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Zika virus (ZIKV), an emerging arthropod-borne flavivirus.The situation prompted scientists to increase research on
antivirals and vaccines against the virus. These efforts are still ongoing as the pathogenesis and immune evasion
mechanisms of ZIKV have not yet been fully elucidated. Understanding the viral disease mechanism will provide a
better landscape to develop prophylactic and therapeutic strategies against ZIKV. Currently, no specific vaccines or
drugs have been approved for ZIKV. However, some are undergoing clinical trials. Notably, different platforms have
been evaluated for the design of vaccines, including DNA, mRNA, viral vectors, virus-like particles (VLPSs),
inactivated virus, live attenuated virus, peptide and protein-based vaccines, passive immunizations by using
monoclonal antibodies (MAbs), and vaccines that target vector-derived antigens. These vaccines have been shown
to induce specific humoral and cellular immune responses and reduce viremia and viral RNA titers, both in vitro

and in vivo.

Zika virus Zika vaccines DNA vaccines

| 1. Introduction

Zika virus (ZIKV) is an arthropod-borne virus with the genus Flavivirus of the Flaviviridae family of enveloped RNA
viruses. ZIKV has an ~11 kb positive sense RNA genome. Translation of viral RNA in the cytoplasm generates a
polyprotein that is cleaved into three structural proteins (capsid (C), pre-membrane/membrane (prM/M), and
envelope (E)) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) W, ZIKV buds
into the lumen of the endoplasmic reticulum as an immature virion composed of 60 icosahedrically arranged prM-E
heterotrimers [, The ZIKV E protein is composed of three ectodomains (DI, DII, and DIII) and is the primary target
of neutralizing antibodies (nAbs) &l ZIKV was first isolated from a non-human primate in 1947 in Uganda 4, and
ZIKV infections in humans were sporadic for half a century before emerging in the Pacific and the Americas [,
ZIKV is usually transmitted by the bite of infected Aedes aegypti mosquitoes, but sexual and vertical transmission
has also been reported B, About two billion people worldwide live in tropical and sub-tropical regions with
suitable environmental conditions for ZIKV 8, and increased globalization continues to raise the risk for disease

spread.

The clinical presentation of Zika fever is nonspecific.The outbreak of ZIKV threatens public health worldwide,
especially as it can cause devastating congenital syndrome in the fetuses of pregnant women [ including
microcephaly, craniofacial disproportion, spasticity, ocular abnormalities, and miscarriage. In adults, Zika infection

has been linked to the autoimmune disorder Guillain—Barré syndrome 9. Prevention of congenital Zika syndrome
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(CZS) is the primary goal for immunization, and the vaccine must provide protection against intrauterine

transmission for use during pregnancy and in women of childbearing age 11,

Since 2016, a number of candidates using multiple vaccine platforms have been developed and have shown
promising results in preclinical testing 22, Candidate ZIKV vaccines that are currently in phase I/l clinical trials
include live virus vaccines, inactivated, subunit-based, viral vector vaccines, DNA-RNA vaccines, and even
vaccines based on mosquito salivary antigens 2. One or more pivotal Phase Il trials is normally used to
demonstrate safety and efficacy 4. The next step would be Phase Il field efficacy trials, which would not be
possible since its peak in early 2016 131 as the incidence of Zika virus (ZIKV) cases has declined [28l. The rapid
progress in vaccine development demonstrates the capacity of governments, public health organizations and the
scientific community to respond to the threat of a pandemic 2. Despite low levels of transmission during recent
years, ZIKV has become endemic in the Americas and the potential for large Zika outbreaks remains real (18], The
development of a safe and effective ZIKV vaccine is therefore an urgent global health priority &, It is important for
vaccine researchers to continue developing and improving Zika vaccines, so that a potential vaccine is ready for

