [37,38,39]. Lessons learned from clinical studies of several licensed flavivirus vaccines, including Dengvaxia and the YFV 17D vaccine, suggest that T-cell immunity is crucial for a safe, efficacious, and durable vaccine [40,41]. Upon ZIKV infection, CD8+ T cells contribute to virus clearance and host protection [42,43]. T cell epitopes are not only mapped in the structural protein but also in the NS proteins of flaviviruses. Many of the currently developed ZIKV vaccine platforms, including DNA plasmid, mRNA, and measles virus-vectored vaccines, are based on the constructs of the structural proteins, like PrM and E genes of ZIKV [44,45,46]. The candidate LAVs of ZIKV, which contain both structural and NS proteins, induce potent neutralization antibody and viral-specific CD4+ and CD8+ T cell responses in mice [47,48,49]. They are likely to lead to improved quality, quantity, and longevity of immunogenicity in ZIKV vaccine development.




5. ZIKV LAVs


LAVs mimic natural viral infections. They are known to induce long-lasting immune responses without the need for an adjuvant and a booster immunization. LAV represents one of the most effective strategies for flavivirus vaccine development, as exemplified by the success of YFV 17D and JEV SA14-14-2. A similar approach can be applied to ZIKV vaccine development. ZIKV infection causes congenital zika syndrome in pregnant women. Nevertheless, ZIKV vaccine trials have excluded pregnant women due to safety concerns [50]. One major challenge related to the safety of LAVs of flaviviruses is the inherent instability of the RNA genome [51,52]. Thus, the development of rational approaches for the attenuation of ZIKV is key to generating safe and efficacious ZIKV LAVs. Currently, there are three common approaches to generating LAV ZIKV vaccines: (1) making chimeric strains with an attenuated flavivirus backbone; (2) mutagenesis; (3) codon deoptimization (Figure 2).



5.1. Live Chimeric Vaccines


Chimeric flaviviruses are generated by replacing the structural protein genes of the backbone flavivirus with the corresponding genes of the target flavivirus. For a chimeric ZIKV vaccine, the backbone virus can be a licensed mammalian-specific flavivirus vaccine strain with an attenuation phenotype, such as YFV 17D, JEV LAV SA14–14–2, or DENV serotypes [53]. Insect-specific flaviviruses are also used as the backbone. Subsequently, the chimeric vaccines retain the highly attenuated phenotype of backbone viruses. The chimera vaccines also maintain a low-risk risk of reversion to virulent wild-type strains compared to the engineering attenuated mutations in LAVs [54,55]. Despite potential concerns of cross-reactive immunity against backbone virus, the chimera vaccines often provide dual protection against both target and backbone viruses challenge due to the induction of T and B cell responses against both [56,57].



5.1.1. Chimeric LAVs with Mammalian-Specific Flavivirus Backbone


Functional analysis suggests that prM-E genes are the main determinants of maintaining the high stability of ZIKV. Several chimeric ZIKV vaccines have been developed to include ZIKV prM/E in the genetic background of YFV, JEV, or DENV [58,59]. For example, the chimeric DENV-2 with ZIKV prM-E genes was highly attenuated in A129 mice, induced robust neutralizing antibody response, and fully protected mice from wild-type ZIKV infection [60]. The vaccine has been further evaluated in phase 1 clinical trials in flavivirus-naïve adult individuals [61]. Another example: the ChimeriVax-Zika (CYZ) was generated by employing the YFV-17D backbone and replacing its prM-E genes with those of ZIKV. CYZ was highly attenuated in mice but elicited high titers of neutralizing antibodies following one single dose vaccination in immunocompetent and A129 mice and protected mice from wild-type ZIKV challenge [62]. Interestingly, YF-ZIKprM/E offers dual protection against ZIKV as well as lethal YFV challenge following a single dose via induction of YFV-specific CD8+ T cell responses [56]. The ChinZIKV is a chimeric ZIKV vaccine that uses a JEV LAV (SA14–14–2) as the backbone but replaces it with prM-E genes from those of ZIKV. The vaccine was tested in mice and rhesus macaque models and was found to protect the host from subsequent lethal wild-type ZIKV challenges and prevent maternal transmission to the fetus [63]. Lastly, VacDZ was developed using the clinically validated DENV serotype-2 (DENV-2) derivative, PDK-53, as the backbone. The candidate chimeric vaccine induces neutralizing antibodies and a strong T helper 1 response in AG129 mice and protects mice from lethal wild-type ZIKV infection [54].