deployment and clinical efficacy trials when the next ZIKV outbreak occurs 12,

| 2. ZIKV DNA Vaccines

DNA vaccines can be quickly designed and manufactured at a low cost and are relatively stable and safe for adults
and fetuses, avoiding virulence recovery induced by reproducible vaccines 12 A DNA-based vaccine platform
using two DNA vaccine candidates, VRC5288 and VRC5283, was developed by the Vaccine Research Center
(VRC) of the National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH),
Bethesda, MD, USA. These candidates encode the protein prM (prM) and envelope protein E (E), respectively, and
have completed clinical trials (Phases | and II; these trials are registered with ClinicalTrials.gov, numbers
NCT02840487, NCT02996461 and NCT03110770) 29, The results obtained from the immunization of non-human
primates provide sufficient evidence to show that VRC5283 was well tolerated and to support clinical studies of
VRC5283 in regions with endemic Zika virus to assess efficacy in humans 29, In addition, C57BL/6 and IFNAR1
(deficient for IFN receptor 1) mice inoculated (intramuscularly, by jet injection or by electrophoration (EP)) with a
DNA vaccine candidate expressing tandem repeated ZIKV envelope domain IIl (ED IIl x 3), showed a significant
induction of humoral and cellular immunity, by measuring nAbs and IFN-y secretion from splenocytes.A novel DNA
vaccine encoding a secreted ZIKV NS1 confers rapid protection from systemic ZIKV infection in immunocompetent
mice. The results show that functional NS1-specific T-cell responses are critical for protection against ZIKV
infection 21, The rapid development timeline of these vaccines further highlights the potential of the DNA vaccine
platforms for meeting the challenge of developing therapies to stop the spread of potential Zika outbreaks and

other emerging infectious diseases.

| 3. ZIKV mRNA Vaccines
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mRNA vaccine technology has arisen as a simplified, flexible, and fast vaccine production platform 22, A versatile
ZIKV vaccine platform in which lipid nanoparticles encapsulate modified mMRNA (mMRNA-LNP) encoding ZIKV
structural genes has been generated [23. Following a prime-boost immunization of modified mRNA encoding ZIKV
prM-E genes that produced virus-like particles resulted in high levels of nAbs that protected immunocompetent
(C57BL/6) and immunocompromised (AG129, deficient in interferon alpha/beta/gamma receptors) mice 24, These
mMRNA induced protective antibody responses against ZIKV in mice and minimized the generation of cross-reactive
antibodies that enhanced DENV infection in cell culture and pathogenicity in mice 22, Additionally, a single low
dose intradermal immunization with nucleoside-modified MRNA-LNP encoding the pre-membrane and envelope
(prM-E) glycoproteins of ZIKV from the 2013 outbreak elicits rapid and durable protective immunity in mice and
non-human primates, therefore representing a new and promising vaccine candidate for the global fight against
ZIKV 28 Moderna has advanced its Zika vaccine candidate (MRNA-1893, phase | trials are registered with
ClinicalTrials.gov, numbers NCT04064905), the preclinical data have shown that vaccination with mRNA-1893
protected against Zika virus transmission during pregnancy in mice 24, and currently it is being studied in a phase
I clinical trials in United States and Puerto Rico (the phase Il trials are registered with ClinicalTrials.gov, numbers
NCT04917861), being developed in collaboration with the Biomedical Advanced Research and Development
Authority (BARDA). With the success of mRNA vaccine technology in facing the coronavirus (COVID-19)
pandemic, the development of mMRNA vaccine against ZIKV and other infectious diseases will be reinforced, as a

promising alternative to conventional vaccine approaches [28],

| 4. ZIKV Viral Vector Vaccines

Adenovirus type 5 (Ad5) has been the most extensively used vector due to the robust immune response elicited
(291 Adenovirus (Ad) vectored Zika virus vaccines work by inserting a ZIKV prM-E gene expression cassette into
human Ad types 4 (Ad4-prM-E) and 5 (Ad5-prM-E). Ad5-prM-E elicited both strong antibody and T-cell responses,
whereas another adenoviral vector, Ad4-prM-E, did not induce any detectable anti-ZIKV antibodies, although it still
induced a strong T-cell response when it presented the same antigens, in female Ifnarl™~ mice BY. After a lethal

ZIKV challenge in this mouse model, Ad5-prM-E provided superior protection to Ad4-prM-E vaccination.