5.1.2. Chimeric LAVs with Insect-Specific Flavivirus Backbone


A different ZIKV chimeric vaccine using an insect-specific flavivirus, the Binjari virus (BinJV), was developed by replacing the BinJ prM-E with those from ZIKV. A single dose of this attenuated virus was able to trigger strong neutralizing antibody responses and protect IFN-deficient mice from the ZIKV-induced viremia and weight loss 15 months following vaccination [64]. Aripo virus (ARPV), a novel insect-specific flavivirus, induces robust type 1 IFN response in mouse macrophages despite its defective replication in mammalian cells [65]. ARPV/ZIKV containing the precursor PrM/E genes of ZIKV in replacement of the ARPV homologs retains the vertebrate host-restriction of ARPV. A single dose of this candidate vaccine elicited strong neutralizing antibodies, ZIKV-specific CD4+ and CD8+ T cell responses and offered complete protection against ZIKV-induced diseases and in utero transmission in both wild-type immunocompetent and IFN deficient (AB6) mice [66].





5.2. LAV Mutants


A site-directed mutagenesis approach can generate attenuated mutants with deletions or substitutions at different sites of the ZIKV genome, including UTR region, structural, and NS genes.



5.2.1. UTR Deletion Mutants


Using an infectious cDNA clone of pre-epidemic ZIKV Cambodian strain FSS13025, several mutant viruses containing 3′UTR 10-to-30-nucleotide deletions were produced to attenuate ZIKV replication via reducing viral RNA synthesis and increasing vulnerability to type-1 IFN inhibition. All mutant deletion viruses displayed smaller infectious foci, slower RNA replication, and lower peak titers compared to the wild-type ZIKV strain. Among the mutants, the virus with 3′UTR 10 nucleotide deletions (10-del ZIKV) produced the lowest viremia in mice but induced a neutralizing antibody response comparable to other mutants and wild-type ZIKV in A129 mice. A single dose from the 10-del ZIKV LAV provides complete protection from viremia by the induction of a high level of neutralizing antibodies and strong T cell responses and preventing a decrease in the sperm count in A129 mice [49]. In another study, a ZIKV LAV mutant with 20-nucleotide deletion in the 3′UTR (20-del ZIKV) also protected mice from viral transmission during pregnancy and testis damage and ZIKV infection in NHPs [67]. Furthermore, the engineered 3′UTR deletions remain stable in the LAVs after 10 rounds of continuous culturing on Vero cells, typically used for flavivirus vaccine production, and three rounds of infections in the IFN-deficient mice [67].




5.2.2. LAVs with Mutations in the Structural Gene(s)


ZIKV E protein is responsible for virus entry and a determinant for viral pathogenesis. The ZIKV E-N154Q mutant was generated to contain a substitution at the E glycosylation. It is highly attenuated in mice. A single dose vaccination with the E mutant virus developed robust neutralizing antibodies and completely protected mice from wild-type ZIKV challenge. The mutant virus also exhibited diminished oral infectivity for Aedes aegypti, which is the major vector for ZIKV transmission, though it retains neurovirulence in mice [68].




5.2.3. LAVs with Mutations in the NS Gene(s)


The NS4B protein has extensive homology between flaviviruses and is known to be involved in virus replication and evasion of innate host immunity [69,70,71,72,73]. The amino acid 35 to amino acid 60 regions of the N-terminal domain of NS4B protein are associated with NS4B antagonist activities for antiviral innate cytokine signaling [70,71,72]. The central portion of the NS4B protein ranging from amino acid 95 to amino acid 120 is related to flavivirus virulence phenotype as mutations in this region lead to the attenuated phenotype in YFV, JEV, and DENV. WNV NS4B-C102S, in the central hydrophobic region, was highly attenuated for both neuroinvasiveness and neurovirulence in mice [74]. In one prior study [48], by using site-directed mutagenesis, mutant strains with genetic substitutions at NS4B P36 or NS4B C100 sites were generated. Among these mutants, the ZIKV NS4B-C100S mutant was found to be most attenuated in mice and induced more potent anti-viral innate and adaptive immune responses than the parent WT ZIKV FSS13025 strain and the 10-del ZIKV LAV and thus provided protection against lethal wild-type ZIKV challenge.




5.2.4. LAVs with Combinatorial Mutations in Both Structural and NS Genes


To increase the potential of genetic stability and ultimately improve the safety of ZIKV LAV single mutants, in a recent study, we developed a LAV vaccine candidate (ZE4B-36) with combined mutations in both E glycosylation and NS4B P36. The vaccine induces robust ZIKV-specific memory B cell, neutralizing antibody, and T cell-mediated immune responses and protects IFN-deficient mice from both ZIKV-induced diseases and vertical transmission. Notably, the dual mutations offer strong genetic stability as the attenuating mutations in the E and NS4B proteins are retained during serial cell culture passages. Unlike the single LAV mutant, ZE4B-36 displays a significantly reduced neuroinvasiveness and neurovirulence in addition to its low infectivity in mosquitoes [47]. Thus, combination mutations in structural and NS proteins contribute to significantly increased safety in ZIKV LAV. Ye et al. reported another ZIKV LAV, rGZ02a, which was based on three amino acid alterations in the E, NS1, and NS5 proteins. The rGZ02a mutant induces robust antibody responses with long-term durability and protects neonates from ZIKV-caused neurological disorders and brain damage [75].





5.3. Codon Pair Deoptimization


ZIKV can also be attenuated by codon pair deoptimization. Three codon pair-deoptimized ZIKVs (Min E, Min NS1, and Min E+NS1) were de novo synthesized and recovered by reverse genetics to contain large amounts of underrepresented codon pairs in the E and/or NS1 genes. All three variants were found to have reduced virulence in mice. The Min E+NS1 strain induced more robust neutralizing antibody responses following one single vaccination and subsequently protected mice against lethal wild-type ZIKV challenge and vertical ZIKV transmission. The codon pair deoptimization approach also reduces the risk of reversion to wild-type virulence [76].





6. Other Platforms of ZIKV Vaccines


In addition to LAVs, several other platforms have been pursued for ZIKV vaccine development, including the purified inactivated virus, DNA plasmid, mRNA, adenovirus vector, and measles virus vector. Here, we summarized recent findings and pinpointed the strengths and potential weaknesses of these vaccine candidates (Table 1).



Inactivated vaccines: Inactivated viral vaccines induce immune responses to multiple viral antigens. One drawback of these vaccines is that they usually require an adjuvant and multiple dosages in order to increase the magnitude of the immune response. In addition, the inactivation procedure may affect certain epitopes, which leads to a sub-neutralizing antibody response [77]. The Walter Reed Army Institute (WRAIR) developed a purified formalin-inactivated ZIKV vaccine candidate, ZPIV, which derives from a 2015 Puerto Rican ZIKV strain (PRVABC59). ZPIV induces strong antibody responses and protects from viremia following the challenge with wild-type ZIKV-strains in immunocompetent mice and NHPs [78,79]. Sanofi Pasteur (SP) further optimized ZPIV on the production and purification condition; ZPIV-SP subsequently elicited sustained neutralizing antibodies, and ZIKV-specific T and memory B-cells, thus providing complete protection against wild-type ZIKV challenge in cynomolgus macaques [79]. In the phase I clinical trial, two dosages of the inactivated vaccine (also called TAK-426) adjuvanted with aluminum hydroxide was reported to be well tolerated, and immunogenic in both flavivirus-naive and flavivirus-primed healthy adults participants [80].
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Table 1. Summary of different platforms of ZIKV vaccine candidates.
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	Vaccine Platform/Status
	Strengths
	Weaknesses
	References