Poxvirus-based vectors have been extensively used as vaccine candidates 1. A single intramuscular immunization
of immunocompetent mice with a ZIKV vaccine based on the ZIKV NS1 protein from a clinically proven safe, MVA
vector (MVA-ZIKV-NS1 vaccine candidate) provided robust humoral and cellular responses, and afforded 100%
protection against a lethal intracerebral dose of ZIKV (strain MR766) 22, The NS1 protein itself has been shown to
be a viable vaccine target, and it has been demonstrated that an attenuated recombinant vesicular stomatitis
vector (rVSV)-based vaccine expressing ZIKV prM-E-NS1 as a polyprotein is a promising vaccine candidate for

protection against ZIKV infection, highlighting an important role for NS1 in ZIKV-specific cellular immune responses
s3],

| 5. ZIKV Virus-Like Particles (VLPs) Vaccines
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The delivery of VLPs, based on the use of structural proteins 4! can be achieved by different approaches
including DNA (e.g., NIAID/VRC) and mRNA (e.g., Moderna). The NIAID/VRC DNA vaccine encodes sequences
from the French Polynesian isolate strain H/PF/2013 22 and the Moderna mRNA vaccine encodes sequences
from the Asian ZIKV strain Micronesia 2007 [24. This VLP was generated in vitro for use as a vaccine following
introduction of plasmid DNA encoding Zika structural protein (prM-E) genes into mammalian cells. There are
several studies that show an efficient generation and purification of ZIKV VLPs 2. One of these studies showed
that VLPs produced in HEK293 mammalian cells using the prM and E structural proteins, when aluminum-
adjuvanted, were able to induce nAbs in both mice and non-human primates and protected against ZIKV challenge
(361 Other forms of ZIKV VLPs have been also reported, featuring the co-expression of the prM-E, prM-E-NS1, C-
prM-E, and NS2B/NS3 viral genes in human cells B4, These studies show a strategy to assemble Zika VLPs by co-
expressing the structural (C-prM-E) and non-structural (NS2B/NS3) proteins, showing that VLP immunizations

elicited higher titers of nAbs, compared with the titers after inactivated Zika virus vaccination 28!,

| 6. ZIKV Purified Inactivated Vaccine

Inactivated vaccines provide enhanced safety at the cost of reduced immunogenicity, although they often require
multiple doses and periodic boosters B2, Inactivated virus vaccine platforms have a long track record of safety in
both pregnant women and fetuses 1140 Based on the expected safety profile, inactivated virus vaccines including
ZPIV adjuvanted with aluminum hydroxide are a potentially favored platform for vaccinating pregnant women.
Another inactivated ZPIV vaccine candidate (Takeda’'s TAK-426) was found to be well tolerated with an acceptable
safety profile and was immunogenic in both flavivirus-naive and flavivirus-primed adults. Based on the safety and
immunogenicity profiles of all TAK-426 doses assessed, the TAK-426 was selected for further clinical development
41 A Vero cell-adapted ZIKV strain (GMZ-002) and a purified inactivated virus (PIV) vaccine were shown to
present significantly increased productivity in Vero cells, and IFNAR1-blocked C57BL/6 mice administered with two
doses of the PIV were fully protected against lethal challenge. This candidate elicited a robust and persistent

protective immunity, therefore representing a promising vaccine candidate for ZIKV [42],