	LAV: Preclinical studies
	Induce strong immune response

Long term immunity

Adjuvant not required

Preservation of native antigen

Rapid and durable immunity

Single dose
	Consideration for genetic stability
	[47,48,49,58,59,60,61,62,63,64,65,66,67,68,74,75,76]



	Purified inactivated vaccine: Preclinical studies, phase 1 clinical trials
	Induce strong immune response to multiple viral antigens

Easy to prepare
	Potential epitope alteration by inactivation process

Adjuvant and multiple doses are required
	[78,79,80]



	Recombinant DNA vaccine: Preclinical studies, clinical trials
	Non-infectious

Easier to design, inexpensive

Low risk

Stable at ambient temperature
	Induce lower immunogenicity

May need special device/technology for administration

Potential risk of integration into the host genome
	[44,81,82,83,84,85]



	mRNA vaccines:

Preclinical studies, phase 1 clinical trials
	Highly safe

Easy and fast to produce

Induce strong neutralizing antibodies
	Induce lower immunogenicity

Potential risk of RNA-induced interferon response

Need low temperature for storage

Multiple doses are required
	[45,46]



	Viral vector vaccines: Preclinical studies, clinical trials
	Induce strong immune response

No adjuvant required
	Risk of genomic integration

Multiple doses are required

Host immunity against the vector may negatively affect the effectiveness of the vaccine
	[18,78,86,87,88,89,90]








DNA plasmid vaccine: A DNA vaccine is a plasmid construct containing coding DNA sequences for virus-specific antigens, a transcription promoter, and a polyadenylation sequence that facilitates protein translation. DNA vaccines do not contain infectious materials like LAVs and thus have a low risk for immunocompromised individuals. They are also stable at ambient temperature and inexpensive to produce, but they require multiple dosages. There are three DNA ZIKV vaccine candidates in the clinical trials. These include the VRC5283 and VRC5288 vaccines developed by the National Institute of Allergy and Infectious Diseases and the GLS-5700 vaccine developed by GeneOne Life Science, and they are all constructed based on prM-E antigens. Although they are genetically similar, the E protein produced by VRC5288 is chimeric, with the extracellular region being of ZIKV origin and the stem and transmembrane regions from JEV. Phase I clinical trials suggest these vaccines are well tolerated in healthy adults. The VRC5283 induces more potent neutralization antibody and T cell responses than the VRC5288 vaccine four weeks post-vaccination [44,81]. The GLS-5700 DNA ZIKV vaccine was reported to elicit neutralizing antibodies in only 60% of the participants [82]. In addition to the structural proteins, DNA-based vaccines expressing NS1 were reported to provide strong protection against ZIKV-induced viral infection and virus-induced weight loss via induction of NS1-specific T-cell responses. Compared to the PrM-E-based DNA vaccines, the NS1-based DNA vaccines do not induce neutralization antibodies [83,84]. However, these vaccines may be less risky in triggering antibody-dependent enhancement (ADE) for vaccinees living in areas endemic for DENV and other flaviviruses, as anti-NS1 antibodies do not enhance viral uptake in vitro [85].