| 7. ZIKV Live Attenuated Vaccine

Live attenuated vaccines generally offer fast and durable immunity, but sometimes with the trade-off of reduced
safety 43l Different candidates have been generated in order to increase safety. A live attenuated vaccine
candidate that contains a 10-nucleotide deletion in the 3" untranslated region of the ZIKV genome (3'UTR 10-del
ZIKV) has been shown to be highly attenuated, immunogenic, and protective in the A129 mouse model.
Importantly, a single dose of this attenuated vaccine induced sterilizing immunity and a high level of nAbs,
completely preventing viremia after challenge and inducing a robust T-cell response in the immunized mice. The
attenuated 10-deletion ZIKV was incompetent in infecting mosquitoes after oral feeding of spiked blood meals,
representing an additional safety feature for use in non-endemic regions. Collectively, a good balance between

immunogenicity and safety warrant further development of this promising live attenuated ZIKV vaccine candidate
144
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| 8. ZIKV Peptide-Based Vaccines

Development of peptide therapeutics against ZIKV (peptide-based vaccines) has attracted rising attention on
account of their high safety and low development cost, in comparison to small therapeutic molecules and antibody-
based anti-viral drugs 2.Using characterization techniques and web-based bioinformatics servers, four peptide
stretches have been identified in the E protein, being well conserved, surface exposed and predicted to have
reasonable epitope binding efficiency 48 These immunoinformatic approaches represent a great tool to initiate the

generation of new vaccine candidates for further in vivo validation.

| 9.Anti-ZIKV Monoclonal Antibodies Vaccines

The anti-E80 and anti-EDIIl sera were found to potently neutralize ZIKV infection in vitro #2148l and passive
transfer of either anti-E80 or anti-EDIII sera protected recipient mice against lethal ZIKV challenge “4.0Other
approaches, such as high-throughput antibody isolation, have contributed to a better understanding of the B-cell
responses elicited following infection and/or vaccination 2. The isolation of potent nAbs, coupled with detailed
examination of their properties at the molecular level, have provided pivotal insights related to immunogen design
or, ultimately, cross-flavivirus ZIKV vaccines 9. These findings suggest that passive vaccination with antibodies

could be a useful strategy to protect against ZIKV infection.

| 10. Anti-ZIKV Mosquito Salivary Protein Vaccines

Saliva components are capable of changing the local immune environment, leading to an increase in flavivirus-
susceptible cells at the bite site B, A previously undescribed salivary gland (SG) protein (termed neutrophil
stimulating factor 1 (NeStl)) was shown to stimulate neutrophils at the mosquito bite site, altering the immune
microenvironment and allowing a higher level of early viral replication that triggers ZIKV pathogenesis. Based on
these observations, it is possible that a vaccine against NeStl might protect people against severe Zika virus
infection, based on immunization experiments performed in mice B2 Another mosquito salivary protein, A. aegypti
bacteria-responsive protein 1(AgBR1), could induce inflammatory responses at the bite site. It has been described
that passive immunization with AgBR1 antiserum and active immunization with recombinant AgBR1 protein
adjuvanted with aluminum hydroxide partially protected mice from a mosquito-borne ZIKV infection 231541
suggesting that AgBR1 may be used as another target for vaccine development against ZIKV. Further research
showed that passive immunization with a combination of AgBR1- and NeStl-sera enhanced survival and reduced
the viral burden in blood, thereby protecting mice from mosquito-borne ZIKV infection 2. There are also many
other mosquito salivary proteins that could promote ZIKV transmission, such as LTRIN by its interaction with the
lymphotoxin B receptor or AaVA-1 activating autophagy pathways 857, Taken together, these findings suggest
that targeting a combination of mosquito saliva proteins could be an interesting approach for vaccine development

to help prevent mosquito-borne ZIKV infection.

| 11. Conclusions
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In summary, there is a lot that is still unknown about ZIKV, and the occurrence of more prominent epidemics

caused by other pathogenic microorganisms has slowed down the advance of ZIKV-related research. The cellular

and animal models available have shed light on how the virus acts, why it acquired a more aggressive nature in the

recent epidemics and how to potentially combat it more effectively, but there is still a lot of progress to be made in

the development of effective vaccines, and both organoid cultures and nanotechnology compounds can pave the

way to achieve them.
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