mRNA Vaccines: They can be a promising alternative to conventional vaccine platforms due to their high potency and capacity for rapid development. Two doses of modified mRNA lipid nanoparticles (LNP) encoding the full-length ZIKV prM-E genes induced high neutralizing antibody titers in immunocompetent mice and immunocompromised mice and protected the host from wild-type ZIKV infection. To reduce cross-reactive antibody responses to enhance ADE, the modified prM-E RNA vaccine was engineered to include mutations destroying the conserved fusion-loop epitope in the E protein [46]. Currently, ZIKV mRNA-1325 (NCT03014089) and mRNA-1839 (NCT04064905) vaccine candidates developed by Moderna have progressed to phase I clinical trials. These vaccine constructs incorporate prM/E genes of ZIKV; however, they are different in signal peptides at the amino terminus of prM. mRNA-1325 expresses the signal sequence from human IgE upstream of prM [46]. Compared to the chimeric LAVs, the mRNA vaccines do not induce the anti-vector immunity associated with the chimeric vaccines. However, multiple doses of mRNA vaccine are generally needed to induce a durable immune response for host protection against the WT ZIKV challenge [45].



Viral vector vaccine: Recombinant adenovirus vectors (Ad) vectors demonstrate high transduction efficiency and induce strong innate immune responses, rendering the vector a viable option for vaccine studies [86]. Viral vector vaccines can enhance immunogenicity and induce strong cytotoxic T lymphocyte responses in the absence of an adjuvant, which results in viral clearance (28). There are several studies using different Adenovirus serotypes, including but not limited to Ad4, Ad5, Ad26, rhesus monkey Ad52, chimpanzee Ad7, and gorilla Ad. One study reported that the Ad4 vector expressing ZIKV prM-E genes led to strong T-cell responses without anti-ZIKV antibodies, while the Ad5-prM-E vaccine was able to induce both anti-ZIKV T-cell and antibody responses. The study showed that the Ad5-prM-E vector vaccine induced stronger cellular and humoral responses when compared to the Ad4 vector [87]. Another vector vaccine, ChAdOx1, was developed using a chimpanzee adenovirus vector. The study found that the addition of prM and deletion of the transmembrane domain from the ZIKV Env were optimal in promoting protective immunity, including high neutralizing antibodies without induction of antibody-dependent enhancement to DENV [88,89]. More recently, live measles vaccine (MV) vectors expressing ZIKV-E and -NS1 provided complete clearance of ZIKV from the female reproductive tract and full fetal protection in the lethal African challenge model in animals [18]. Lastly, vesicular stomatitis virus (VSV) and mutated VSV (VSVm) containing either ZIKV E protein (ZENV) alone or ZIKV prM-E proteins were also developed. The VSVm–ZprME candidate induces a strong antibody response and generated high levels of T helper 1 responses [90]. Several vector-based candidate vaccines have also been tested in NHPs, and some of them have progressed to phase 1 clinical trials [78].




7. Summary and Future Perspectives


The development of a safe and efficacious ZIKV vaccine remains a global health priority. Although successful efforts have led to the development of multiple other ZIKV vaccine platforms, including purified inactivated virus, plasmid DNA, mRNA, and viral vector, which all elicit high neutralizing antibodies and protect against ZIKV viremia in animal models or clinical trials, each candidate has its inherent weaknesses (Table 1). LAVs have been very successful in the control of YFV and JEV infections. Compared with other vaccine platforms, the LAV approach has the advantage of a single dose, being close to natural viral infection, the induction of rapid and durable protection, and low cost. Furthermore, the potential concerns of LAVs on genetic stability or reversion to wild-type strains can be overcome via multiple approaches, including using an insect-specific flavivirus as the backbone in chimeric LAVs, generating combinatorial mutations in both structural and NS genes in LAV mutants, or using codon pair deoptimization. Future clinical studies will further test the efficacy of these modified new-generation LAV candidates. Furthermore, for infectious diseases like ZIKV in developing countries, it is essential to have vaccines with single-dose efficacy and long-lasting immune protection. Multi-dose vaccines are practically impossible to implement in remote areas within underdeveloped countries. Combined together, LAV is a more attractive vaccine platform than others in future ZIKV vaccine development.
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Figure 1. Schematic representation of Zika virus genome (created with BioRender.com on 22 January 2023). 
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Figure 2. Schematic representation of current attenuation approaches to generate LAV ZIKV vaccines (created with BioRender.com on 22 January 2023). 
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